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Rise of the Theranostics Empire:
A Commentary on Dr. Baum’s

Achievements

Vikas Prasad

1.1 The Beginning

Genius is 1 percent inspiration and 99 percent perspi-
ration: Thomas Edison

There is one thing common among all those who
have met and worked with Dr. Baum: their
description of Prof. Baum’s work ethics and ded-
ication. His associates fondly describe him as a
person with unmatched physical and mental
strength, allowing him to work for 16—18 h every
single day, 7 days a week.

Dr. Baum’s passion for learning and making a
difference in the lives of patients and their families
was very much evident from the early days of his
career. Many know Dr. Baum as a “Nuclear
Medicine Physician” par excellence but only few
are aware of his internal medicine and emergency
medicine skills (see CV of Dr. Baum towards the
end of this chapter). During some close interactions
with Dr. Baum, he fondly remembers the time he
spent providing emergency services. Armed with
his special skill set, and his passion for targeted
therapies using state-of-the-art radiolabeled anti-
bodies and peptides, Dr. Baum made his presence
felt in this special domain of cancer treatment in
1997 when he first introduced PRRT in Germany.

V. Prasad (D<)

Division of Nuclear Medicine, Mallinckrodt Institute
of Radiology, Washington University in Saint Louis,
St. Louis, MO, USA

e-mail: pvikas@wustl.edu

© The Author(s) 2024

All great personalities and pioneers in this
world always have someone whom they person-
ally consider as their hero. Prof. Baum’s per-
sonal hero is Prof. Paul Ehrlich, a nobel
prize-winning German physician scientist, for
providing the concept of amboceptors which
ultimately paved the way to immunology.
Spellbound, as all good ardent followers are
when they speak about the enormity of a discov-
ery which they personally feel pathbreaking, Dr.
Baum often starts his lectures for students and
audience of all ages and faculty with a slide
showing his great admiration of Dr. Paul Ehrlich.
It is important to understand why Dr. Baum liked
what he saw in the concept of amboceptors.
Based on his personal experience, he realized
during the early stages of his medical career that
chemotherapy, a generalized way of treating
cancers without essential looking at the presence
or absence of “targets” on the cancer cells is
only applicable to certain percentage of patients.
This blanket treatment approach, still a mainstay
of management in oncology, is more often than
not associated with toxicity, which, sometimes
can be extreme. Realizing that there has to be a
better way for treating cancer patients, Dr. Baum
started utilizing the concept of targeted radio-
pharmaceutical therapies in his early stages by
using antibodies labeled with beta-emitting
I-131 and Y-90. Dr Baum is one of the few physi-
cian scientists who strongly believed in “treating
what you see” to maximize therapeutic efficacy

V. Prasad (ed.), Beyond Becquerel and Biology to Precision Radiomolecular Oncology: Festschrift
in Honor of Richard P. Baum, https://doi.org/10.1007/978-3-031-33533-4_1
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by minimizing toxicity. His patients’ quality of
life (now a central issue in almost all good clini-
cal trials) centered approach is known to all.
With the conviction and motivation only few
people possess, Dr. Baum chooses to keep the
following principle above all, even if that meant
going against the “main streamline” oncology:

“Aegroti salus supreme lex” which means “the
health of the patient is the supreme law”.

1.2 Thelmpedance

Both Galileo and Socrates were aware of the con-
sequences of proposing and following an
approach or scientific principle against the gen-
eral accepted norms of the society in that particu-
lar era. Despite that, they continued their course
as that was the right thing to do. Dr. Baum’s
approach using the principles of Theranostics
was not really well understood among the oncol-
ogists in Germany in mid-nineties. Part of that
was because those radiopharmaceuticals were
not really tested in a rigorous clinical trial. In
fact, there were practically no pharmaceutical
companies interested in including radiopharma-
ceutical therapy in their portfolio in the late nine-
ties and early 2000. However, that did not deter
him from going ahead and treating patients with
peptide receptor radionuclide therapy under the
German medicinal product law described under
the paragraph 13.2b. His conviction and motiva-
tion were rewarded when he successfully treated
a child with debilitating metastases from para-
ganglioma/pheochromocytoma using PRRT in
1997. This child, who had exhausted all approved
therapeutic options approved at that time, not
only tolerated therapy with somatostatin receptor
radioligand kindly provided by Dr. Helmut
Maecke from Basel, but also showed dramatic
improvement in his quality of life. The child who
was on crutches and unable to walk started play-
ing football. This might appear to be a “one-off”
success but that was enough to drive Dr. Baum’s
conviction several notches higher. Finally, “the
impedance” met its own “resistance” and a new

era started in the world of Theranostics which
touched the life of several hundreds of patients
from the world over, by one person!

1.3  The Fertilization

When “knowledge” marries a deserving hard-
working person, offspring is a benevolent “suc-
cess”. Enriched by his enthusiasm and thirst for
knowledge, multiplied by the success of his
treatment approaches, Dr. Baum embarked on a
journey few would have fathomed or dared to
walk the path. It is important to remember that
the time frame is roughly 25 years back, when in
general in Germany, Nuclear Medicine was more
diagnostic than therapeutic. It takes a visionary
to do what he did: Dr. Baum left University
Hospital in Frankfurt and joined a hospital in the
eastern part of Germany. This hospital was so
remotely placed in the middle of a jungle in the
state of Thueringen, in a small town of 8000
people, that anybody else would have termed
this step as insane. Well, people who are in love
sometimes get infatuated, and there was no
doubt that Dr. Baum was in love with
“Theranostics”. He needed a “Castle” to build
the “Empire of Theranostics” And so came into
existence, the Department of Nuclear Medicine
at the Zentralklinik Bad Berka, Germany. A
“Theranostics Empire” was rising under the gov-
ernance of Dr. Baum: this empire was destined
to lead various first in human Theranostics appli-
cations at the global stage.

1.4  Hard Yards

Sometimes it is not easy to appreciate what it
takes to start a monumental project in Germany
in a non-academic private hospital setting, with
no “tax paid” money for research grants. Dr.
Baum’s tireless, almost inhumane efforts lead to
the establishment of a GMP radiopharmacy with
fully functional cyclotron, a PET/CT Centre, and
22 bedded radiopharmaceutical therapy ward
within a space of 10 years of his joining. During
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all this time of continuous change in his depart-
ment, one thing remained constant: his
consultation time per patient referred for therapy.
All his fellows, residents and attending who have
accompanied him during the ward visit or patients
have learned a lot from his communication skill
and the art of patient consultation. Dr. Baum is
methodical, his reports are elegant and as com-
plete as they can ever be. During a personal com-
munication with one other giant in the field of
Theranostics, Dr. Helmut Maecke fondly remem-
bers some of the patients' reports which he used
to get from Dr. Baum as the best ever.

Methodology is central to science. Similarly,
standardized operating procedures (SOP) are
essential benchmarks of any Centre of Excellence.
Prof. Baum’s hand-picked team consisting of
some excellent nursing staffs, radiochemists,
medical physicists, and senior consultants con-
tributed with great pleasure in writing SOPs for
all procedures including PRRT. As his first
research fellow, I am privy to the fact that several
renowned centers who started doing PRRT in
Europe, Asia, and USA have either directly or
indirectly used his SOP. In this way, he democra-
tized practical dissemination of knowledge for
the ultimate benefit of patients.

Dissemination of knowledge is a great service
for the enhancement of science. There was
always a long list of researchers, clinicians, phys-
icists, and chemists who wanted to visit Prof.
Baum’s Centre and profit from the freely avail-
able elixir of knowledge. It has never been dis-
closed before, but due to his open science policy
and passion for theranostics, the quality of
research in other academic centers around his
empire started to increase and patients’ advocacy
groups became aware of the worthiness of this
unique field of nuclear oncology. Hard yards in
the field of radiopharmaceutical therapy, which
started with PRRT in neuroendocrine tumors,
started giving offshoots, slowly but continuously,
and soon percolated in other areas of unmet clini-
cal needs in oncology. Patients and their relatives,
friends, and colleagues around the world were
about to witness the expansion of the field of
Theranostics.

1.5 Expansion of the Empire

Success of somatostatin receptor ligand therapy
for neuroendocrine tumor patients has to thank
few centers in the world, Dr. Baum’s Centre was
one of them. A passion and dedication for PRRT
which started in 1997 took a real big turn when
companies like Novartis and Advanced
Accelerator Applications (AAA) started taking
notice of the novel therapy. Prof. Baum started
treating patients from all over the world, includ-
ing, USA, India, and China, and his ward was
always full, performing more than 1000 radio-
pharmaceutical therapy cycles every year.
Managing such patients’ data for research pur-
poses was never going to be easy. As early as in
2004, he started thinking about 5, 10, and 15
years of follow-up of patients to generate suffi-
cient data for proving the worthiness of theranos-
tics approach. For that purpose, he developed an
Access Databank which contributed to more than
40% of data in some national register studies for
NET patients. At the same time, Rotterdam group
paved the way to initiate a phase three clinical
trial with the support of AAA. Dr. Baum’s Centre
contributed significantly to the trial and the rest is
history. Lu-177 DOTATATE got approved for
gastroenteropancreatic neuroendocrine tumor.
But this was the beginning of next phase of
expansion.

As soon as University Heidelberg, Germany,
showed the diagnostic potential of prostate-
specific membrane antigen, Dr. Baum was quick
enough to grasp its potential and started treating
patients with Lu-177 PSMA. His Centre had
since then many firsts in the magnificent history
of PSMA radioligands therapies, which included
the first overall survival and response data pub-
lished in the Journal of Nuclear Medicine. This
was a major breakthrough, both at personal as
well as scientific life of Dr. Baum.

Dr. Baum’s close observational prowess
together with excellent clinical skills made him
soon realize that it is not always the dose of radia-
tion which decides response to radiopharmaceu-
tical therapies. This forced him to ask the basic
question “why?”
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That is when Dr Baum started diving more
into the genetic and genomic make up of tumors
to understand why some patients respond so
quickly and achieve complete remission whereas
others continue to progress despite achieving
absorbed radiation dose of more than 100 Gy. At
the same time, he expanded the use of alpha
radiopharmaceutical therapies with Ac-225, as
well as novel radioisotopes like Tb-161. One of
the hallmarks of all great empires and good gov-
ernance is that they are not limited to one place
only. Embarkment on a new research path neces-
sitated some changes, and change was about to
come.

1.6 New Capital

Time is the fiercest competitor of the human race.
After having spent more than 20 years in his
empire at Bad Berka, it was time to move on.
Another place was waiting for him, the “Advanced
Center for Radiomolecular Precision Oncology
(RPO) at Curanosticum Wiesbaden-Frankfurt,
Germany” where he joined as Senior Consultant
in 2020. Just like his move from Wolfgang
Goethe University Medical Center, Frankfurt/
Main to Bad Berka raised skepticism and eye-

brows, this move was also seen as a “small step
towards retirement”. But great minds, dedicated
doctors and good teachers never retire. Within an
year of joining the Curanosticum, Prof. Baum got
his GMP Radiopharmacy and a new PET/
CT. Patients followed him from around the
Germany and globe to Wiesbaden. Ony capital
had changed, but the empire remained.

Teaching and expanding Theranostics world-
wide has been Prof. Baum’s passion. An acad-
emy was needed for this purpose. Dr. Baum’s
initiative resulted in the formation of International
Centers for Precision Oncology (ICPO) Academy
as well as the ICPO Scientific Committee. He
was expanding fast. Sino-German collaboration
was conceptualized. ICPO Academy produced its
first “Teaching Module” and started teaching
next-generation Theranostics enthusiasts,
researchers, physicians, medical physicists,
radiochemists, nurses, and technologists. Under
the presidentship of Dr. Baum, ICPO Academy is
armed to produce next-generation skilled, well-
trained “Theranostics Experts”. One man’s dream
and passion are transforming many hundreds of
young brain. Hope for cancer patients around the
world is increasing and many have to thank Dr.
Baum for this.
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Review of F-18 FDG PET/CT
in Evaluating Response
to Immunotherapy Treatment

Mariela Agolti and Lucrecia Solari

2.1 Introduction

Immunotherapy is used to improve a patient’s
immune response to cancer cells, on the basis of
the concept of immune surveillance, by activat-
ing both cell-mediated and humoral immunity to
fight cancer. Immunomodulatory monoclonal
antibody therapy utilizes preformed monoclonal
antibodies directed against molecular targets to
regulate T-cell activation. There are three main
mechanisms involved in this kind of therapy:
antibodies directed against the programmed
death protein 1; (PD-1)/programmed death recep-
tor ligand 1 (PD-L1). The mechanism is to block

M. Agolti (<) - L. Solari
Centro de Medicina Nuclear de la Clinica Modelo,
Parand, Entre Rios, Argentina

© The Author(s) 2024

the PD1 receptor in the lymphocyte, while anti
PDLI is localized in the oncologic cell. The most
common anti-PD1 and PDL1 drugs
nivolumab, pembrolizumab, or atezolizumab.
The other involved mechanism is to block
CTLA-4 in the T lymphocyte, and the main drug
using this mechanism is imiliprumab (Fig. 2.1).
The number of these drugs are increasing
exponentially during the last time and also the
indications and combination with chemotherapy
and radiotherapy. In below figures, we see the
main drugs approved in the USA by FDA for
immunotherapy up to December 2018.

are:
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Fig. 2.1 Aleksandra Filipovic, 2017. Mechanism of action of immune-oncology agents. Recovered: https://cancer-
world.net/e-grandround/the-role-of-immunotherapy-in-treating-solid-cancers
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2.2 Patterns of Response
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According to the Joint EANM/SNMMI/
ANZSNM practice guidelines/procedure stan-
dards on recommended use of [18F|FDG PET/
CT imaging during immunomodulatory treat-
ments in patients with solid tumor, there are four
patterns of interest: (a) pseudoprogression; (b)
hyperprogression; (c) dissociated response; (d)
durable response.

2.2.1 Pseudoprogression

Interpretative criteria in CT By restoring an
efficient antitumor T-cell response, immunother-
apy can be followed by pseudoprogression which
is defined as an objective response following ini-
tial disease progression. For CT (computed
tomography) based on these observations, new

specific response criteria have been developed, a
consensus guideline-iRECIST was developed by
the RECIST working group for the use of modi-
fied Response Evaluation Criteria in Solid
Tumors (RECIST version 1.1) in cancer immu-
notherapy trials, including immune-related
response criteria (irRC); defining the concept of
unconfirmed progressive disease (uPD) that may
be confirmed by a new radiological evaluation up
to 12 weeks later [1]. This concept can only be
considered when there is a clear clinical benefit
(CB) of the patient meaning that we can see tran-
sient enlargement of tumors or the presence of
new lesions and after sometime the tumor will
respond to therapy. This pseudoprogression is
expected in 15% of the patients treated with
Ipilimumab and in 10 % of the patients treated
with pembrolizumab in NSCLC.



M. Agolti and L. Solari

To evaluate response to treatment we have dif-
ferent articles published. Hodi et al. [2] con-
ducted a study-wide analysis and found that 12%
of patients (51 of 411 patients) with melanoma
treated with pembrolizumab were classified as
responders or as having stable disease by immune
response criteria [3]. Basically, four different
forms of treatment response have been reported.

1. Reduction in tumor size after treatment initia-
tion in comparison to baseline.

2. Initial increase of tumor size and/or new
lesions followed by a decrease that meets cri-
teria for partial or complete response in com-
parison to baseline.

3. Initial increase in tumor size and/or new
lesions followed by a stable course.

4. Almost stable tumor size without any signifi-
cant changes.

This pattern of increasing size is confirmed by
biopsy as inflammatory cell infiltrates or necro-
sis, with subsequent decreased tumor burden.

Interpretative criteria in PET CT An iconic
publication in EJNMMI: “FDG PET/CT for
assessing tumor response to immunotherapy:
Report on the EANM symposium on immune
modulation” [4] includes these response criteria
including a new category of unconfirmed progres-
sion (iUPD) to be confirmed by a further follow-
up scan. This can also include identification of
new lesions. A good approach that I think is the
best approach should consider these categories:

1. Complete metabolic response (CMR) when
there are no more detectable tumoral lesions
in the 18 FDG PET/CT.

2. Partial metabolic response (PMR) when there
is a diminution of 15-25% of basal SUV after
the first cycle and of 25% of the basal SUV
after 2 cycles.

3. Stable metabolic disease (SMD) decreases in
less than 15% in SUVmax values or a decrease
in 25% of the uptake after at least 2 cycles.

4. Progressive metabolic disease (PMD) is
defined as an increase in SUVmax of >25%
from baseline imaging or the appearance of
new metastatic lesions.

A good correlation between metastatic and
new hypermetabolic lesions could be the applica-
tion of the Heidelberg criteria, they describe a
sensitivity (correctly predicting CB) of 84% and
a specificity (correctly predicting No-CB) of
100%; this group uses functional size (the size of
the lesion (in centimeters) as measured on the
fused PET/CT images). This cut-off was lower
for lesions with larger functional diameters:

(a) Four new lesions of less than 1 cm
(b) three new lesions larger than 1.0 cm
(c) two new lesions larger than 1.5 cm

Although this approach is really practical, this
work was done only for ipilimumab in mela-
noma, necessitating to validation for other drugs

[5].
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The figure below is of a 45 years old male with renal cell
carcinoma treated with immunotherapy, pembrolizumab
and axitinib after the first PET/CT. Inital follow-up PET/
CT showed increase in uptake and size of the bone metas-

2.2.2 Hyperprogression

It is defined as an acceleration on tumor growth,
there should be a duplication on tumor size in
less than 2 months with clinical detrimental of
the patients. The incidence is approximately in
15 % of the patients (5 % in patients with less
than 65 years old and 20% in older patients). It is
more common in patients over 65 treated with
anti-PD1/PDL]1 and in NSCLC, when this situa-
tion is suspected, the treatment should be imme-
diately changed [5, 6].

Hyperprogression was observed in 29% of
patients with head and neck cancer treated with
antiPD-L1/PD-1 agents and correlated with a
shorter PFS. It occurred in 39% of patients with
at least a locoregional recurrence and 9% of
patients with exclusively distant metastases [6].
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tasis with subsequent decrease in uptake after 6 months
with good response to treatment. We can also see a new
increased uptake lesion in 2nd PET CT located in right
sacumo, and other bone images

Hyperprogressive disease in NSLC was sig-
nificantly associated with more than 2 metastatic
sites before PD-1/PD-L1 inhibitors compared
with non-HPD (62.5% vs 42.6%) [7].

Some patients with MDM?2 family amplifica-
tion or EGFR aberrations had poor clinical out-
come and significantly increased rate of tumor
growth after single-agent checkpoint (PD-1/
PD-L1) inhibitors [1].

The biological rationale may be related to that
several primary and adaptive mechanisms of
resistance to immunotherapy have been
described. Response to immunotherapy seems to
be conditioned by the infiltration of tumors by
activated T-cells, other mechanism could be the
absence of tumor recognition by T-cells, due to
the lack of immunogenic tumor antigens, much
more investigation should be done in this area.
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Male 61 years old. Lung carcinoma treated with nivolumab. In the upper image we can see definite progression in com-
parison with lower images

Even with increasing published data on hyper-
progression, its definition is not consensual. Some
authors used only radiological criteria, based on
the variation of three-dimensional or unidimen-
sional measurements of tumor burden over time to
evaluate the rate of tumor growth before and after
immunotherapy initiation. However, there is no
definite evidence of hyperprogression regarding
metabolic imaging, most of the reviewed bibliog-
raphy is supported on CT findings. In this point
PD (progressive disease) is the most practical
approach and doubling size in CT, for suspecting
hyperprogression on 18F PET CT.

Dissociated Response Itis defined by a decrease
or stabilization in some tumor sites with a con-
comitant increase in other sites.

Frequency: up to 10%.

It has better prognosis than homogeneous pro-
gression and these patients can benefit from add-
ing other treatments like radiotherapy, surgery, or
interventional radiology treatment.

It reflects the heterogeneity of tumors as well
as their environment.
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49 y Fem patient with relapsed Lung (NSCL) cancer
treated with immunotherapy, after 6 months, we see good
response in lung images, but there is a new increased

2.2.3 Durable Response

Female 60 y patient with melanoma resected and
increased subcutaneous increased uptake (local
persistent disease with increased uptake stable
during 3 years.

Immunorelated Adverse Effects (irAE) With
these new drugs, more often with anti-PD1, there
are adverse events related to immune activation,

uptake in right suprarenal gland, confirmed by surgery to
be a small metastasis of 1.2 cm. Upper file: after 6 months
treatment new PET CT

these effects are radically different from adverse
effects related to cytotoxic drugs. Their presenta-
tion can range from mild and manageable, to
severe and life threatening if not recognized early
and treated with appropriate measures such as
corticosteroids [8].The sensibility of PET CT for
their diagnosis is much better than with others
imaging modalities (CT), and the rapid identifi-
cation and quick therapy, with immunosuppres-
sive treatments, such as corticoids or TNFa
antibody, improves patients evolution and allows
to go on with the treatment [9]. Different irAE
are more frequently seen with different drugs,
e.g., ipilimumab, the first antibody approved by
FDA, is seemingly more common with colitis
and hypophysitis, while pneumonitis and
thyroiditis are more common with nivolumab and
pembrolizumab [10]. According to clinical
reports, irAEs may occur at any time and cover
multiple organs during the therapy (Fig. 2.2).
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Fig. 2.2 irAEs can
affect almost each organ
system. Most of our
organs may be affected
with immune-related
adverse events (irAEs),
such as skin, liver, lung,
pituitary, thyroid,
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biopha.2019.109437

related to the primary tumor are also supposed to
be involved, like the tumor microenvironment
The involved mechanisms are suspected to be (TME), immune infiltrate, adaptive immune
either a result of the induction of autoimmunity —response and neoantigen formation, so there are
or a proinflammatory state [11]. Other situations different incidences reported in different tumors.

2.3 Mechanism

Tumor-reactive T cells may modulate the production of antibodies by B cells and lead to
antibody-mediated diseases.

Tumor-reactive T cells may modulate the production of antibodies by B cells and lead to
antibody-mediated diseases.

Tumor-reactive T cells may modulate the production of antibodies by B cells and lead to
antibody-mediated diseases.

Tumor-reactive T cells may modulate the production of antibodies by B cells and lead to
antibody-mediated diseases.

Mechanisms underlying irAE
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24 18FPET CT and irAE

The possibility of identifying inflammatory
changes with F-18 FDG PET CT allows us to
better diagnose this situation. There are differ-
ent irAE, and the focus should be on the ones
that can be life threatening: 34% of the patients
according to Fujii et al. [12]. In “Incidence of
immune-related adverse events and its associa-
tion with treatment outcomes: the MD Anderson
Cancer Center experience [11] experienced any
grade of irAE, and 80% of them required sys-
temic corticoids, and the most important con-
clusion related to this article is that this
undesirable effects are associated to active
immunostatus suggestive of potential clinical
benefit for the patients. The incidence of these
effects also is different according to the immune
mechanism involved, and the frequency is with
Anti CDLA 4: 54%; anti-PD1: 26%:; anti PDL1:
13%. It is important for the imager to recognize
the unique adverse events associated with
immunotherapy to guide appropriate treatment
and avoid potential imaging pitfalls that could
be mistaken for metastatic progression of dis-
ease. The patterns that should be considered
are:

¢ Pneumonitis is a very rare adverse effect.
It is more frequent in the patients with the
use of anti-PD-1 than anti-PD-L1 or anti-
CTLA-4. But the compounding of PD-1
and CTLA-4 blockade was reported signifi-

cantly higher frequency of the pulmonary

toxicity than either single immune-check-

point inhibitors, up to 5-10% at any grade
and 2% at 3—4 grade. It involves death risk.

There are four radiological CT patterns

described for this complication [13]: (1)

cryptogenic organizing pneumonia (COP)

in 65% of patients. (2) Non-specific inter-

stitial pneumonia in 15% of patients. (3)

Hypersensitivity pneumonia in 10% and (4)

Acute interstitial pneumonia (AIP)/acute

respiratory distress syndrome (ARDS) in

10%. Regarding the severity of the dis-

ease, there are 4 grades:

— Grade 1 pneumonitis may be assessed by
radiographic evidence and another CT may
be repeated within 3—4 weeks to focus on
the disease progression. Immunotherapy
should be discontinued until improvement
back to grade 1 or less, and administering
prednisone under guidelines is essential for
patients with grade 2 of pneumonitis. If
pneumonitis is progressing to grade 3 or 4,
it is suggested that immunotherapy should
be ceased with the appropriate prescription
of antibiotics and prednisolone. The
median time to onset of pulmonary toxicity
after initiation of immunotherapy is 2.3
months and tends to occur earlier in lung
cancer (2.1 months) than in melanoma (5.2
months). Even after improvement of
pneumonitis, occur with and without PD-1
antibody re-administration [14].
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(a, b) Acute interstitial pneumonia in a patient treated with immunotherapy
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Radiologic Patterns according to irAE

Ct Patterns

CTFeatures
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Colitis (more frequently within 6-7 weeks):
It is associated to death risk when not treated
as soon as diagnosed. Diarrhea and colitis are
the main symptoms of gastrointestinal toxici-
ties. In patients receiving ICPis, the incidence
of all-grade diarrhea is reported to be higher
with anti-CTLA-4 therapy, up to 30%. High
grade diarrhea is also reported when
nivolumab pluses ipilimumab, with the inci-
dence up to 9%. There are two different pat-
terns associated with Ipilimumab: Diffuse
Pancolitis, that should be treated with corti-
coids, and during the diagnosis we should
make the differential diagnosis with colitis
related to oral hypoglycemics drug: many
nuclear medicine departments stop metfor-
min 24 h before 18FDG PET CT to avoid this

situation. And segmental colitis which is
associated with diverticulosis, restricted to a
segment of colon and the treatment should
include antibiotics [15]. In the CT we can see
mesenteric vessel engorgement, bowel wall
thickening (> 4mm irrespective of disten-
sion), or increased mucosal enhancement
contrastct enhanced CT scan [16].

Male 66 years old renal cancer with pulmo-
nary secundarism. Treated at first with suni-
tinib no answer, he started therapy with
Nivolumab 6 months ago. We can see segmen-
tal colitis confirmed with endoscopy. Images
courtesy of Dr. Marcelo Claria, jefe de
Diagnéstico por imagen Sanatorio Allende.
Cérdoba-Argentina.
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Hepatitis: Starting at 3-9 weeks. The occur-
rence of hepatitis is less than 6% of patients
receiving anti-PD-1 antibodies, about 7% of
patients with CTLA-4 therapy and nearly 30%
when CTLA-4 and PD-1/PD-L1 blockades
are combined [17].

Adrenitis

Pancreatitis (—1%) in this case the typical
pattern is increased diffuse uptake with the CT
showing mildly enlarged pancreas with no
peripancreatic inflammatory changes and
rounded pancreatic contours that can be
described as having the “sausage” appearance
of autoimmune pancreatitis.

Hypophysitis for Aide et al. [4], suggest the
importance of starting the PET/CT by includ-

ing the whole of skull in patients treated with
immunotherapy. Also magnetic resonance
imaging (MRI) of pituitary gland manifests
specific imaging characteristics of enlarged
pituitary glands and stalks.

Thyroiditis: Thyropathy mainly includes pri-
mary hypothyroidism and hyperthyroidism,
among which hypothyroidism is more com-
mon. Hypothyroidism generally develops at
the 4th week with ipilimumab therapy and the
10th week in patients receiving nivolumab
(more frequently between 7 and 20 weeks). It
is very important to check that intense uptake
deemed to be an immune-related sign was not
present on the baseline scan, for example, dif-
fuse thyroid uptake due to Hashimoto disease.
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Moreover 18F-FDG PET/CT can predict the
development of thyroiditis with subsequent
hypothyroidism before laboratory testing after
immunotherapy with nivolumab for lung can-
cer [28].

e Arthritis: shows diffuse periarticular FDG
uptake in different joints like shoulders, elbow,
wrists, hands, and hips.

e Gastritis

*  Myocarditis

There are also other undesirable effects like
dermatitis (such as rash, pruritus, and vitiligo but
also may appear more serious effects like bullous
pemphigoid, scleroderma-like skin changes, and
severe cutaneous adverse reactions), fatigue, etc.
not able to be recognized by 18FDG PET/CT.

It is also very important to compare previous
studies, and to pay special attention to this irAE
evolution in terms of metabolic behavior.

Incidence of irAEs with immunotherapeutic
agents indicates an active immune status, sugges-
tive of potential clinical benefit to the patient [12].

2.4.1 Therapy-Related
Inflammation and Inverse
Relation Liver SUV/Spleen

SUV [18]

18F-FDG PET can help in the differentiation
between progression and therapy-related inflam-
mation, to define inflammatory changes it is
important to consider particular patterns of tracer
uptake [19]. Metabolic information provided by
PET/CT is very important. And some items
should be considered in lymph nodes and spleen.
There are some important facts to consider
regards lymph nodes:

Reactive nodes in the drainage basin of the
primary tumor may be seen.

Reaction sarcoidosis like (5-7%) increased
FDG uptake in mediastinal/hiliar nodes and may
be in spleen. Symmetrical bilateral pattern of
uptake in thorax, in enlarged hiliar/mediastinal
lymph nodes suggesting sarcoidosis: lambda sign
with or without portocaval nodes.

Preservation of fatty hilum.
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In patients with good evolution with the previ-
ous characteristics, FDG avidity can be a marker
of immune activation rather than progressive dis-
ease [20]

2.5 Conclusion

There are four patterns when reporting 18FDG
PET CT after immunotherapy that should be con-
sidered (a) pseudoprogression; (b) hyperprogres-
sion; (c) dissociated response; (d) durable
response. Immune related adverse events should
be considered and reported, as well as therapy-
related inflammation like sarcoidosis like reac-

tion are immunotherapy-related findings. It is
necessary to write a practical guide for reporting
these findings in order to harmonize our results.
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3.1 Introduction

Neuroendocrine  tumours  (NET)—recently
reclassified under the auspices of ‘neuroendo-
crine neoplasms’ (NEN)—arise from widely dis-
tributed neuroendocrine cells and share the
capacity to secrete hormones and vasoactive pep-
tides. They encompass distinct tumour entities
with variable clinical behaviour, ranging from
indolent to highly aggressive. Most commonly
they are seen in the gastro-entero-pancreatic
(GEP) [1] and bronchopulmonary tracts [2]. The
analysis of large registries demonstrates that
NET are steadily increasing in incidence and
prevalence, with approximately three- to seven-
fold increases in the former over the past three
decades, and an estimated prevalence of
35/100,000. In the gastrointestinal tract, NEN are
the second most common malignancy after colon
cancer [3].

The central management issue of NEN is that
at initial diagnosis, lymph node metastases and
distant metastases are frequently seen. In a sub-
stantial number of patients with initially localised
disease, metastases occur later during their clini-
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cal course. Depending upon the primary tumour
site, 65-95% of NET present with liver metasta-
ses [4, 5]. The incidence of hepatic metastases is
highest in patients with small bowel NEN
(SBNEN) (67-91%) and pancreatic NEN
(PanNEN) (28.3-77%) [6, 7], in contrast to
patients with well-differentiated appendiceal
NEN who display hepatic involvement in under
1% of cases [8] and patients with type I gastric
NET or those with small, mainly incidentally dis-
covered rectal NET. In historical series with a
very limited spectrum of treatment options,
5-year survival was 13-54% for NEN patients
with liver metastases compared with 75-99% for
those without hepatic involvement. Experience in
Centres of Excellence indicates a 5-year overall
survival of 56-83% for metastatic intestinal NEN
and 40-60% for pancreatic NEN [9]. In patients
with SBNEN, lymph node metastases, in addi-
tion to liver metastases, present a therapeutic
challenge since they frequently compromise
major mesenteric vascularity and encase the mes-
enteric root, inducing abdominal angina and
intestinal ischemia.

31

V. Prasad (ed.), Beyond Becquerel and Biology to Precision Radiomolecular Oncology: Festschrift
in Honor of Richard P. Baum, https://doi.org/10.1007/978-3-031-33533-4_3

3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-33533-4_3&domain=pdf
mailto:a.frilling@imperial.ac.uk
https://doi.org/10.1007/978-3-031-33533-4_3

32

3.2 Molecular Imaging
of Neuroendocrine
Neoplasms

Molecular functional imaging has evolved into
representing the cornerstone in diagnosis, stag-
ing, treatment selection, and follow-up of
NEN. Scintigraphy with !''In-pentetreotide has
almost universally been replaced by hybrid posi-
tron emission tomography (PET)/computed
tomography (CT) with %Ga-labeled somatostatin
analogues (SSA) in the functional imaging of
low-grade (G1) and intermediate-grade (G2)
NEN [10-14]. Other PET agents utilised for
diagnosis of neuroendocrine disease include '°F-
FDG (for G2 and high-grade NEN), "®F-DOPA,
C-5-HTP, GLP1, *Cu-SSA and Ga-labeled
somatostatin receptor antagonists [15]. Hybrid
PET/magnetic resonance imaging (MRI) appears
to be superior to PET/CT in the staging of liver
metastases, utilises the same anatomic imaging
modality used as the gold standard for diagnosis
and follow-up of neuroendocrine liver metastases
[16]. Dual imaging with ®®Ga-DOTA and '*F-
FDG PET/CT is suggested to be performed in
tandem in patients with higher-grade NEN to bet-
ter capture the known heterogeneity of neuroen-
docrine disease, or if a clinical course indicates
sudden change towards more aggressive tumour
behaviour.

Meticulous staging of NEN before planned
surgery is critical for optimal patient selection
and accurate surgical strategy (Fig. 3.1).
%Ga-DOTA-PET/CT has been shown to provide
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Fig.3.1 Computed tomography of a patient with a distal
pancreatic neuroendocrine neoplasm with liver metasta-
ses. This patient underwent distal pancreatectomy for
treatment of the primary tumour, followed by peptide
receptor radionuclide therapy to treat the liver metastases

additional information and predicate change in
initial surgical planning either in terms of change
in surgical strategy or switch to non-surgical
treatment in up to one-third of patients [17, 18]
(Figs. 3.2 and 3.3).
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Fig. 3.2 Hybrid positron emission tomography (PET) enteric metastases from a small intestinal neuroendocrine
using %Ga-DOTATATE with computed tomography (CT)  tumour (well-differentiated, Ki67 1%)
demonstrating a patient with non-resectable, bulky mes-

Fig. 3.3 Findings on ®*Ga-DOTATATE PET/CT for a  of liver metastases and then peptide receptor radionuclide
patient with a metastatic small intestinal neuroendocrine  therapy. Images provided courtesy of Professor Richard
neoplasm. This patient underwent resection of the pri- P. Baum and Dr D. Kaemmerer

mary tumour (arrow, left image), followed by debulking
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3.3  Surgical Treatment

Radical surgery with an aim to eliminate the pri-
mary tumour including loco-regional lymph node
metastases and distant metastases (particularly
those in the liver) accounts for the first-line treat-
ment of grade | and grade 2 NEN where possi-
ble. Surgery may also be a valid option for
loco-regionally limited grade 3 NEN, especially
in tumours with a Ki67 of <55% [19]. Although
no randomised controlled trials exist comparing
surgical versus non-surgical treatment, there is a
large body of evidence generated in retrospective
series showing that surgery provides the best
long-term outcomes [20-22]. The proclivity of
NEN to metastasize challenges the surgical
approach since surgery as an isolated measure is
frequently insufficient. Moreover, it requires
embedding within multimodal treatment con-
cepts and the cognisance of the surgeon in deal-
ing with metastasised disease.

All patients with localised SBNET should be
considered for curative resection [23, 24]. As up
to 50% of SBNET are multifocal and most of
them already metastatic to loco-regional lymph
nodes at the time of diagnosis, meticulous explo-
ration of the mesentery and palpation of the entire
small bowel from Treitz’s ligament to caecum is
pivotal [25, 26]. A key issue in the resection of
SBNEN is not necessarily the primary tumour
per se, but the focus on preserving intestinal
integrity whilst selectively resecting mesenteric
lymph nodes. Extensive en bloc resections should
be avoided as they may lead to short bowel syn-
drome. In case of multifocal focal tumour mani-
festation, multi-segmental resections might be
required.

Patients with functioning PanNEN, irrespec-
tive of size, and those with primary tumours
>2 cm are candidates for surgery encompassing
typical resections including pancreaticoduode-
nectomy, distal pancreatectomy and total pancre-
atectomy, or atypical parenchyma-sparing
resections [27]. Peripancreatic lymphadenec-
tomy should be considered an integral part of a
pancreatic resection with an exception of
parenchyma-sparing procedures for benign insu-
linoma [28]. The indication for surgery and

extent of surgery for multiple endocrine neopla-
sia (MEN)-1-associated PanNEN is a topic of
controversial discussion, ranging from a rather
conservative observational approach to extensive
pancreatic resection [29, 30]. In general, non-
functioning MEN-1-associated PanNEN smaller
than 1 cm can be safely observed whilst tumours
>2 cm should be resected. Indication for surgery
is present in most of the patients with functioning
MEN-1 PanNEN. Conflicting data exist also for
small (<2 cm) (nowadays frequently incidentally
discovered) sporadic non-functioning PanNEN
in asymptomatic patients. The threshold of
<2 cm has been shown as a reliable selection cri-
terion for surgical versus observational manage-
ment in some series, whilst in others lymph node
metastases and/or liver metastases were seen also
in PanNEN less than 2 cm in size [31, 32].
Tumours causing ductal dilatation and G2/G3
PanNEN, even if below this threshold should be
considered for resection [33]. In the future,
biopsy-based genetic analysis of the primary
tumour and novel preoperative risk scores may
guide the decision to resect or to observe. Ki67
>3% and location of the tumour in the pancreatic
head/uncinate process were shown to be associ-
ated with lymph node metastases in 21.4% of
<2 cm in size PanNET, compared to 3.4% if Ki67
was <3% and the tumour located in the distal
pancreas [34].

The role of resection of the primary tumour in
presence of non-resectable LM in asymptomatic
SBNEN or PanNEN patients is insufficiently
defined. Randomised controlled trials comparing
cohorts having primary tumour resection with
those who were observed only and underwent
surgery if symptoms occurred are lacking. Meta-
analyses utilising data from retrospective series
however indicate survival benefit for patients
who had primary tumour resection in this setting
[35]. Resecting an intestinal primary may avoid
ileus, bowel obstruction, bleeding and desmo-
plastic reaction, and it may be associated with
survival benefit [36]. For patients with asymp-
tomatic PanNEN with non-resectable liver
metastases, the recommendation for pancreatic
resection is less convincing and burdened by
selection bias. Surgery might be beneficial for
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younger patients free of comorbidities and
tumour locations amenable to less extensive pan-
creatic resections [33].

The surgical treatment of neuroendocrine liver
metastases (NE LM) involves resection with cura-
tive intention, cytoreductive surgery, or transplan-
tation procedures [5, 37]. Patients with G1/G2
NEN with limited hepatic disease burden and
highly selected patients with G3 tumours with
Ki67 of <55% may be candidates for liver resec-
tion with curative intent. Only about 20% of all
patients with NE LM are eligible for complete
resection of liver deposits. Resection with cura-
tive intent is associated with the most favourable
outcomes with a median 1-year, 3-year, 5-year,
and 10-year overall survival (OS) rates of 94%
(range 79-100%), 83% (range 63—-100%), 70.5%
(range 31-100%), and 42% (range 0-100%),
respectively [38]. The wide range of reported
overall survival reflects the importance of accu-
rate patient selection. Whilst OS rates are overall
favourable, early hepatic disease recurrence seen
in approximately 80% of patients within the first
three years following hepatectomy is a major clin-
ical drawback [39]. This transforms liver resec-
tion with intended ““curative” attempt to a de facto
palliative treatment of NE LM, even if complete
resection is achieved. Debulking surgery may be
offered to patients with advanced G1/G2 NE LM
unsuitable for radical hepatectomy, or to patients
that are symptomatic either due to hepatic tumour
bulk or hormone hypersecretion unresponsive to
medical treatment [40]. Patients in whom at least
70% extirpation of tumour burden could be
attained by parenchyma-sparing debulking proce-
dures may benefit from surgery despite a rather
short median liver progression-free survival of 11
months [41]. Liver transplantation is a generally
accepted treatment option for highly selected
patients with NE LM [42, 43]. Selection criteria
for liver transplantation as defined by Mazzaferro
et al. from Milan are: patients with low-grade
NEN (with or without clinical symptoms), venous
drainage of the primary tumour by the portal
venous system, age <55 years, <50% liver
involvement, complete resection of primary
tumour and any extrahepatic disease prior to
transplantation, and stable disease or disease

response of at least 6 months before transplanta-
tion [44]. Under strict consideration of these
selection criteria, 5-year and 10-year survival of
97.2% and 88.8%, respectively was reported [45].
Despite these impressive results and improve-
ments of immunosuppressive protocols for
patients transplanted for oncologic conditions,
early disease recurrence remains a major clinical
issue.

3.4  Surgeryin Combination
with Peptide Receptor

Radionuclide Therapy

Peptide receptor radionuclide therapy (PRRT)
with either *°Y-octreotide or '""Lu-DOTATATE
or -DOTATOC was introduced into the treatment
of metastasised NET in the early 1990s. Efficacy
of PRRT in terms of favourable PFS and OS in
NEN patients compared to historical controls has
been shown in numerous phase I and II phase
studies [46—49] and also prolonged PFS in the
recent phase III NETTER-1 trial [50] (for more
details please see contributions on peptide recep-
tor radionuclide therapy in this Festschrift). The
combination of surgical and medical-targeted
therapeutic strategies within multimodal con-
cepts offers an attractive possibility for long-term
disease control by comprehensively eliminating
macro- and microscopic neuroendocrine disease.

The combination of surgery and PRRT can be
used in various clinical scenarios; (a) in neoadju-
vant settings in patients with initially unresect-
able or borderline resectable NEN, (b) in adjuvant
settings to minimise the risk of disease recur-
rence after radical surgery, (c) in palliative set-
tings for treatment of remaining non-resectable
disease after surgery, (d) as bridging prior to
transplantation, or (e) as an upfront strategy to
enhance the efficacy of PRRT by resecting the
primary tumour. Such novel concepts have not
yet been widely adopted and are mostly limited
to single centres with interest and expertise in

both advanced surgical procedures and
theranostics.
In the first case reports, neoadjuvant

Yttrium-90 (*°Y) DOTA-PRRT was shown to
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effectively down-stage initially unresectable
NEN including those originating from midgut
[51], pancreas [52], rectum [53] and stomach
[54]. The concept of staged surgery with neoad-
juvant °°Y DOTA-PRRT has also been suggested
for initially unresectable neuroendocrine liver
metastases in case reports [55] and in small series
[56]. In a Polish series of six patients with unre-
sectable NEN, resection was achieved in two
patients after tumour size reduction induced by
PRRT [51]. In an Italian series comparing post-
operative outcomes in patients with resectable/
potentially resectable pancreatic NEN deemed at
high risk of recurrence treated with or without
neoadjuvant PRRT (n = 23 in each group), the
incidence of nodal metastases was significantly
lower in the PRRT group, and the PFS was sig-
nificantly longer in the neoadjuvant group com-
pared to the upfront surgery group [57]. Of
interest, the risk of pancreatic fistula was lower in
the neoadjuvant group compared to the group of
patients who underwent upfront surgery. Most
likely PRRT induces fibrosis which is known to
reduce the risk of developing of pancreatic fistula
[58]. A recent study comparing histopathological
and immunophenotypic changes in pancreatic
NEN after neoadjuvant PRRT revealed that neo-
adjuvant PRRT is associated with reduced tumour
diameter, an increased percentage of stroma, pre-
served somatostatin receptor subtype 2A expres-
sion in most of the cases, and an increased
CD163+ M2-polarised macrophage density [59].
Although the body of surgical data in NEN
patients who underwent neoadjuvant PRRT is
still scarce, postoperative complications do not
occur more frequently than in not pre-treated
patients. Peptide receptor radionuclide therapy
has also a role as a bridging/downstaging proce-
dure prior to liver or intestinal transplantation
with an aim to stabilise macroscopical disease
and target micrometastases [60]. To maximise the
outcomes of neoadjuvant treatment for pancre-
atic neuroendocrine tumours, combined chemo-
therapy (Capecitabine/Temozolamide) and PRRT
(chemo-PRRT) regimens have been brought into
discussion [61].

Resection of the primary tumour in asymp-
tomatic NET patients with unresectable distant
metastases is a matter of ongoing debate [62—64].
In contrast, surgery for elimination of loco-
regional and/or debulking of distant disease fol-
lowed by PRRT for remaining non-resectable
distant metastases appears as a generally accepted
approach in patients symptomatic due to local
tumour effect [65]. Particularly those with small
bowel NEN who are at risk of developing intesti-
nal obstruction, bleeding, and desmoplastic mes-
enteric and patients with large pancreatic NEN at
risk for significant local stomach and superior
mesenteric vein compression [66] may benefit
from this approach.

Recently, upfront locoregional primary
tumour resection has been proposed in patients
considered for peptide receptor radionuclide
therapy. In a study reported by Bertani et al.,
patients who underwent upfront surgery showed
higher stabilisation or objective response after
PRRT and better median PFS (70 vs. 30 months)
and OS (112 vs. 65 months) compared to patients
who underwent solely PRRT [67]. Similar expe-
rience was reported by Kaemmerer et al. who
demonstrated prolonged OS in patients who had
primary tumour resected prior to PRRT [68].

3.5 Conclusions

Although surgery offers the best chance of dis-
ease cure, given the clinical challenges presented
by the oft metastatic stage of NEN at initial diag-
nosis, this cannot be realised for many patients.
Therefore, embedding surgery within a multi-
modal treatment concept alongside PRRT and
driven by theranostic principles represents a
novel approach that targets macro- and micro-
disease that may offer genuine advance in disease
control. The combination of surgery and PRRT
has only been reported in specialist centres with
promising results from small series, but ideally a
randomised controlled trial comparing neoadju-
vant PRRT versus adjuvant PRRT versus PRRT
alone is required to definitively assess this inter-
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esting therapeutic strategy. It is incumbent upon
the NEN medical community to evaluate such
novel treatment combinations to engender a
divergence from a single modality focus that is
often observed.
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Christian P. Behrenbruch

The purpose of this chapter is threefold.

Firstly, it is an honor to be included in this
Festschrift, a recognition and celebration of the
enormous contribution Professor Richard Baum
has made to the field of nuclear medicine. I would
like to write a few words as to why Richard’s
contribution to nuclear medicine and theranostics
has been so important from a commercial per-
spective, and why we need more innovators like
him. Secondly, I want to review some of the rea-
sons why, despite enormous potential, the field of
nuclear medicine has not been as commercially
successful as it could be, and the pitfalls we must
address in order to deliver in the future. Finally,
I’d like to highlight some of the areas that I am

This opinion piece was written in mid-2020. The world of
nuclear medicine (and the world more generally) has
changed dramatically since then. We now have new
approved prostate cancer imaging and therapy products
from several vendors and there has been an almost
Cambrian explosion of new radiopharma companies and
venture capital interest. But just to illustrate that despite
this step-change of excitement about nuclear medicine,
many of the “gotcha’s” still exist, I have left the content in
place as a kind of personal “time capsule” and a test of
whether I understand the future of this field or not.

Did my comments and predictions age well?

You decide.

C. P. Behrenbruch (D<)

Telix Pharmaceuticals Limited,
Melbourne, VIC, Australia
e-mail: chris@telixpharma.com

© The Author(s) 2024

most excited about from a commercial perspec-
tive that will likely define the field over the next
decade.

I've spent 20 years hunting money for imaging
and nuclear medicine companies and over that
time, through varying degrees of economic pros-
perity, I have received a great deal of candid feed-
back about how investors view the nuclear medicine
industry. These perceptions offer provocative
insights into our industry and I believe they are
worth sharing, both for information and entertain-
ment. Not all opinions will garner agreement.

4.1 Professor Richard Baum

Firstly, since this essay is delivered in honor and
recognition of Richard, I would like to share a
story about our esteemed colleague. In our field,
there are few who have made such an immense
contribution over such a long period of time, and
even fewer who are such a force of nature. I first
met Richard exactly ten years ago back in the
early days of ImaginAb [1], where I was chal-
lenged by Richard to “get my act together” and
do a first-in-human evaluation of an anti-PSMA
antibody fragment (a minibody [2]) in an
investigator-led study [3]. The truth is, I don’t
think Richard likes biologics much and were it
not for the fact that the prostate PSMA! imaging

' PSMA prostate-specific membrane antigen.

a
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field was so nascent, I very much doubt I would
have piqued his interest. But I am grateful he was
curious because, thanks to Richard, we got some
preliminary data that enabled us to raise a “Series
A” venture capital financing for the company.
Without this, the company would have simply
failed to launch. I will come back to this again at
the end of this essay.

It was a delicate situation. We had manufac-
tured a first batch of (approximately) clinical-
grade material, we didn’t have much of it to spare
(and made at significant cost), but the company
didn’t have a lot of financial resources either.
After several months of harassment from Richard
(I admit) we sent him a summary of the manufac-
turing package, noting that we had only a very
basic radiolabeling protocol. After a week of con-
templation, I received an email from Richard
indicating that he would be keen to do a straight-
forward biodistribution study in patients with
advanced metastatic prostate cancer. We pack-
aged up the precious vials of DOTA-conjugated
fragment and sent them to him, with enough
additional material for the highly talented radio-
chemistry team at ZentralKlinik Bad Berka to
undertake some basic process development, vali-
dation runs and a first patient study. We were
expecting to image 8 patients in total with
SPECT, labeled with '''In.

A few weeks went by, and we waited with
great anticipation. Then one day a beautiful image
appeared in my inbox. Then another. Then a more
detailed biodistribution assessment and a rough
dosimetry analysis. Then the Sth patient came.
The images looked strange, a bit blurry (even by
SPECT standards) and we were confused.

What had gone wrong?

Well, Richard had gone back to the first patient
and substituted the indium for '""Lu and, based
on the dosimetry had given an approximately 45
mCi/m? dose of lutetium as a therapeutic dose.
We were shocked, surprised, dumbfounded. It
wasn’t supposed to be a therapeutic agent, it was
supposed to be an imaging agent! I traveled from
Los Angeles to Levi, Finland? to have a meeting
to discuss.

27th International Conference on Radiopharmaceutical

The meeting, which would forever change my
view on the fundamental purpose of nuclear med-
icine, took place in a sauna at a resort a few hun-
dred meters away from Santa’s Arctic village. It
was November, and there was already plenty of
snow on the ground—a far cry from the gentle
winter climate of Southern California. I was so
irritated and jet lagged, I didn’t really know what
to say and I am sure my words blurted out in a
jumbled mess. But Richard—as Richard often
does—calibrated me on the facts of life.

He explained in his clear and typically direct
manner, that his foremost mission is not to look
at “interesting things” but to help his patients. He
was encouraged (never went so far as to say
“enthusiastic” I will note) by the imaging data
and felt there was a chance to offer some benefit
in the form of lutetium therapy. He explained that
the patients had joined the study altruistically but
that, in truth, there is little point in merely imag-
ing disease. If patients are to benefit, then for a
diagnostic there must be a corresponding thera-
peutic intervention, and without it—it is point-
less. Pointless.

When you have spent a couple of years work-
ing on something with a pre-conceived idea of its
value and purpose, to be re-calibrated in such a
way is somewhat confronting. But what I
observed in the years that followed is that I have
met few clinician-scientists so committed and
devoted to the patient. My personal lens of risk
tolerance (or perhaps not) was simply an incom-
plete and perhaps even farcical viewpoint, and
while it would clearly be unproductive for every
investigator-led study to go off-piste, Richard
always put the patient first.

The lesson I learned was simple—by all
means do the experiment, but make sure that the
purpose is maximized for the patient, not scien-
tific curiosity. I wish I could say that this is an
obvious and ingrained attribute of clinical
research, but we all know that this is too often not
the case, especially in nuclear medicine. It was a
precious gift to me.

Therapy—ICRT.
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4.2 The Great Bexxar® Disaster
Moving on from sentimental rumination to busi-
ness, the first reaction I typically get from inves-
tors in relation to anything nuclear medicine or
radiopharmaceutical is a slight grimace and a
slow exhalation of breath. A kinder investor audi-
ence will occasionally acknowledge that the tech-
nology is “nifty” but most just cut to the chase,
namely that there are few good examples of high-
quality nuclear medicine companies or
commercially-successful products, even to this
day. Investors prefer to see new ideas surrounded
by relevant success stories and plenty of cash
thrown at a given technology field. In investor
parlance, they look for evidence that a company
is “swimming where the water flows.” Nuclear
medicine is complex and hard to sell, both techni-
cally and in terms of historical performance.

In 2014 I met with New York investment
bankers with the intention of taking ImaginAb
public. At the time, the tally of nuclear medicine
disasters was fairly substantial. Lantheus had just
failed an IPO attempt [4], Immunomedics’ share
price was floundering about, Progenics wasn’t
impressing investors and the reputation of our
industry was mostly one of mediocrity from past
failures like Corixa to the distracted implosion of
IBA’s radiopharma business. While some of these
companies have significantly reformed, even to
the point of performing well, Bexxar and Zevalin®
remain the epitome of our industry’s remarkable
ability to produce clinically outstanding products
that failed miserably in the commercial world.

Most readers of this festschrift know the rea-
son why Bexxar failed and I don’t want this com-
mentary to rehash old and mostly uninteresting
history (although for those interested in an
omprehensive written review, Luke Timmerman’s
analysis of Bexxar is excellent [5]).
Fundamentally, taking revenue away from the
oncologist was a recipe for commercial disaster
and, at the time, there was more money in deliv-
ering chemotherapy than there was selling a
“one-shot” wonder drug, irrespective of patient
benefit [6]. However, to simplify the Bexxar fail-
ure to revenue conflict and patient ownership is to
be analytically superficial. The fact remains that

despite the impressive performance of Bexxar in
follicular lymphoma (an astonishing 75% com-
plete response) [7], the clinical trials that could
have catapulted a radiopharmaceutical into the
front-line of cancer care were not particularly
comprehensive, were lethargically marketed, and
arguably did not compel the field to change the
standard of care at the time.

From the Bexxar experience we can ascertain
two important lessons about how to commercial-
ize novel nuclear medicine products. The first
lesson is that to deliver a successful product,
there needs to be a great clinical dataset. Fast-
forwarding a decade from Bexxar, one only has
to consider the relative commercial success of the
Algeta/Xofigo® journey to appreciate the reward
for doing things properly. The ALSYMPCA trial
[8] was a robustly designed trial, intended to pro-
duce the necessary level of evidence, and it cer-
tainly delivered. For 3.6 months of median
survival benefit [9], Algeta created almost $3B of
value for shareholders between initial partnering
funding and ultimate acquisition by Bayer [10]. I
personally don’t think anyone really believes that
2Ra-dicholoride is clinically any better than
13Sm or ¥Sr (I certainly don’t), but Algeta did
the hard work and snagged a significant prize.
More recently we had the NETTER trial [11] for
Lutathera® ("’Lu-DOTATATE, AAA/Novartis)
as another strong example of data-driven com-
mercial outcomes for the field—and, of course,
for patients. The point is, the growing call for
robustly executed clinical trials is correct and
necessary for the future of the field, for both clin-
ical and commercial success.

4.3  “UsVersus Them”

The second insight from Bexxar relates to the turf
battle between medical oncology and nuclear
medicine. I have traveled extensively around the
planet and observed the practice of nuclear medi-
cine in many different clinical settings. Where
there is a well-integrated team approach to treat-
ing cancer, experimental nuclear medicine (both
diagnostic and therapeutic) thrives. But where
there is an “us versus them” mentality, nuclear
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medicine remains relegated to the dungeon of the
hospital and salvage patients waiting to exhale
their last breath. It is a depressing and dreary
place for otherwise outstanding science to exist.

This reality should encourage us to re-think
the strategy for running clinical trials for nuclear
medicine products, particularly therapeutic prod-
ucts. Does going head-head with standard care
really sell the value proposition of nuclear medi-
cine to an oncologist? Surely comparative trials
that integrate standard care into the nuclear med-
icine treatment arm is a better way to go, espe-
cially given the therapeutic index typical of
nuclear medicine approaches and the potential
benefit in earlier stage patients? Considering
some of the significant combination drug oppor-
tunities like androgen-deprivation therapy plus
PSMA for prostate cancer [12], or combo
radiation-checkpoint inhibitor studies [13], this
would seem like a golden opportunity for our
field. Especially since nuclear medicine therapies
don’t tend to have overlapping toxicities [14] and
imaging (i.e., patient selection, treatment
response assessment) is often “built-in” for free
[15]. The question is, will nuclear medicine ever
really “play nice” with medical oncology?

Of course, much has changed in the past 5
years and now we have some decent success sto-
ries to talk about, at least at face value. I could be
unkind and note with disdain how long it took for
radioactive somatostatin analogs to broadly
impact patient care—or whine a bit and note that
we probably could have had a highly effective
PSMA therapy a decade before Endocyte and
PSMA-617 [16, 17], but we are making progress.
Like many, I playfully mocked Stefano Buono
(with no small amount of envy mixed in, I fully
admit) when he moved into the 69th floor of the
Empire State Building in New York and re-
invented AAA [18]. But what a magnificent suc-
cess! The reward comes from being courageous
enough to take light-touch manufacturing pro-
cesses and patchy clinical data out of the realm of
academia into the harsh glare of the real world.
Did intellectual property underpin AAA’s $4Bn
valuation at the time it was acquired by Novartis?
[19] Absolutely not—it was about doing the reg-
ulatory, manufacturing and clinical hard grind
and finishing the job.

4.4 Intellectual Property: Who

Cares?

Intellectual property (IP) is important but inves-
tors in our field probably worry too much about
it. To be sure, we are probably going to see some
interesting IP clashes in the near future, particu-
larly around the PSMA small molecule programs
[20]. There is also little doubt that IP infringe-
ment has hindered progress in the past. For exam-
ple, we never had '®F-choline imaging in the
United States, largely because of the deterrent
effect of IP ownership uncertainty. While many
men in Europe genuinely benefitted from cho-
line, Americans missed out. Of course, PSMA
imaging mostly makes choline and fluciclovine
(Axumin) [21] imaging mostly obsolete [22], but
it’s still disappointing to think of all the men that
could have obtained some genuine benefit, not to
mention the loss of a developmental incentive for
the commercial "®F networks that would have
almost certainly paved the way for a more flexi-
ble and capable manufacturing capacity, espe-
cially in the United States.

Although IP doesn’t particularly define our
industry, especially given that it seems to take at
least two decades for products to materialize (and
thus composition of matter patents have expired
anyhow), manufacturing and supply chain does
define nuclear medicine, and this is where inves-
tors view our industry as especially challenging.
There have been some interesting gambles—for
example, when Bristol-Myers Squibb offloaded
its imaging division to Avista Capital in 2008
[23], it was against the backdrop of a big pharma
fear of the Cardiolite® patent cliff. Avista’s bet
was basically that patent expiration wouldn’t par-
ticularly matter because supply chain and logis-
tics trumped the importance of IP protection.

4.5 Imaging Is Not an Easy

Business

It turned out that they were mostly right and
although Lantheus is only now blossoming after
its private equity hangover (with an incredibly
low market capitalization relative to revenues, I
might add), the Avista bet was a good one.



4 From Concept to Clinic and Commercialization: Cowboys Wanted 45

However, market conditions aside, it is somewhat
sobering to compare Lantheus’ failed 2014 IPO
and slightly tepid (but ultimately successful)
second-attempt in 2015 [24] with AAA’s highly
respectable 2015 public offering [25]. Both com-
panies offer medical imaging products but AAA
had a superior financial profile because their
investment thesis was focused on therapeutic
medicine, not diagnostic imaging. In reality,
Richard’s hot-tub pep talk is more than just about
the patient, it also directly translates into value
creation for shareholders.

Fundamentally, the commercial landscape of
diagnostic nuclear medicine has undergone a dra-
matic shift. A decade or more ago, it was GE (via
the Amersham acquisition), Siemens (PETNet),
and IBA that were leading the charge in new
nuclear medicine and PET tracers. Today none of
those companies truly invest in new molecular
imaging candidates and don’t contribute much to
the momentum of diagnostic nuclear medicine,
let alone do anything earth shattering in radionu-
clide therapy. At one point, companies like GE
and Siemens were interested in new tracers
because they thought it would help them to sell
capital equipment. As a case in point, PETNet
was established by CTI (now Siemens), precisely
to fuel demand for scanners, the metaphor being
one of gas stations (cyclotron sites) and cars
(PET scanners).

Although the roll-out strategy of cyclotron
networks and the success of FDG PET is some-
thing that Henry Ford would have immediately
recognized as akin to roads and gas stations, the
price erosion and extreme commoditization of
FDG has made it challenging for new high-value
tracers to get to market. It’s only recently with
the advent of novel agents targeting PSMA
(prostate) [26], CAIX (renal) [27], and immune
cells (i.e., F-AraG [28], anti-CDS8 [29], and
anti-PD1/L1 [30] constructs) that the potential
patient benefit above that of FDG is sufficient to
command a decent price tag. Blue Earth
Diagnostics is a case in point and did a laudable
job with fluciclovine (Axumin®), with a dose
commanding $4000+ a pop in the United States,
at least until the point where bundled reimburse-
ment potentially crushes pricing [31].

There is also no doubt that the commercial
failure of amyloid imaging, despite three FDA
approvals representing a combined investment of
well over a billion dollars from GE, Avid (Lilly),
and Bayer (Piramal) [32], has fundamentally
tainted investor appetite to invest in new imaging
agents as a stand-alone value proposition.
Alzheimer’s imaging has clearly taught us that
without a therapeutic intervention, an imaging
agent is commercially useless [33]. With the pos-
sible dismissal of the “amyloid hypothesis” [34]
likely follows the death of plaque imaging,
despite arguable benefits to patient management
[35]. Diagnostic nuclear medicine in cardiology
and oncology plays a much more front-line role
in guiding intervention, in the broadest sense, but
the bar remains high for new stand-alone diag-
nostic products to truly show patient benefit. It is
also at our peril that we ignore the various blood-
and tissue-based diagnostic technologies that are
making waves, and which certainly have the
potential to compete in numerous applications
[36].

4.6 Entrepreneurs Beware

What does this practically mean for the academic
or entrepreneur (or, even better, academic-
entrepreneur) who has a great idea for a new
imaging tracer? Well, at a first pass, it probably
means that there isn’t a straightforward business
case. I encounter a lot of small stand-alone diag-
nostic imaging tracer companies that struggle to
obtain meaningful investment (to do the neces-
sary trials). I personally wouldn’t invest in a start-
up that had an imaging tracer that wasn’t directly
tied to a therapeutic intervention, no matter how
interesting the clinical application.

I also don’t care much for made-up words like
the term “theranostic” (and as an aside, I feel this
term does our industry harm because it echos
strongly of Theranos, the fraudulent blood diag-
nostics company [37] and we should endeavor to
standardize a better term that investors reactively
distrust less). However, I think that nothing in
nuclear medicine is more important than the con-
cept of theranostics. In fact, as we hurtle toward
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the era of personalized or “precision” medicine,
it is truly our strategic advantage in comparison
with other therapeutic modalities. It pains me to
admit this because it means I personally wasted
many years of my life trying to develop stand-
alone diagnostic imaging products (in deference
to Richard, I will admit my stupidity), but I firmly
believe that in the long-term the strongest busi-
ness model is where imaging is merely a cost of
goods (COGS) of a therapy, and therefore should
be as cheap and ubiquitous as possible.

Unfortunately, this isn’t just history. New
imaging tracers are still being developed to tackle
a mostly theoretical unmet need. While I am as
enamored as anyone with the beautiful images
from FAPI [38], the world simply does not need
another FDG and this new technology needs to
developed to be more than “the next FDG”.
Indeed, one of the biggest business case impedi-
ment to developing a new broad-use imaging
agent is precisely the power and beauty of
FDG. It’s slightly unfortunate that our first great
PET imaging may possibly be the best we’ll ever
have. FDG has big shoes to fill and unless the
concordant therapeutic benefit of new strategies
can be demonstrated, we will see plenty of new
(however appealing) imaging agents fail to trans-
form clinical care, and therefore add to the list of
commercial failures by extension.

4.7 Build It and They Will Come
A ““theranostic” strategy, the commitment to run-
ning proper clinical trials and integrating with
standard care could mean a very bright future for
our field. Judging by the packed attendance at
PSMA and NET conference presentations, it’s
clear we have plenty of attention from referral
physicians. Richard has played a pivotal role in
the creation of this incredible opportunity, includ-
ing the momentum and enthusiasm we enjoy
today. For the first time in a long time, it’s exciting
to be in nuclear medicine, but there are still plenty
of ways to mess it up if we are not careful.

Aside from the marginally useful clinical
studies we have a tendency to run, “big pharma”
has traditionally shunned nuclear medicine

because of its manufacturing and supply chain
complexity. Our products are complicated to
make, are “melting ice cubes” and the just-in-
time logistics of shipping a product anywhere in
the world, every day, requires a heroic effort.
Unfortunately, the supply chains that underpin
our industry are not as strong as they need to be
for future success.

The relentless commoditization of FDG
means that our '®F cyclotron networks are gener-
ally in poor shape and need a significant level of
investment to bring them up to the standard
required to deliver multi-product capability, par-
ticularly considering new manufacturing regula-
tions in the United States and EU. This will be a
significant investment headwind for new tracers,
particularly "*F-based PSMA tracers [39, 40] and
notwithstanding the generally impressive com-
mercial success of Axumin in the United States,
roll-out was not particularly fast. For those with a
penchant for %Ga, it’s fair to say that most gen-
erator vendors were caught short [41] and have
unfortunately tarnished the reputation of gallium
with investors.

4.8 AFragile Supply Chain

On the therapeutic side, I believe we are on the
verge of our first supply chain crunch for no car-
rier added (NCA) '"Lu. By the way, as an indus-
try, we should only be using NCA lutetium if we
are going to scale an industry based on responsi-
ble waste management and a tenable environmen-
tal profile. Although there is some optimization
possible and there is talk of re-processing “raw”
chemical-grade ""Lu from various high-output
reactor sources around the globe, scaling the sup-
ply chain remains a non-trivial exercise. There are
already some early signs of the “crunch”, with
vendors starting to sell preferential and guaran-
teed access to production capacity [42], which I
argue wouldn’t happen if production was truly
near-term scalable. Otherwise why diminish the
value (and valuation) of the supply chain in such a
simplistic way? Although there is seemingly a
plethora of new NCA lutetium production proj-
ects around the globe, only a small number are
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really serious and they are probably at risk of
acquisition, possibly to the exclusion of the over-
all growth of the industry. If companies cannot
access at least two or three credible, stable suppli-
ers of isotope, then there will be insufficient resil-
ience of supply to support product development
and commercialization.

The issue goes considerably beyond lutetium.
There are several promising '*'T products that are
approved or close to market (Progenics [43],
Y-mAbs [44]), but despite cheap and plentiful
availability of iodine, manufacturing capacity
for iodinated drug product remains extremely
limited in virtually every territory. With a resur-
gence of interest in therapeutic nuclear medi-
cine, driven by lutetium and the allure of alpha
emitters, it’s reasonable to assume that '3'I (and
perhaps other useful flavors of iodine) [45] is
going to see a renaissance too. Frankly, it’s a
very good isotope and worth a second life, even
if success will mean investing in production and
clinical infrastructure.

It almost doesn’t matter what the therapeutic
isotope is, the specialist manufacturing infra-
structure is patchy. Capacity for clinical trials and
even early commercialization of the odd orphan
drug is available, but scale-up manufacturing
essentially remains an unsolved problem in most
parts of the world. I believe that the most power-
ful part of our ecosystem could end up becoming
firms like Curium (the merger of IBA Molecular
and Mallinckrodt’s isotope business) [46] and
Cardinal Health, and we are seeing considerable
industry consolidation around manufacturing and
production networks at present. There is a plau-
sible scenario whereby a few dominant compa-
nies define the economics and market access
reality of our industry. This in turn could have a
suppressive effect on new product innovation as
there would be little incentive to invest in early-
stage clinical translation because it doesn’t gen-
erate meaningful revenue and it’s not evident that
the larger supply chains are interested in invest-
ing in early-stage assets. New contract develop-
ment and manufacturing organizations (CDMOs),
like Evergreen Theragnostics [47], are badly
needed to build this future capacity in a cost-
effective way.

4.9  Future Frontiers

I am not particularly gifted at gazing into the
crystal ball, I will save that task to Richard. Our
field is still a moving target and we should persist
in addressing the systemic risks of our industry. It
would be hard to remain motivated and optimis-
tic about new product development if there were
not clear pathways forward to market. That said,
there is always the temptation to skip past what
we already have on our plate and play with the
next shiny toy. Because our industry is so aca-
demically driven, we essentially have zero atten-
tion span and every time I attend the major
scientific conferences I am reminded that part of
the reason why we don’t have great products
impacting healthcare is because academics do the
cool research, write the paper, run their clinical
proof-of-concept (for another nice paper) and
then move on. For the most part, new ideas don’t
end up in commercial ventures.

Although I am intrigued about the potential
for alpha emitters (particularly **Ac, 2!!At, and
possibly 22Pb) there is truthfully very little actual
innovation going on here in my opinion. Putting
a different isotope onto the same old targeting
agents and declaring success isn’t going to enable
the field of alpha therapeutics [48]. We basically
never did any meaningful prospective MTD/dose
optimization studies with '"’Lu peptide therapies
[49] and it doesn’t look like anyone is really
doing it with alpha emitters either, which is con-
cerning for both the science and the patient. In
the case of isotopes with complex decay chains
like *»Ac [50] or >*’Th (if one must) [51] there is
so much more fundamental research and long-
term follow-up to be done before we can robustly
turn to our colleagues in mainstream oncology
and say “we have something you should use.”
The fundamental radiobiology really isn’t being
done at all and it’s going to hurt us at some point.

There is also a lot of mythology in our field.
One of the great myths is that if we make our
products more “drug-like” (i.e., use alphas) that
mainstream pharma will finally buy into radio-
pharmaceuticals in a big way. Actually, there is
no real basis for this assertion and Novartis’
acquisition of AAA and Endocyte should be con-
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sidered to be evidence of this misconception.
What matters is cost-effective manufacturing
and meaningful clinical data, not the seductive
characteristics of a particular radionuclide. In
my opinion, diversifying the manufacturing
capability of our industry is vital, not just for
therapeutics but for diagnostic imaging products
too. The use of isotopes like ¥Zr and *Cu (to a
limited extent) has the potential to alleviate the
need to run large-scale networks of cyclotron
production sites for imaging, which would have
a big impact on production economics and
patient access.

Finally, as I have already alluded, I think the
most exciting future for the oncology-centric part
of nuclear medicine, is immuno-oncology. On
the imaging side, we have a growing number of
PET tracers that provide an incredible window
into the immune system and there is some evi-
dence that mainstream pharma is paying atten-
tion [52]. On the therapeutic side, there is
probably no therapeutic modality that is more
synergistic with immuno-oncology drugs than
targeted radiation, although the combination with
external beam radiation is exciting too [53, 54]. If
one considers the fundamental radiobiology, one
could even argue that using targeted radiation to
invoke an immune response in a highly complex
and heterogeneous tumor micro-environment
may be better accomplished with beta-rather than
alpha-emitters (heresy, I know). We don’t have to
wait until tomorrow to explore this potential and
I firmly believe it will become our industry’s fin-
est hour, providing that we can develop the ana-
lytical methods and clinical software applications
to quantitate what is actually happening, and how
to optimally cycle therapy for both toxicity and
patient benefit.

4,10 Concluding Remarks

Buoyed by new optimism and the recognition
that our industry has finally come of age, it’s time
to move out from our “spotty teenager” phase
and into the relative grace of adulthood. With

industry and academia working together more
effectively than ever, and academics increasingly
demonstrating risk appetite for new commercial
ventures, perhaps we will soon see a time where
radiopharmaceuticals, and not CAR-Ts or gene
editing tools, command the headline at main-
stream biotech investor conferences.

As I have asserted, we need to work with main-
stream oncology and integrate with standard care.
We need to run scaled, prospective clinical studies
that use meaningful comparators, not quasi-stan-
dards that don’t reflect best practice [55]. Our
manufacturing and supply chain needs to become
more durable, flexible, and diversified.

However, my personal wish—offered with
thanks and deference to our friend and colleague
Richard—is that we also continue to take appro-
priate and patient-centric translational risks.
Although the regulatory environment for nuclear
medicine is not getting easier or less onerous, we
still participate in a field that demands enormous
cross-functional technical discipline to deliver.
With this discipline and the elegance of what
“theranostics” can achieve, we should be able to
take measured risk, develop products in a more
streamlined way, and deliver patient benefit faster
than other fields of medicine. Commercial suc-
cess, particularly for new startups, will utterly
depend on this dynamic. Nuclear medicine has
the potential to evolve from the “wild west” of
the last couple of decades to a much more pol-
ished modality, but “cowboys” are still wanted,
worthy of our finest - Richard Baum.
Congratulations on your transformational and
disruptive career!
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From Radiochemistry
of the Lanthanides to 22°Ac
and the Interference with Richard

Baum

Gerd Juergen Beyer

5.1 Personal Introduction

In 1990, Heinz Schelbert, one of the pioneers of
PET, has been asked during an invited lecture at
the ZfK Rossendorf, why it happens that few
newly created PET centers have significant suc-
cess and others do not have at all. His answer was
simple and clear: institutions where physicians
accept scientists, for instance radio-chemists and
physicists as equal partners and where they col-
laborate truly together, there the progress is pro-
grammed. In my scientific carrier, I have been
privileged to have those fruitful collaborations,
for instance with Prof. W. G. Franke, Clinic of
Nuclear Medicine of the Medical Academy
Dresden in the late 70-th—end 80-th and further at
the end of my carrier with Richard Baum. He is
one of those distinguished nuclear medical physi-
cians, he is not only just collaborating with
experts in different scientific disciplines (bio-
chemistry, radiochemistry, physics, and others),
he is promoting those close collaboration and has
created a network around the world independent
on political and economic situation in countries
like Cuba, China, South Africa, and others. His
strong engagement is motivating us in developing
new techniques making new radionuclides avail-
able toward personalized nuclear medicine. In
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e-mail: gerd.beyer@cern.ch

© The Author(s) 2024

this contribution, I try to give a historical over-
view over the related research work that has been
performed in Dresden, Dubna, and Geneva start-
ing from the methodical developments for nuclear
physics basic research in the late 60-th until the
recent input especially with the Tb-isotopes to
the Bad Berka activities guided by Richard
Baum.

It was around 1954/1955: The International
conference on peaceful use of nuclear technology
in Geneva induced the foundation of national
nuclear research centers all over the world, for
instance CERN, JINR Dubna, KFK, Jiilich, ZfK
Rossendorf, etc. Nuclear technology became a
fundamental part of the academic education pro-
grams. In the former GDR, the Faculty of Nuclear
Technology at the Technical University Dresden
was created including the chair “Radiochemistry™.
The new technology did fascinate me and with
the age of 15 years, I decided that
“Radiochemistry” should be the direction for my
future professional carrier. The study in
Radiochemistry at TU Dresden began in 1960 at
TU Dresden. The Faculty of Nuclear Technology
was closed down again in 1962, however direc-
tion Radiochemistry continued under the
umbrella of inorganic chemistry. My first radio-
active preparation I received in 1963 that was
produced from Uranium-fission at the Rossendorf
Research Reactor by Gerhard Wagner under the
supervision of Prof. R. Muenze. G. Wagner fin-
ished his Radiochemistry study in Dresden 2
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years earlier. Since that time, we kept close pro-
fessional relations over a historical period of 55
years.

In this contribution, I try to give a historical
overview of the developments of new radiochem-
ical separation techniques which are relevant for
making available special radionuclides for bio-
medical research and nuclear medical application
and which have been performed in Dresden
(Germany), Dubna (Russia), Geneva and CERN
(Switzerland). It starts from the methodical
developments for nuclear physics basic research
in the late 60-th until the recent input especially
with the Tb-isotopes to the Bad Berka activities
guided by Richard Baum. Statements and conclu-
sions are essentially strongly influenced by own
experiences and a subjective point of view and
should not be seen as a general scientific review.

A three-year research fellow ship position at
the Joint Institute for nuclear research (JINR)
Dubna was offered to me before finishing my
diploma. Between the Radiochemistry at the TU
Dresden and the Department of Nuclear
Spectroscopy and Radiochemistry at the
Laboratory of Nuclear Problems in Dubna very
close relationships were already established.
E. Herrmann (also absolvent of Radiochemistry,
TU Dresden in 1963) was already delegated to
Dubna and had introduced there a new extraction
chromatographic process for separating short-
lived light lanthanide isotopes from a very mas-
sive lanthanide target [1, 2] (see further below).
This task is very similar to the task today: separat-
ing '"Lu from massive Yb-targets. It was foreseen
to replace E. Herrmann Dubna, since his three-
year period was ending. After diploma 1965 and
after about 1 year as scientific assistant position at
the TU Dresden my scientific activity as radio-
chemist in Dubna started on 11 January 1967.

Situation of Nuclear
Medicine in the 60-th

5.2

In the 60-th the Nuclear medicine was in the pro-
cess switching from using rectilinear scanners to
the planar scintillation camera. The number of
available suitable isotopes was very limited.
Intense R&D was going on to develop approaches

for using *"Tc as radiotracer for different imag-
ing protocols. The breakthrough was found in
1969 with the introduction of Sn** as reducing
agent for pertechnetate [TcO4~] by R. Dreyer and
R. Muenze. This invention opened the door to the
cold KIT era [3, 4] and induced an enormous
increase of the demand in Mo/**"Tc-generators.

In the beginning of the 60-th the atomic physi-
cists were highly motivated to study short-lived
nuclides far away from the line of beta-stability
generally. In this concern, the region of lanthanides
was of special interest because of a nuclear defor-
mation in the lanthanide region. This nuclear
deformation is also responsible for the alpha decay
of several radionuclides in the middle of the lan-
thanide group (1**Tb!). Two international research
projects were initiated at that time: ISOLDE at
CERN (ISOLDE stays for Isotope Separation On
Line Device) [5] and YASNAPP at the Joint
Institute for Nuclear Research (JINR) Dubna
(YASNAPP stays for yadernaya spectroscopia na
protonom putschke) [6]. The Idea for the ISOLDE
Facility was born already in 1960 and the on-line
separator went into operation in 1967 at
CERN. After the shut-down of the synchrocyclo-
tron (SC) at CERN in 1990 the new ISOLDE-2
facility was constructed and connected to the pro-
ton beam delivered from the CERN BOOSTER,
the heart of the CERN accelerator cascade.

An off-line mass separator for the YASNAPP
project in Dubna was proposed in 1967 and
became operational in 1969. The semi-on-line
system YASNAPP-1 went into full operation in
1971. It consisted of the isotope separator itself, a
newly developed surface ionization ion source
[7], a self-made fast rabbit system for transport-
ing the irradiated targets to the separator, and a
dedicated radiochemical laboratory nearby for
fast separation of carrier-free nuclear reaction
products from massive irradiated targets.

How to Make Sort-lived
Nuclides Far from Beta
Stability

5.3

High-energy proton-induced reaction (Spallation
reaction) is an unspecific but very powerful and
universal tool for producing radionuclides. The
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spallation process generates neutron-deficient
nuclides of elements left from the target element;
fragmentation gives n-rich nuclides of the light
elements and fission generates neutron-rich
nuclides of elements in the middle. As shown in
Fig. 5.1 the higher the proton energy the higher
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Fig. 5.1 Cross section for the formation of nuclides in
interaction of high-energy protons with Ta-target (taken
from [8])

Fig. 5.2 (Left) Synchrocyclotron in Dubna (1984 recon-
structed to a phasotron) providing a 660 MeV proton
beam, this accelerator became operational in Dec1949

the cross sections of the products far away from Z
of the target element. With one heavy Z target
element, we can produce practically all nuclides
of the whole chart of nuclides. It was and is still a
challenge for radiochemists and physicists to
pick out one single nuclide from those very com-
plex mixtures (Fig. 5.1).

Proton beams: The general difference between
the two research projects highlighted in (Fig. 5.2)
is the following: ISOLDE worked from the very
beginning on-line, meaning an integrated unit of
a target-ion source is directly connected to the
analyzing magnet that separates the radioactive
ion beams directly according to their atomic
mass. A chemical separation one could make
after mass separation, if required. The
YASNAPP-1 project in Dubna started in reverse
order: first, the radiochemical separation was
done and thereafter the mass separation off-line.

In order to meet the physics interest to study
the short-lived lanthanide isotopes new innova-
tive separation techniques for lanthanides were
developed in Dubna. In the following chapters,
only few technologies for fast separations in the
lanthanide region will be explained. A general
overview one can find in [9].

and was the largest accelerator at that time. (Right) the
synchrocyclotron at CERN, that delivered 600 MeV pro-
tons, operated from 1954 to 1990
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5.4 Optimized Extraction

Chromatography

From Fig. 5.1 we learned that when using
660 MeV protons as initial reacting particle inter-
acting with a Ta-target the yield for nuclear reac-
tion products (nuclides of the lanthanides) drops
down relatively fast when we move away from Z
of Ta. Consequently, there was the pressure to use
massive lanthanides itself as target for producing
strong sources of carrier-free short-lived radionu-
clides of the lanthanides. Figure 5.3 shows the
radio-chromatogram for the separation of the
carrier-free light lanthanides from a massive irra-
diated Er matrix. The point is that when loading
the chromatographic column with macroscopic
quantities of a lanthanide we find a very sharp
front of the elution profile of the macroscopic
component. This break-through point can be
identified nicely and calibrated. In front of this
break-through point the lighter lanthanides are
eluted with high yield in carrier-free form, as
long as the target material is not contaminated
with lighter lanthanides. For cation exchange
chromatography exist similar conditions, which
can be used today for separating '"’Lu from mas-
sive Yb-targets for instance for shortening the
separation time significantly.

The first ~150 ml eluate that contained the
wanted short-lived carrier-free radionuclides of

4
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Fig. 5.3 Separation of lighter radio-lanthanides from
massive Er-target by extraction chromatography: Column:
100 g silicagel, 26 x 410 mm (0.6 g HDEHP/I g silica-
gel), elution with 2.68 M HCI, 7 ml/min at 40 °C (see [1,
2,9)

the light lanthanides was evaporated and the
products were thereafter separated into the differ-
ent lanthanide fractions using a small separation
column. The overall time for the isolation of a
Tb-fraction from a 2 g Er target was about 45 min.
In order to be faster one can make use of the
mechanical recoil effect during the irradiation.
G. Pfrepper proposed to irradiate suspension of
very fine grain powders of insoluble materials
(for instance phosphates of Lanthanides, Ta,Os,
WO:) as suspension in diluted mineral acid. After
a simple filtration process, one can harvest up to
40% of the nuclear reaction products in the fil-
trate [10].

5.5  Separations Based

on Szilard-Chalmers Effect

The 60-th was the high time of hot atom chemis-
try or recoil chemistry. My task for the research
program in Dubna was to look after the potential
using Szilard-Chalmers effects for preparative
separations in the lanthanide region. The focus
were complex compounds of the Lanthanides
with complexions (polyamino-polycarboxylic
acids) like EDTA or DTPA. First systematic iso-
tope exchange studies were performed and the
obtained results can be summarized as follows
[11]:

The isotope exchange rate R in the system
Ce**/[CeEDTA] does not depend on the Ce**
concentration.

The isotope exchange rate R depends linear on
the H*-concentration in the EDTA system (see
Fig. 5.4 left).

The rate constant k; for the isotope exchange
process is directly proportional to the stability
constant f3; ,y of the complex.

The exchange rate is generally low in neutral
pH regions. This pH region is suitable to study
the chemical effects of radioactive decay pro-
cesses (see Fig. 5.4 right).

As a first conclusion of these results crystal-
line complex salts of the composition (NH,),[Ln
DTPA] x 2 H,O were synthesized with a well-
defined excess (0.1 Mol-%) of free Ln** (Ln = Er,
Dy, Gd, Eu). About 1 g of those and material was
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Fig. 5.4 Influence of the pH on the isotope exchange between Ce*-ions and complexed [CeY]"-ions, where Y is
EDTA and DTPA. The isotope exchange is significantly smaller for the DTPA system ([11] for more details see text)
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Fig. 5.5 Radio-chromatograms of preparative separation of short-lived radio lanthanides obtained in bombardment of
different lanthanide DTPA complex compounds with 660 MeV protons

then irradiated with 660 MeV protons at the
Dubna synchrocyclotron, thereafter dissolved in
5-8 ml H,O that contained ~10 mg of a fine grain
cation exchange resin (first we used “self-made”
very fine resin, later on suitable resins became
available on the market: Aminex AS5). The nuclear
reaction products stabilize as free ionic Ln**-
ions. Because of the very low isotope exchange
rate, we are able to collect the wanted short-lived

nuclides at the cation exchange resin within less
than a minute and transfer this resin with the
adsorbed products to a small cation exchange
resin column for fast chromatographic separation
[12]. Figure 5.5 shows those fast chromato-
graphic separations for three different target
complexes. The reader needs to consider that the
radionuclides are short-lived and consequently
during the separation process we generate daugh-
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ter nuclides of neighboring elements. The frac- Imp
tion peaks look by far not that sharp as usual. The = 3sek
time needed for obtaining a clean fraction of a
EC =

wanted lanthanide element took about 15 min;
the total volume of one fraction was between 3-5
drops (~150 pl). The fastest separation was 8
minutes (for '*Gd, half-life 4.5 min).

It was 1970 when P. Gregers Hansen, Prof. of
Physics University of Aarhus (Denmark) and
one of the Danish initiators of the ISOLDE pro-
gram, visited the JINR Dubna. He was very
much impressed by the obtained results of the
fast radiochemical separation techniques for the
Lanthanides and he invited me for a half-year
fellowship position in his Institute of Physics in
Aarhus (DK). His former radiochemist in that
position (Helge Ravn) has been delegated to the
ISOLDE project to CERN. I mention this
because this was the real start of a close, contin-
uous, and fruitful collaboration with CERN
ISOLDE.

In Aarhus, I studied in detail the chemical
effects of different radioactive decay processes.
The Lanthanide group is indeed ideal for this
kind of study; this group contains a complete
range of radioisotopes having as complete a
diversity of types of radiation and energy of radi-
ation and half-life one would wish. Consequently,
one could study the behavior of any decay mode
without changing the basic chelating ligand. The
different decay modes were: beta decay accom-
panied with gamma radiation with ignorable low
('Er), medium (**Ce) and high inner conversion
rate ('¥Ce), EC-decay mode ('**Ce, '3Ce),
isomeric decay with high inner conversion rate
("mCe). For producing the needed different
radiotracers continuous access to the research
reactor in Riso was assured (this research reactor
has been shut down unfortunately since long
time).

The result of this systematic studies can be
summarized as follows [13]: The recoil energy of
the beta decay is usually lower than the chemical
binding energy, thus if we observe a bound brake
this must be independent from the decay energy.
Pure beta decay leads to 20 % bond brake due to
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Fig. 5.6 New type of radionuclide generator based on
chemical effects after radioactive decay. The mother
nuclide '"*'Er is been adsorbed as ['°'Er DTPA]* -ion at a

small anion-exchange column, the daughter products
were eluted with a neutral 10°M Er**-solution [13, 14]

so-called electron shake-off effect. EC decay
mode leads to 100% brake of any chemical bind-
ing due to Auger effect, independent on the decay
energy. Same concerns all inner conversion pro-
cesses. For alpha decay one has to consider very
high recoil energies that cause in any case a com-
plete destruction of the surrounding molecular
environment.

These effects in combination with the
knowledge of the isotope exchange kinetic
allowed designing a completely new principle
for radionuclide generators that are based on
nuclear effects and not on chemical effects as
usual. As an example in Fig. 5.6 the decay
curve is shown for the 6.7 s half-life ''™Ho.
The mother nuclide '®'Er decays with ~15 %
via EC to ''""Ho and with ~85% the ground
state of *'¢Ho. The '*'Er has been chelated with
DTPA and fixed as ['*'Er DTPA]*-ion at a
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small anion-exchange column, the daughter
products were eluted with a neutral 10°M
Er**-solution. F. Rosch [15] replaced the chela-
tor DTPA later on by the macrocyclic chelator
DOTA, which made the generator principle
significantly more reliable.

1971 marked a significant milestone in the
nuclear spectroscopy of short-lived lanthanide
isotopes: the introduction of the surface ioniza-
tion ion source developed in Dubna under the
leadership of V. 1. Raiko and H. Tyrroff [7].
With this new technique, we studied the ioniza-
tion efficiencies for the different Lanthanides
showing, that one can separate these isotopes
with up to 80% efficiency within few minutes.
The same research program we expanded to
study the ionization efficiency for the Actinides.
And 1991 is the time, when ***Ac first time
showed up in our research program. In [16] we
describe a method to separate *Ac from irradi-
ated Th-metal targets combining anion-
exchange with the standard cation-exchange
chromatography. In the same paper, we docu-
mented that the yield for the mass separation of
Ac-radionuclides reached a value of 80%. This
aspect since we will see later that one can use
this technique to clean up *»Ac from the
unwonted side product ??’Ac. Similar separation
yields we measured for some trans-Uranium
elements, which we produced in heavy ion
induced reaction at the heavy ion cyclotron
U-300 of the Flerov Laboratory in Dubna.

A semi-on-line approach by inserting an
unprocessed irradiated role of 15 mm x 2.5 mm x
100 pm Zr-Nb alloy foil target directly into the
newly developed ion source was demonstrated
first time for the identification of the *Rb [17].
We expected advantages for releasing the Rb
from metal matrix because of the significant
higher vapor pressure compared to that of the
yttrium or lanthanides. This was the usually
accepted hypothesis at that time. Later we will
see that this hypothesis should be revised.
However, with this Rb-experiment we initiated a
serious program to study the transport of nuclear
reaction products inside refractory metals with
focus on the radio-lanthanides.

5.6 High-temperature Release
Studies of Radio-lanthanides

from Refractory Metals

For obtaining mono-isotope preparations directly
from irradiated targets off-line or even on-line,
the different radionuclides need to pass the fol-
lowing transport steps:

e Diffusion from the inner target matrix to the
surface

e Desorption from the metal surface

o Effusion to the ionizer and finally

 Jonization

For the investigation of the transport processes
a special experimental setup has been designed,
which used the construction principles of the new
Dubna surface ionization ion source. With this
special furnace we were able to heat up small tar-
get samples within one minute from room tem-
perature to ~3000 °C in vacuum (Fig. 5.7).

The temperature of the samples was controlled
by two different techniques: first a W/W-Re ther-
mocouple was inserted into a “black hole” in the
bottom of each of the crucibles. Second, the vac-
uum furnace was tightened on top with a polished
quartz plate that allowed measuring the temperature
of the sample with a pyrometer. The temperature
was adjusted by electron bombardment heating.
The 1 mm thick W-winding is heated by few 100 A
current to emit electrons, which are accelerated by
an adjustable high-tension between 100 and 1000 V
for bombarding the crucible. We could heat the
small crucibles with up to 1 kW (1 A at 1000 V)
power. Small samples of irradiated foils (660 MeV
protons) of the following metals with different
thicknesses were annealed at different temperatures
for different periods: Ti, Zr, Nb, Hf, Ta, W, and Re.
The results of these studies are published for each
target element (e.g., Ta [18]) and summarized in
[19]. Out of the large data set of our experimental
results, only few aspects with relevance to the later
bio-medical application are discussed later on.

Figure 5.8 illustrates that when heating the
irradiated Zr-sample to only 1000 °C first the
Y-nuclides are released from the sample and Sr



Fig. 5.7 Experimental vacuum-furnace for the study of
high-temperature release of radio-lanthanides from irradi-
ated refractory metal foils. Electron bombardment heating
allowed heating up samples within one minute up to 3000
°C. Left: Insert with heat screens and an eight cm long
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Fig. 5.8 Segments of gamma spectra of Zr-foil samples,
irradiated with 660 MeV p (a) Zr-sample before heating,
(b) same Zr-Sample after 10 min heating at 1000 °C, (c¢)
after heating at 1340 °C, (d) after heating at 1760 °C

conical Mo-crucible for thermo-chromatographic separa-
tion of radio-lanthanides. Middle: details of the furnace:
heat screens, different configurations of crucibles and iso-
lated holder for the crucibles. Right: Insertion of the fur-
nace into the chilled vacuum stand

und Rb remain practically quantitatively inside
the Zr sample. Sr is released only after heating to
significant higher temperature (Fig. 5.8c) and Rb
evaporates only closer to the melting point of Zr.
Quantitatively we obtain a clear linear relation-
ship between the radius of the diffusing specie
and diffusion coefficient shown in Fig. 5.9 for
two different metal target Zr and Ta.

Interesting is that we did not “lose” the Y
(Fig. 5.8). The released Y-fraction was adsorbed
quantitatively at the Ta-foil used as an envelope to
protect the Zr-sample. The same effect was seen
for the release of Sc from irradiated Ti and for the
lanthanides released from Hf. We can expect to
use this adsorption effect for a new separation
technology for producing **Ac from irradiated
Th. Furthermore, since the >Ra will remain in the
Th-matrix we can use the thermic selective release
of Ac as a kind of ?Ra—?*Ac generator, provid-
ing “clean” **Ac (without **’ Ac—that is gener-
ated as contamination in the spallation process).

The adsorption enthalpies of the lanthanide
nuclides at Ta-surface have been studied using
the same vacuum furnace shown in Fig. 5.7 [20].
The adsorption enthalpies increase in the follow-
ing order: Yb, Eu < Nd < Sc, Ce, Pm, La, Tm. <
Gd < Lu, Y << Zr, Hf. The differences in the
adsorption enthalpies can be used to separate the
corresponding radio-lanthanides as shown in
Fig. 5.10.
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An irradiated Hf-foil target (660 MeV pro-
tons, Dubna Synchrocyclotron) has been inserted
into the conical-shaped long Mo-crucible shown
in Fig. 5.7. A Ta-tube has been inserted into that
Mo-crucible as well. The conical shape of the
Mo-crucible and the configuration of the heat
screens allowed the formation of a temperature
gradient along the crucible until the end of the
Ta-tube from about ~2200 °C down to 600
°C. When heating the Hf-target by electron bom-
bardment slightly above 2000 °C the lanthanide
nuclides evaporate quantitatively from the Hf
into the vacuum and then they are distributed
along the Ta-tube according to their adsorption
enthalpies, generating this nice vacuum-thermo-
chromatogram. The same picture we obtained for
Gd-Eu-Sm. The whole process took just 5 min.

ISOLDE

Fig. 5.11 ISOLDE principle: the high-energy proton
beam hits a Ta-target, heated to ~2000 °C. The nuclear
reaction products (mainly radio-lanthanides) releases
from the target matrix by diffusion and desorption from
the Ta-surface, effuse to the ionizing surface heated to

ISOLDE and the On-line
Production Lanthanide
Nuclides

5.7

The above-discussed aspects of diffusion and
adsorption of the spallation-produced radionuclides
are finally implemented into the ISOLDE technol-
ogy. Here we will concentrate only on the produc-
tion of radionuclides of the lanthanides (Fig. 5.11).

By variation of the temperature-distribution in
the target-ion source unit and variating the target
configuration (foil thickness and grain size of
powder), we can strongly influence the chemical
selectivity of the extracted lanthanide element.
This ISOL technique is a powerful tool to make
also longer-lived radionuclides available for bio-
medical research and nuclear medical application.

target - ion source

proton beam
(1 GeV)

radioactive ion beams

about 2800 °C, they becomes ionized by surface ioniza-
tion and the single charged ions are extracted from the
target ion source system with 60 kV. The radioactive ion
beam is passing the analyzing magnet where they are
separated according to the atomic mass number A
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5.8 Isotopesin Medicine:

Situation in the 60-th

The early pioneering time of Nuclear Medicine
was characterized by using “naked” radionu-
clides like 'T or #°Sr for nuclear medical applica-
tion. With the introduction of the *™Tc-generator
the radiochemists were occupied to search for
useful reducing agents to bring the pertechnetate
ion into an oxidation stage suitable for labelling
of newly designed organic molecules. The gen-
eral break through was reached 1969 with the
introduction of Sn** as reducing agent by
R. Dreyer and R. Miinze [3], which marked the
beginning of the cold KIT era around 1970 [4]. In
that time, “new” isotopes were introduced into
the nuclear medical practice: “Ga by
C.L. Edwards in 1969 and 1973 the introduction
of 21, 2ITI, and '""'In. The first ["*F] FDG study
was performed in around 1978. At this time of
radio-isotope application in nuclear medicine
(1975 T returned from Dubna to the ZfK
Rossendorf and changed from the radiochemistry
for nuclear physics basic research to the radio-
chemistry for medical isotope production. In a
simple formless discussion in 1975 with Prof.
R. Miinze—in that time Head of the Radio-
Isotope Department of the ZfK—he told me:
“Look, there over we have this Russian cyclotron
(U-120), they do something for nuclear medicine
(®Sr). Look after, there shall outcome something
more”. In a second similar discussion, he said:
“Here are some Japanese papers about lanthanide
application in nuclear medicine, look what is
behind”. This was the stile in that time to transfer
research tasks and induce initiative, essentially
without further formalities, but also without pro-
viding additional resources. These little moments
determined my later occupation and activities. It
was a great pleasure supervising thereafter a
small but powerful research group: F. Rosch,
J. Steinbach, R. Bergmann, M. Kretzschmar,
K. Schomiker, G. Kampf, G. Pimentel-Gonzales
(Cuba) and others. Within a short time “’Ga and
12 were introduced into the nuclear medical
practice of East Germany, 8 Rb/*™Kr-generators
and ""In followed. 2! At became the main subject
with a strong internationally well-recognized

research group at the TU Dresden. Starting
around 1980 the development for introduction of
PET in the former GDR became the main
research direction of our group. The second main
research subject remained the radio-lanthanides
for medicine. This was also the time for the inter-
ference with Richard Baum; our systematic stud-
ies of the bio-kinetic behavior of radio-lanthanides
and actinium in tumor-bearing mice and rats and
the developments to get access to longer-lived
positron emitting metallic radionuclides together
with F. Rosch played further on a dominant role
in Richard Baum’s carrier.

Initiated by the Japanese research on the bio-
kinetic behavior of 'Yb and '“Tm (see for
instance [21]) we confirmed in [22] that radio-
lanthanides (e.g., '”Tm) show the dramatic faster
blood clearance compared to “’Ga (Figs. 5.12 and
5.13).

The complete bio-kinetic study of '“Tm was
highlighted with the first planar scintigraphy
patient study in 1978 in Dresden, Fig. 5.13 [22, 23].
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Fig. 5.12 Comparison of the blood clearance between
"Tm and “’Ga simultaneously injected as Citrate in
tumor-bearing rats [22]
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Fig. 5.13 First planar scintigraphy of a lymphoma

patient 5 h p.i. 2 mCi 'TmCit

CERN-ISOLDE

produced at

In the following years, we collected bio-
kinetic data for simultaneously injected cocktails
of different radio-lanthanides, yttrium, and Ac in
combination with different chelating ligands as
citrate, EDTA, DTPA, NTA, and EDTMP. All
radionuclide preparations were produced either
in Dubna or at CERN ISOLDE as described
above. From a stock of suitable long-lived radio-
nuclides cocktails were mixed in a way that
gamma spectroscopic technique allowed a clear
data evaluation of the individual radio-tracer
based on their characteristic gamma signals
obtained from individual organ measurements.
Few of the collected results will be presented
here. For more details see [23-25].

Figure 5.14 illustrates two important results:
The liver uptake of radio-lanthanides and Ac is
strongly determined by the ionic radius of the
Lanthanide nuclide. A liver uptake of ~0.01 %/g
2-5 h p.i. is accepted for nuclear medical in-vivo
application. These low uptake values are obtained
for the heavy Lanthanides and Y. For ¢’Ga these
values are reached only after ~48 h. The light lan-
thanides and Ac however show unacceptable high
liver uptake because of the higher ionic radius.
The second message is that when changing from
Citrate to EDTMP ligand the liver uptake is
reduced by a factor ~50. In further systematic
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Fig. 5.14 Comparison of the bio-distribution of simulta-
neously injected radio-lanthanides and **Ac in Citrate
and EDTMP solutions at 5 h p.i. in tumor-bearing rats [24,
26, 27]

experiments, we studied the influence of the
EDTMP-ligand concentration (Fig. 5.15) [25].
In Fig. 5.15 we visualize clearly the competi-
tion between the two main excretion pathways:
via kidney or liver: with increasing EDTMP con-
centration the excretion pathways for the indi-
vidual lanthanides and Ac changes in favor of the
urinary excretion. On the other hand, over a large
range of EDTMP-concentration there is only lit-
tle influence on the uptake in tumor and bone.
Please note that the highest EDTMP-
concentration used in this study was 30 mM,
which is nearly three times the isotonicity. In this
concern it should be mentioned, that there is no
need to inject *SmEDTMP as such in palliative
therapy of bone metastases. We have identical
bio-distribution of the radio-lanthanides, if unla-
beled EDTMP solution is injected first followed
by the radio-tracer-injection thereafter indepen-
dent on the chemical form: citrate complex or
naked cation [28]. Due to these findings the
author is convinced, that the main task of ETDMP
in this kind of therapy is protecting the liver and
not to link the radio-lanthanides into the bone
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Fig.5.15 Influence of the EDTMP concentration on the bio-kinetic behavior of radio-lanthanides and *Ac in tumor-

bearing rats [25]

metastasis. The conclusion is, that we can practi-
cally use EDTMP as cold KIT in the same way as
it is practiced for *™Tc.

In the 90-th we also started using chelated
antibodies (DTPA-RITUXIMAB) and chelated
peptides (Octreotide) (Fig. 5.16). In all cases,
cocktails of radio-lanthanides and **Ac were
used, meaning the radiotracers were injected
simultaneously.

A combined summary of a large data matrix
on our bio-kinetic studies performed over several
years is presented in Fig. 5.16. For the citrate sys-
tem, the T/L ratio is dramatically decreasing
from about 1 for the heavy lanthanides down to
0.04 for Ac. The same tendency is seen for the
EDTMP system (injected volume 0.5 ml per rat
with a ligand concentration [EDTMP] =2 mMol),
however the T/L-ratios were about one order of
magnitude better due to the reduced liver uptake
in case of EDTMP compared to Citrate. In case
of the DTPA-conjugated monoclonal antibodies
no differences were observed for In and the heavy

lanthanides down to Pm. With higher ionic radius
the T/L ratio decreases, reaching a value of 0.01
for Ac. The in-vivo stability is far below the
requirement. Best values of the T/L ratio were
obtained with Octreotides. The stability constant
of the Pm-DTPA-mab complex (pK; ~ 22) seems
to be a threshold: for lower complex stability the
in vivo stability of the metal-ligand complex
becomes insufficient. Today we know that by
changing the conjugated chelator DTPA by a
macrocycle chelators like DOTA we increase the
in vivo stability in a way, that there are no differ-
ences anymore between the different lanthanides.
Even Ac can be used without changing of the
tracer molecule. This was a great breakthrough
into the direction of personalized nuclear medi-
cine. Today we can use one basic bio-specific
compound without any changes for any radionu-
clide of this group of elements independent on
the decay mode and mode of application: for
SPECT, PET, or therapy. A great step towards
precision oncology.
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5.9  Metallic Positron Emitters

In the later 80-th we started in Rossendorf
together with F. Rosch to think about metallic
positron emitters for PET [29]. The list of poten-
tial candidates contained *Sc, ®*Ga, Y, the posi-
tron emitters of the lanthanides, and others. This
new direction became later on the dominant sci-
entific field of F. Rosch with great impact in the
activities of R. Baum especially when bringing
the theranostic pair ®Ga /""Lu to the clinical rou-
tine. In the early 90-th we performed in Geneva
several PET-phantom studies with the prototype
of the rotating PET scanner (RPT 1), designed by
David Townsend. This was the first PET scanner
in Geneva. In Sept.1994 we performed a PET
scan with a normal rabbit injecting the beautiful
positron emitter “2Sm (72 min), produced at
ISOLDE [30], aiming to use this as tool for indi-
vidual in-vivo dosimetry for the treatment with
I3SmEDTMP. The industrial producer of the
153Sm EDTMP radiopharmaceutical for palliative

treatment of bone metastases rejected the related
proposal. Anyhow, this PET image of the rabbit
done in 1994 was selected to beautify the cover
page of the CERN Grey Book 1994 [31]. The
time was simply not ready to understand the
importance of the quantification, the terminus
“Theranostica” was not yet born. PET scans with
the mentioned RPT-1 scanner have been per-
formed with other positron emitters of the lan-
thanides: '*8Nd/'*Pr, 1**Ce/'*La, “Nd/'*’Pr, and
1996 also with '*Tb and **Tb. In Fig. 5.17 frag-
ments of all those PET-scans are presented. With
this only RPT-1 PET scanner, the images for
152Tb were acceptable while for “*Tb the quality
was poor.

At the EANM congress 1998 in Berlin we pre-
sented a summary of the bio-kinetic studies with
the focus on the alpha emitter '*Tb asking the
question: “Is 'Tb suitable to monitor tissue
doses in alpha therapy with *Tb using PET?”
We also presented the table of the four interesting
Tb-isotopes (Fig. 5.18) illustrating the unique
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134Ce/La 14ONd/Pr

PET Phantom Studies with positron emitting radiolanthanides (RPT-1)
138Nd/Pr 142Sm/Pm 152Th

122SmEDTMP in vivo study

Cover page «Experiments at CERN in 1994»

Fig. 5.17 PET phantom studies with the Rotating Pet scanner at the University Hospital of Geneva using ISOLDE
produced positron-emitting radionuclides of the lanthanides performed 1900-1995

Fig.5.18 The four Tb . . .
isotopes with nuclear isotope decay energy | branching production
medical relevance for Tir2 mode [keV] [%] route
a- and p-therapy, PET,
and SPECT [32, 33] 161Th 6.9d | B max | 590 | 100  |160Gd (n,y)—>161Gd—»
mean| 195 B3~ @36min)161Th
photons| 48.9 14.8
74.6 9.8
155Th 5.32d| EC 100 Ta (p,spallation) ISOLDE
photons| 86.2 31.8  |diverse cyciotron reactions
105.3 24.9 155Gd (p,n) 155Tb
152Th17.5h| Bt max | 2800 20 Ta (p,spallation) ISOLDE
EC 80 diverse cyciotron reactions
photons diverse
149Th 41h| o 3970 17 Ta (p,spallation) ISOLDE
B* max | 1800 7 142Nd (2C,4n) 14°Db
EC 75 152Gd (p,4n) 149Tb
photons diverse other HI reactions

properties of terbium, combining all main decay  (!Tb), PET-imaging ('3?Tb), and finally alpha
modes suitable for specific nuclear medical appli- therapy (*'Tb) [32, 33]). Tb is the only element,
cations: beta-therapy ('°'Tb), SPECT imaging which provides these unique universal possibili-
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152Th PSMA

ties. It is a great pleasure to see today, that great
progress has been achieved due to the initiative of
R. Baum together with his enthusiastic partners
from PSI Ch. Mueller, Nick van der Meulen, and
others [34, 35]. The latest highlight in this con-
cern is the first PET/CT study of a patient using
152Th DOTATOC [36], where the '5°Tb was pro-
duced at CERN ISOLDE based on the technology
described above (Fig. 5.19).

5.10 The Alpha Emitters **Tb
and ?°Ac

In the Habil-Thesis 1978 (Beyer/Herrmann) [37]
one can read at page 334, Vol 2, the following
note: “...Neben diesen fiir die nuklearmed-
izinische Diagnostik interessanten Nukliden sind
mit den vorgestellten Targetvarianten auch
weiche kurzlebige a-Strahler der Seltenen Erden
zugdnglich, die fiir die Therapie in der

1499Tb PSMA

Fig.5.19 PET/CT images of mice with *>Tb PSMA (left) and '“*Tb PMSA (right) performed at PSI [25, 34]

Nuklearmedizin Bedeutung erlangen konnten
(15Dy, 15Th, °Th und 1*Tb)".

Over nearly 20 years I had completely forgot-
ten about “*Tb, lost it out of my field of view.
Mid 1990-th it was Barry Allen (Australia) who
waked me up. He was in Geneva and we dis-
cussed the Targeted Alpha Therapy (TAT) with
lanthanides—with '**Tb! Next day we met in the
hospital, I brought an old Dubna-prepring from
1971 with me about our spectroscopic studies of
Tb-isomeres [38] showing that we had 1971
already serious activities of this interesting iso-
tope “Tb in our hands. The ISOLDE schedule
was changed immediately (fortunately ISOLDE
had just the Ta-target in operation) and few days
later we had a collection of mass number A =
149 in our lab in the hospital and made the chro-
matographic separation and we had around
400 MBq of "*Tb in our hand. This was a real
breakthrough: Barry Allen delegated one of his
technicians to Geneva and we were starting to
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work on the Tb-isotopes, documented in several
publications related to '*Tb and *Tb see for
example [39-41]. Since then the a-emitter “*Tb
became the focus of our lanthanide work. In [42]
we described our very complex study about the
evidence for single cell kill effect using “*Tb
RITUXIMAB. The conjugated antibody
Rituximab we obtained from S. Larson (NY).
The experiment with nude mice was designed by
M.Miederer (Munich), the daudi cells came from
Lausanne, cell cultivation and animal service was
done in the Institute of Bio-Chemistry, Geneva
University (Dir. Prof. R. Offord). The cell label-
ing was done by S. Vranjes from Belgrade, oper-
ation of the ISOLDE facility and the collection of
A = 149 was done by J. Comor from Belgrade,
the radiochemical purification of the *Tb, the
labeling of the RITUXIMAB and QC as well as
the gamma-spectroscopic data evaluation of the
organ measurements of all animals was the job of

Fig.5.20 Surviving 120 +
study with
Tb-RITUXIMAB in

scid mice [42] 1o

G. Beyer. It was a real surprise and great pleasure
learning, that in three independent experimental
runs 90 % of the animals that received the '*'Tb
injection survived four months (until the moment
when the financing was exhausted). We lost only
one mice; G.Kiinzi said later on that he remem-
bers, that the injection of the 'Tb RITUXIMAB
in one of the nude mice was not perfect (meaning
not completely i.v.). Thus, terbium with his dis-
tinguished isotope '*Tb and in his shadow the
other three sisters (?Tb, 'Tb, and '°'Tb)
advanced to the most distinguished theranostic
element. There is no other element in the periodic
table, that combine all the four decay modes
needed in nuclear medicine: f~ and p*, @ and suit-
able photon radiation (note: '*Er is the only pure
Auger electron emitter in the lanthanide group).
CERN-people named the **Tb later on the Swiss
knife (Fig. 5.20).
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From “Radioactive lon
Beams for Bio-Medical
Research” Until CERN
Medicis: A New Facility

5.1

After the reunification of Germany (1991) I con-
tinued working directly at ISOLDE CERN
(1991-1993) and thereafter until retirement in
2005 at the University Hospital of Geneva setting
up the Geneva Cyclotron Unit for PET together
with Ch. Morel. The main task at CERN was to
study the potential of radioactive lon beams for
bio-medical research and nuclear medical appli-
cation. Together with H. L. Ravn, U. Kdoster (both
CERN at that time), and T. Ruth (Vancouver) we
were fighting for acceptance of this technological
approach (see for instance [43]). At that time our
related proposal to CERN from 2005 [44, 45] did
not yet find the required resonance by the CERN
DG, because LHC had priority in all activities at
CERN. A patent application has been formulated
with the CERN Technology Transfer section
[46]. Finally, with a delay of about 10 years the
MEDICIS Project became a reality in 2014 [47]
mainly based on the new initiative of Thierry
Stora. A bright future can be expected for this
pioneering system.

5.12 The ?**Ac Story

First time we made **Ac in 1971 by irradiating
Th-metal with 660 MeV protons, separating the
Ac by anion and cation exchange chromatogra-
phy [16]. At that time we simply studied the ion-
ization efficiency together with other actinide
elements with our new surface ionization ion
source. The Th-irradiation with protons was
already a routine in Dubna especially for produc-
ing high purity >'' At from the decay of ''Rn [48].
Our interest in *»Ac appeared already in the
80-th when we studied the biokinetic behavior of
the radio-lanthanides. The **Ac we produced
ourselves either with the ISOLDE facility at
CERN or by irradiating Th (or U) in Dubna. Our
radiochemical separation schemes for separating
225 Ac from irradiated Th are described in [16] and
for U;0q in [49]: 27 g U;05 were irradiated with

650 MeV protons at the Dubna phasotron. After
three days of decay time the target was dissolved
in 5SM HNO;. The U was separated by anion
exchange chromatography using a Dowex 1 x 8
column. From the U-free solution the radio-
lanthanides, Ac and Ra were coprecipitated with
100 mg Ba-carrier as BaSO, which was thereaf-
ter converted to BaCO;. This sample containing
the radio-lanthanides, Y, Ac, and Ra was shipped
to Rossendorf for the final separation and purifi-
cation [49].

For the first time, we used **Ac to label mono-
clonal antibodies in 1995 [50]. In that time the
mab were still conjugated with DTPA, this conju-
gation one has to pay with one carboxylic group
of the DTPA ending up with a chelator similar to
EDTA only. The chelated mab labeled with !'In
and the heavy lanthanides showed practically
identical and satisfactory biodistribution, how-
ever the complex stability for >>Ac was signifi-
cantly too low and consequently the in vivo
stability was by far insufficient: Ac was trapped
in the liver. After presenting those dates at a sem-
inar at Sloan Kettering Hospital NY in 1995
Scheinberg asked, why you used ?*Ac and not
213Bi. At Sloan Kettering Hospital they pioneered
the TAT with 2*Bi which is obtained from an
25Ac/?BBi generator. The aim of our study was
different, we simply wanted to compare the bio-
kinetic behavior of Ac with the “golden” standard
at that time ('''In) and with the lanthanides. But
definitely this study initiated the motivation using
the 2Ac directly. The direct use of 2*Ac became
possible in the moment when macrocycle chela-
tors (like DOTA for example) replaced the for-
mer used DTPA and provided for Ac the same
in vivo stability as for In or the lanthanides.
H. Micke conjugated different peptides with dif-
ferent macrocycle chelators, which is the basis of
the grandiose recent progress in radionuclide
therapy. The beauty is that with this class of
ligands we can use all the radionuclides of the
group III of the periodic table (Ga and Sc, Y, lan-
thanides, and actinides) independent on their
decay properties. This is a universal theranostic
approach. Because of this development already at
the beginning of the twenty-first century the
quest for ?>Ac has grown significantly.
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5.13 Where the 22°Ac Comes From

Until about 2003 the only source for **Ac in
Germany or Europe was a nearly 1 kg stock of Th
that is “contaminated” with about 1.5 GBq **Th
and located at the Institut of Transuranium
Elements (ITU Karlsruhe) and for the US about
5 GBq *Th stock at Oakridge (US). In Russia, a
small fraction of the existing stock of 23U has
been processed making another source of
~0.5 GBq ?»Ac available [51]. Based on our
Dubna experiences Shuikov initiated a program
(around 2005) at the Troitzk LINAC for produc-
ing *Ac via the process Th(p;spall)®**Ac [52].
Since few years the US Department of isotopes is
offering frequently 2*Ac products along this
spallation process. The drawback of this process
is that we have to consider a side production of
227 Ac that disturb the direct in-vivo application of
the 2% Ac preparation.

In the scheme Fig. 5.21 the possible produc-
tion routes for *>Ac or *Ra are presented [53].
There are in principle three main strategies to
access Ac: the indirect production routes via
2T, the indirect production routes via >*Ra and
the direct production routes via spallation or
26Ra (p,2n)*»Ac process. The problem with the
process 2*Ra (p,2n)**Ac is simply the fact that
the normal reaction of protons with an energy
higher than ~16 MeV is the fission process
according to **Ra (p,f) FP. In order to avoid fis-
sion and for obtaining a relatively undisturbed
26Ra(p,2n) **Ac process one needs to reduce the
p-energy down to ~16 MeV. This means that one
could run this process in principle with a classical
PET cyclotron. However, we just scratch the
excitation function and consequently the produc-
tivity is low. The licensing procedure and safety
regulations related to alpha laboratories are other
important issues. A small alpha workshop was

" 233U
Z%Th (n,y) 2YpPa :374‘-"' 154200 v 238U’232Th (p’ spa".)
292Th (p.4n)2*Pa L, i;—;r{t; {:{;‘ ;L] .
2% 225 £} —
R o i wf‘ac +— 226Ra (v, n)
i
i 2
4 90m
a
21?Al
23ms
a
213pg |, B | 213gj
42ys [P78%] 459m
s a 22%
209Bj R | 2°9Pb r: | 2097
3253h 216m

Fig.5.21 The decay chain of ***U and the potential production routes for **Ac [53]
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organized in Dubna in 2003 with the participa-
tion of US representatives from the DOE,
ROSATOM Authorities and mainly the Russian
researchers. The interest of the US representa-
tives was clearly to get access to the Russian
resources for making **Ra and ***Ac. With the
Canadian firm Alpha IICH we started to organize
a regular supply of small ?»Ac-preparations for
R&D to the European market and succeeded to
obtain four test samples of 18.5 MBq **Ac in
2004 from Russia (produced with the **Th/*>Ac
generator principle described in [51]. The quality
of these test samples was o.k. It took further
about 15 years until a reliable supply of around
0.5 GBq **Ac from Russia is achieved now. By
far the today’s fast-growing demand in *>Ac can-
not be met with the existing resources. Today the
discussion for project ideas for industrial scale
25 Ac production facilities continues at the plat-
form of the regular TAT-workshops and confer-
ences, last one being the TAT 11 Conference
Ottawa (Canada) 2019 [54]. https://www.tat11.
com/. Most promising seems to be the photo-
nuclear process **Ra (y, n) **Ra, a technology
that has been proposed since long time. The
needed high-power electron accelerators exists,
the required quantities of 2*°Ra are available. The
bottleneck is that the investors are most likely not
yet 100% convinced that the »Ac will play a
serious role in future alpha therapy that justifies
the high investment today. However, R. Baum’s
activities clearly demonstrated that *>Ac will
definitely play a dominant role in the future for
treating cancer generally and effectively, within
the International Centres for Precision Oncology
ICPO. It is high time to establish a reliable indus-
trial scale **Ac supply.

5.14 Summarizing

This contribution is a trial to draw the historical
development of radiopharmaceuticals restricted
to the radionuclides of the rare earth elements
from the early beginning using them as naked
metallic cation via chelates like Citrate or
EDTMP and with labeled DTPA-conjugated
mab’s and -peptides until the modern radiophar-

maceuticals based on peptides linked with mac-
rocyclic chelators and further starting from
simple scintigraphic imaging for diagnosis
through quantitative PET imaging to the ther-
anostic approaches of personalized nuclear medi-
cine. The initial  radiochemical and
physicochemical developments in the field of
rare earth elements definitely contributed to the
progress in nuclear medicine, from diagnosis to
precision oncology. R. Baum is one of the most
distinguished medical specialists for precision
oncology who understood the importance of sci-
entific disciplines like radiochemistry, nuclear
physics, or biochemistry as being unavoidable
for success in the fight against cancer.
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“How Do You Feel About
Dosimetry?” The Gretchenfrage
of Radionuclide Therapy

Matthias Blaickner

6.1 The Gretchenfrage

How is it now with thy religion, say?
I know thou art a dear good man,
But fear thy thoughts do not run much that way.
Faust; a Tragedy. Johann Wolfgang von Goethe

The lines above are uttered by Gretchen (diminu-
tive of the given name Margarete) in Faust, Part
one, the most known work of Johann Wolfgang
von Goethe, who is considered by many the
greatest German poet of all time. Gretchen’s
question (the “Gretchenfrage” in German)
became a dictum for any issue which is both cru-
cial as well as delicate. Gretchen, an innocent and
faithful character asks Dr. Faust about his piety,
with the respondent being secretly in league with
the devil. Answering puts him in a dilemma.
Honesty most probably would make his love
interest leave and deceit always is the cornerstone
of downfall and tragedy, so Faust evades the
question. Ironically enough, he must have some
kind of religious faith, since it would not make
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any sense for a categorical atheist to bond with a
godlike, though sinister entity as Mephistopheles.

What does this have to do with dosimetry in
Radionuclide Therapy, except the obvious geo-
graphical analogy, i.e., the cultural center Weimar
as domain of Goethe and Schiller and the nearby
Zentralklinik in Bad Berka as the scientific spear-
head in the diagnosis and treatment with unsealed,
radiolabeled compounds? Just like the
Gretchenfrage, the question about the necessity,
usefulness, and accuracy of dosimetry calcula-
tions in Radionuclide Therapy is both crucial as
well as delicate. Crucial, because Radionuclide
Therapy has proved its effectiveness in many
studies and with regard to different nuclides [1—
5]. Moreover, there is no doubt that the reduction
of tumor mass stems from the effects of ionizing
radiation on malignant cells rather than any other
property of the radiolabeled compound.

And yet, in the field of Radionuclide Therapy,
this radiobiological knowledge, developed and
ensured by decades of radiation research, some-
how cannot be transformed smoothly to an ele-
gant correlation function with the calculated,
absorbed radiation dose on one side, and the
reduction of metastatic tissue on the other. This is
the delicate aspect when it comes to dosimetry
calculations in Radionuclide Therapy and not
uncommonly physicians and medical physicists
are tempted, just as Dr. Faust, to evade the ques-
tion about its necessity, usefulness and accuracy,
as well as the associated effort. An ongoing
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debate among scientists on the value of dosime-
try beyond the preclinical phase of radiopharma-
ceutical development, such as the -clinical
implementation of personalized, image-based
dosimetry, has been held in conferences and
journals for years [6-9]. The purpose of this arti-
cle is to give a structured and unbiased overview
on the issue of dosimetry in Radionuclide
Therapy, in the hope to spare the reader from
Faust’s lament:

And here, at last, I stand, poor fool!
As wise as when I entered school;

6.2 The Forms of Dosimetry

in a Nutshell

The basis for all dosimetry in Nuclear Medicine
is of course the MIRD (Medical Internal
Radiation Dose) methodology. This article
refrains from unrolling the mathematical and
physical details, since there is plenty of excellent
literature doing this, with [10] and [11] being just
two examples.

Quantitative molecular imaging such as pla-
nar scintigraphy, SPECT/CT, and PET/CT is
used to get hold of the tracer’s bio-distribution
within the patient whereas the radiation transport
and the resulting dose deposition pattern solely
depends on the radionuclide’s emission spec-
trum and the geometry, i.e., the anatomy. The lat-
ter can be represented by phantoms, i.e.,
computational body models that have developed
from being composed of simple geometric forms
[12, 13] to the voxel-based ICRP (International
Commission on Radiological Protection) refer-
ence phantoms [14]. Among the software pack-
ages that include these necessary data matrices
were the original MIRDOSE [15] which then
became OLINDA/EXM [16], as well as IDAC
[17]. All the above offer so-called organ dosim-
etry, i.e., they calculate the mean absorbed radia-
tion dose (AD) to an organ with both, the activity

distribution in the source organ as well as the AD
in the target organ being homogenously distrib-
uted over the organ’s volume, with the option for
adjustment to the weight of the patients’ organs.
In this simplified form of dosimetry, the AD to
lesions can be approximated by the geometrical
assumption of the lesion being a sphere (aka
spherical model) [17].

Phantom-based organ dosimetry, as described
in the last paragraph, is the most widely applied
form of dosimetry. However, it is certainly not
the most sophisticated form of personalized med-
icine. For this one needs to perform three-
dimensional (3D), voxel-based dosimetry [18],
where neither the source nor the target is repre-
sented by an a-priory phantom geometry, but by
the patients’ imaging data, i.e., PET/CT or
SPECT/CT. There the heterogenous activity dis-
tribution is given by sequential, nuclear scans and
the likewise heterogenous dose distribution is
calculated on the voxel base (see Fig. 6.1) by
means of Monte Carlo simulations [20] or some
forms of convolutions with dose kernels [21-24].
Naturally this form of dosimetry is both, much
more complex as well as prone to errors and only
a few commercial software packages offer a
workflow for it.

The expression theragnostics (also spelled
theranostics) is a fusion of the word therapy and
diagnosis. In nuclear medicine, this term
describes the use of one or multiple tracers to
either predict the absorbed dose in the course of
treatment planning and with the help of a diag-
nostic scan, or to calculate dosimetry via accom-
panying imaging during therapy. Thereby, often
pairs of radionuclides are used that either are iso-
topes of the same element or can be labeled to the
same carrier molecule, thus assuming the bioki-
netics to be identical. Table 6.1 gives a short
overview of the most common radionuclides
used in theranostics. Both, phantom based as
well as individual voxel-based dosimetry, can be
used for thernostics and the following sections
shall give you a review of the respective studies.
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Absorbed dose images

Tumor 3 Tumor 11

Fig. 6.1 Transverse and coronal cross sections depicting voxel-based absorbed dose images of two tumors (thyroid
cancer). Adapted from [19]

Table 6.1 Combination of radionuclides used for theranostics in radionuclide therapy. Bold print indicates imaging
data used for dosimetry

Diagnosis Therapy Indication Remarks References

HI.PET/CT BT Differentiated thyroid Gold standard for [25-27]
cancer personalized dosimetry

2[-SPECT/CT BT Differentiated thyroid Half-life too short for [26]
cancer dosimetry

%Ga-PET/CT 77Lu SPECT/CT and/ | Metastatic/nonresectable | Half-life of ®*Ga too [1,

or scintigraphy neuroendocrine tumor, short for dosimetry, 28-30]

castration-resistant TLu-imaging during
prostate cancer therapy is applied

(continued)
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Table 6.1 (continued)

Diagnosis Therapy Indication Remarks References
In-SPECT/CT 0y Metastatic/nonresectable | — [31, 32]
and/or neuroendocrine tumors
scintigraphy
36Y-PET/CT 0y Metastatic/nonresectable | — [33, 34]
neuroendocrine tumors
- Y-Bremsstrahlung Metastatic/nonresectable | At the experimental [35, 36]
SPECT-CT neuroendocrine tumors, stage
hepatocellular carcinoma
- NY-PET/CT Metastatic/nonresectable At the experimental [37-39]
neuroendocrine tumors, stage
hepatocellular carcinoma

6.3 Dose Quantities and Dose-
Response in EBRT

In very general terms natural sciences is all about
finding the right quantity to describe or model the
phenomena observed. The basic quantity in radi-
ation dosimetry is the mean absorbed dose (AD),
which equals the energy deposited by ionizing
radiation per unit mass of an anatomic structure
(e.g., organ, tumor). This quantity is averaged for
the mass and the irradiation time. In external
beam radiotherapy (EBRT) multiple studies have
demonstrated  dose-response  relationships
between the lesions’ AD and its response to the
therapy, i.e., its shrinkage, often in the form of a
sigmoidal dose-response curve [40, 41], as
depicted in Fig. 6.2. When radiation oncologists
perform treatment planning in EBRT they not
only use the AD, but also other dosimetric con-
cepts, such as dose volume histograms (DVH),
the equivalent dose in 2 Gy fractions (EQD2)
[43], or the biologic effective dose (BED). The
latter takes into account the differences in dose
rate, the repair half-time for sublethal tissue dam-
age, the average doubling time for tumor clono-
genic cells, as well as the assumed intrinsic
radiosensitivity which is based on the linear-
quadratic model [10, 44—46].

Just as for the AD, dose-response curves can
be found in EBRT with respect to the BED [42].

When pondering about the dose-response rela-
tionship of tumor tissue, the unofficial supreme
discipline of radiation oncology, one may not for-
get the dose-response relationships of healthy tis-
sue, i.e., radiotoxicities, which is equally
important for the patients’ wellbeing. Here too,
EBRT [47] as well as brachytherapy [43] have
produced a remarkable evidence base.

Finally, the equivalent uniform (biological
effective) dose (EUD) models the impact of the
spatial dose distribution on the response [48].
The BED of each voxel is used to generate an
EUD value for a specified volume (e.g., organ,
tumor). Mathematically, in the case of dose non-
uniformity the value of the EUD is always lower
than the AD, which is why some studies
suggested the EUD to be a better predictor of
tumor response [19, 48-50]. Other quantities
derived from voxel-based dosimetry include
threshold approaches such as, e.g., D7 (the mini-
mum dose to 70% of the voxels constituting the
tumor volume) which in one study reliably pre-
dicted response or local failure in the treatment
of hepatocellular carcinoma (HCC) with Y
resin microspheres [51]. Yet another study on
this particular therapeutic field showed that the
coverage of a lesion in terms of the DVH is much
more predictive for progression-free survival
(PES) and overall survival (OS) than the mean
absorbed dose [52].
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Fig. 6.2 The object of desire regarding the dosimetry of
radionuclide therapy: a sigmoidal-shaped curve describ-
ing local tumor control dependent on BED (a/bZ10) of
different EBRT irradiation regimes applied in Wuerzburg.

6.4 Dose-Response l:
Radiotoxicities

in Radionuclide Therapy

The concept of BED was implemented in a mul-
tiregional kidney dosimetry model in MIRD
Pamphlet No. 20 [46].

Bodei et al. [53] used this model and retro-
spective patient data to calculate a threshold for
kidney toxicity at a BED of 40 Gy in patients
without risk factors. Given the normally accepted
tolerable dose for healthy kidneys of 23 Gy as
known from EBRT [54], this value can now be
exceeded since, e.g., the threshold BED of 40 Gy
for '’Lu-DOTATATE corresponds to an AD of
28 Gy. If fractionation is taken into account, i.e.,
multiple therapy cycles of radionuclide therapy,
this value can even be increased to 35 Gy, thereby
also increasing the potential dose to malignant
tissue and demonstrating the practical value of
dosimetry in radionuclide therapy, where the kid-
ney is always the organ with the highest radiation
burden.

The doses were calculated for the PTV-margin and the
isocenter. The number of local failures compared to the
total number of targets treated by the different fraction-
ation regimes is shown in brackets. (From Wulf et al. [42])

Nevertheless, renal impairment is by far
means not the only dose-effect of healthy tissue.
For a comprehensive review it is referred to the
formidable meta-analysis of Strigari and co-
workers [55], who found 79 studies investigating
dosimetry, of which 48 studies found an absorbed
dose-effect correlation. Apart from renal toxicity,
radiotoxicities due to radionuclide therapy
mainly affect blood, marrow, and liver as listed in
Table 6.2. A closer look reveals that liver toxicity
only occurs in selective internal radionuclide
therapy (SIRT), a treatment modality explicitly
used to irradiate liver malignancies, thus explain-
ing its high radiation burden. In researching the
published literature on '"Lu-PSMA therapy of
metastatic castration-resistant prostate cancer,
which became the rising star in radionuclide ther-
apy within the last years, toxicities regarding kid-
ney, blood and salivary gland were found to be
minimal [3].

Altogether it can be said that dosimetry did a
fine job in quantifying possible radiotoxicities,
calculating threshold doses, and establishing



80

M. Blaickner

Table 6.2 Radiotoxicities reported in Radionuclide Therapy (except kidney which has a BED threshold dose of 40, see
text above). NET stands for neuroendocrine tumors

Threshold
Organ dose (Gy) Endpoint Therapeutic Nuclide | Indication Reference
Blood 2 High-grade bone marrow B Differentiated [56]
toxicity thyroid carcinoma
Blood 1.7 High-grade bone marrow BIT Differentiated [57]
toxicity thyroid carcinoma
Red marrow |2 Reduction in platelet 0Y-DOTATOC NET [58]
counts
Liver 50 (BED) Liver normal tissue DY resin Hepatocellular [59]
complication probability microspheres carcinoma
Liver 40 Radioembolization- DY resin Hepatocellular [60]
induced liver disease microspheres carcinoma
Liver 60 Liver decompensation DY glass Hepatocellular [61]
parenchyma microspheres carcinoma
Liver 60 G3 liver and blood toxicity | '®Ho polylactic acid | Hepatocellular [62]
microspheres carcinoma
Lungs 50 Radiation pneumonitis Y Ivalon Hepatocellular [63]
microspheres carcinoma

safety protocols, in some cases with the help of
more sophisticated, radiobiological dose models
as for the kidneys [46, 53], thereby making it
possible to keep damage to healthy tissue in
check and developing radionuclide therapy
toward a cancer treatment modality with rela-
tively mild side effects.

6.5 Dose-Response Il: Tumor
Response in Radionuclide

Therapy

As alluded above, data from studies becomes
sparse when the focus is on the dose-response of
lesions, i.e., if one wants to correlate the tumor
control with the radiation dose in the form of a
dose-response curve as in Fig. 6.2. Table 6.2
gives an overview and concentrates on studies
that actually reported dose-response curves,
rather than mere threshold doses.

Pioneering work on this field includes the
study of Koral and co-workers, who produced a
sigmoidal curve relating AD and tumor volume
for untreated patients suffering from low-grade
follicular Ilymphoma and receiving
31-tositumomab [64]. Another work often cited
is from Pauwels et al., who presented the first
correlation between AD and tumor reduction for

gastroenteropancreatic neuroendocrine tumors
(NET), treated with *°Y-DOTATOC [32]. The
most relevant study for peptide receptor radionu-
clide therapy (PRRT) however is a recent one by
Ilan et al. [65] where the correlation between AD
and tumor volume reduction of patients treated
with 7Lu-DOTATATE yielded Pearson coeffi-
cients R? never seen before, with 0.64 for tumors
of diameter >2.2 cm and 0.91 (!) for tumors of
diameter >4 cm (Fig. 6.3). Furthermore, Dewajara
et al. [49] demonstrated a correlation between
tumor reduction and EUD for refractory B-cell
lymphoma treated with '*'I-tositumomab, albeit
with rather low correlation coefficients (see
Table 6.3).

When studying the results of Table 6.3 one
should not forget all studies, that didn’t report a
dose-response relationship for lesions in radionu-
clide therapy. Substitutionally, two examples are
given here: Jahn et al. [66] were unable to relate
tumor shrinkage or biochemical response to the
AD for small intestinal NET. Similarly, Barna
et al. [67] looked into the dose-effect relation-
ships in ""Lu-PSMA 1&T radionuclide therapy
for metastatic castration-resistant prostate cancer
by investigating 217 possible correlations
between dosimetric quantities, biomarkers, and
tumor shrinkage and only found 37 of them to be
statically significant, none of them related to
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Table 6.3 Reported dose-response curves in radionuclide therapy

Imaging used for | Form of
Study Indication Therapy dosimetry dosimetry Dose-response (R?)
Pauwels NET 2Y-DOTATOC 8Y-PET/CT Phantom-based/ | Curve: AD vs. tumor
et al. [32] spherical model | reduction (0.5)
Tlan et al. Pancreatic NET | ""Lu-DOTATATE | ""Lu-SPECT/CT | Phantom-based/ | Curve: AD vs. tumor
[65] spherical model | reduction (0.64,
0.91)"
Dewajara | Refractory BI-tositumomab BI-SPECT/CT Patient-specific/ | Curve: AD (0.19)
et al. [49] B-cell voxel-based and EUD (0.36) vs.
lymphoma tumor reduction
Koral et al. | Low-grade BI-tositumomab BI-SPECT Phantom-based/ | Curve: AD vs. tumor
[64] follicular spherical model | reduction (0.44)
lymphoma

* See text for explanation

tumor reduction. For the sake of completeness, it
has to be added that this study relied on planar
scintigraphy rather than SPECT/CT.

In discussing the correlation between radia-
tion dose and tumor reduction one should not for-
get the circumstances of radionuclide therapy, in
particular the quantity and availability of data
which of course has a huge impact on the likeli-
hood to observe certain phenomena. Table 6.3
illustrates this issue by the fact that only one
study actually performed voxel-based, patient-
specific dosimetry [49] which inevitably is nec-
essary for the calculation of a voxel-based
quantity such as the EUD. This way the question
remains whether the EUD is not reported more

frequently because (a) the associated prediction
of tumor response is poor or (b) simply because
of the lack of studies that take the trouble and
effort to perform this more complex and labori-
ous form of dose calculations.

Likewise, when comparing the number of
cases in EBRT with the ones in Radionuclide
Therapy, it is not realistic to expect the same
degree of consolidation regarding dose-response
relationships for tumor tissue. Moreover, patients
undergoing radionuclide therapy almost always
had several previous treatments, like hormonal
therapy and/or chemotherapy, all of which affect
the immune system as well as the individual state
of health and subsequently also the tumor
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response. Certainly, the radio-oncologic lessons
learned from EBRT cannot be extrapolated
straightforward to Radionuclide Therapy, which
in its application form rather resembles a sys-
temic therapy than a local one.

6.6 The Answer

to the Gretchenfrage

Facing the load of scientific studies cited above
we return to the beginning, the Gretchenfrage:

How do we feel about dosimetry in Radionuclide
Therapy?

In the scientific context one might reformulate it to:

What is the benefit of dosimetry in Radionuclide
Therapy?

The term benefit in this discussion shall not only
relate to scientific exploration, i.e., the investiga-
tion of dose-response relationships, but also to
advantages for the individual patient and the clin-
ical workflow. In EBRT the often-used keyword
“Personalized Medicine” is realized by tailoring
the spatial dose distribution to the individual case
by means of several, adjustable parameters, such
as angular distribution, frequency, and intensity
modulation. Radionuclide Therapy is far away
from this luxury and basically only has one
adjusting screw, the administered activity. Here,
personalized medicine implies the tailoring of the
injected activity for the individual patient in a
way, that malignant tissues receive the highest
possible dose without the occurrence of radiotox-
icities, thus avoiding under- as well as
overtreatment.

Dosimetry calculations can do exactly that
and in case of the combinations >*I/3'T as well as
Un/ASY/Y enable an a-priory treatment plan-
ning. The diagnostic scan yields the tracer’s bio-
kinetics and uptake in lesions which are then
used in the computation and prediction of the
dose distribution of the therapeutic nuclide [19,
25-27, 31-34, 48]. In doing this, either phantom-
based dose calculations including the spherical
model for lesions or voxel-based dosimetry based

on patient-specific imaging data can be applied.
Both procedures, in smaller or greater detail, pro-
vide the possibility of tailoring the administered
activity for the sake of the best, individualized
treatment. Reminding Table 6.3, voxel-based
dosimetry does not necessarily produce a higher
correlation coefficient. A voxel also constitutes a
finite volume and there is no guarantee that it pro-
vides the absorbed dose at the biologically rele-
vant scale, since dosimetry at a microscopic level
remains inaccessible [9]. Nonetheless, it has to
be kept in mind that the a-priory knowledge of
the dose to malignant tissue in combination with
published threshold doses for tumor response
[55] and/or dose-response curves as in Table 6.3
enable the assessment of the expected course of
the disease and therefore allow for prospective
treatment planning.

This ideal scenario does of course not work
for all forms of radionuclide therapy as outlined
in Table 6.1. %Ga-PET/CT scans may be feasible
for the correlation of lesions” SUV in PET with
the absorbed dose from the later therapy or for
the selection of appropriate candidates for PRRT
(see [8] for a review), but cannot be used for a
real dose calculation due to the short half-life of
%Ga which is unable to produce the necessary
biokinetics of the later phase. Still, dosimetry
based on the accompanying '"’Lu scans is very
useful, since the evaluation of the calculated
organ and lesion doses of a cycle provides the
necessary information to adjust the administered
activity for all futures cycles and therewith enable
a patient-specific optimization of radionuclide
therapy. The incorporation of multiple cycles into
the BED concept for kidney toxicity [53] is a
good example for the value of optimization.

There is of course no guarantee that subse-
quent cycles will show the same relation between
administered activity and absorbed dose, since
uptake and biokinetics of irritated tissue, in par-
ticular lesions, will vary. Both, studies showing
big differences [68] as well as minimal ones [69,
70], can be found in the literature. Another impor-
tant result reported by Garkavij et al. [69] is that
patients evaluated with planar-based dosimetry
may have been undertreated compared to other
methods. This is confirmed by Zechman et al.
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[71] who showed in their review that the absorbed
doses to the kidneys are systematically overesti-
mated when using planar imaging.

Last but not least, in order to systematically
investigate dosimetry in Radionuclide Therapy
and dose-response effects, one has to do dosimet-
ric studies. Solid and quantitative data which has
way higher R? than in Table 6.3 are a prerequisite
for personalized medicine and subsequently for
the patient’s welfare. Dosimetry might not be the
only predictor for this, but certainly is an essen-
tial one. It’s neither a magic flute nor will it
generically explain all the effects in Radionuclide
Therapy. But it can be used for personalized
treatment planning as well as optimization, and it
is getting better and more accurate with every
new study performed.

Dr. Faust, in his despair to gain knowledge,
even gives in to magic. Luckily as scientist we
can rely on reason and evidence to face the same
challenge:

That I may know what the world contains
In its innermost heart and finer veins.
Faust; a Tragedy. Johann Wolfgang von Goethe
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The LuGenlum Triptych: Ode
to a Theranostic Transcriptome

Lisa Bodei

It all began in Weimar, at the Goethe National
Museum in Weimar, a magnificent and placid
place. The place is redolent in history and cul-
ture, where Prof. Richard Baum organized the
fourth Mitteldeutsches Neuroendokriner Tumor
Symposium, in June 2013 (Fig. 7.1). Richard has
always been a pioneer and the first to understand
and disseminate the importance of many innova-
tions, including the now popular theranostic con-
cept. Unlike many conservative and “predictable”

Prof. Dr. R.P. Baum

scientific gatherings, his meetings have always
been avant-garde and pivotal in defining the
trends for the future. To my delight and pleasure,
I was invited to participate in what I knew would
be a tour de force of the trailblazers of innovative
nuclear medicine.

After more than 13 years of full immersion in
peptide receptor radionuclide therapy (PRRT) of
neuroendocrine tumors (NETSs), I was in search
of new inspirations to improve this excellent

Fig. 7.1 Tt all started in Weimar. Prof. Richard P. Baum giving the introductory lecture at the fourth Mitteldeutsches

neuroendokriner Tumor Symposium, in June 2013
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Fig. 7.2 The foundation of LuGenlum, with the contri-
butions of Prof. Richard P. Baum (Bad Berka, GE), Prof
Irvin M. Modlin (Yale University, USA), Prof. Dik

treatment. [ had been captured by the possibilities
of accurate monitoring and prediction of therapy
provided by blood transcriptome signatures for
NETs, as proposed by the inventor of this field,
Prof. Irvin M. Modlin of Yale University [1].
While walking through the rooms of Goethe’s
house, and inspired by the book and art collection
that is so well-preserved there, I initiated a peri-
patetic discussion about the future of PRRT with
Richard, Irvin, and Dik (the late and much
beloved Prof. Dik J. Kwekkeboom from Erasmus
University), who established ""Lu-DOTATATE
therapy. In the green study of the Master, I real-
ized that three of the most important minds in the
field of neuroendocrinology were there with me.
“What if we could apply the sophisticated
genomic techniques to PRRT?” I asked. The idea
was met with considerable interest as well as

Rotterdam

New Haven

J. Kwekkeboom and Prof. Eric P. Krenning (Erasmus
University, Rotterdam, NL)

skepticism. We then decided to meet in Lyon,
during the EANM ’13 annual meeting. There,
among pdté de foie gras and a glass of Cotes de
Gascogne, we decided to establish and fund a
research group. In honor of the city of Lyon,
whose old name was Lugdunum, we established
LuGenlum (Fig. 7.2).

The scope of our innovative research venture
was to understand the role of individual predispo-
sition and specific tumor genomic profile in the
response and toxicity to PRRT. Our specific aims
were to, first, conduct a retrospective analysis of
toxicity to PRRT (i.e., define the problem) in a
large patient cohort, then to conduct two prospec-
tive studies (assess the efficacy of the ideas).
Firstly, to identify NETs at a genomic level and
assess the response to PRRT with a PCR-based
blood analysis, and, secondly, to analyze markers
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of long-term toxicity in patients with NETs pre-
viously undergone to PRRT with a PCR-based
blood analysis.

7.1 Retrospective Analysis

of Toxicity

Given the increased use of PRRT in NETs and
the numerous other therapies in patients undergo-
ing PRRT, it is crucial to define the risk
relationship between toxicity and therapy by
identifying the risk factors. These factors are con-
sidered, by the clinicians, responsible of modu-
lating the occurrence of adverse events after
PRRT by altering the thresholds for toxicity to
critical organs.

We assessed 807 subjects enrolled at my insti-
tution (at that time), the European Institute of
Oncology (IEO) in Milan, who had received
PRRT with Y-, ""Lu-, and *°Y+'"7Lu-
somatostatin analog peptides. Our concept was to
evaluate the renal and bone marrow toxicity,
expressed by blood chemistry analysis, and the
parameters then considered to modulate the toler-
ability, such as the risk factors, PRRT parameters,
and clinical features [2]. To ensure a balanced
assessment we utilized sophisticated statistical
analysis with multiple regression, random forest
feature selection, and recursive partitioning and
regression trees.

We observed that severe nephrotoxicity was
virtually absent after '"Lu-peptides and was
related to the administration of **Y-peptides. G1/
G2 creatinine toxicity was present in 34.6% of all
patients and G3/G4 toxicity in 1%. None of the
patients treated with only '"Lu-DOTATATE,
however, developed severe toxicity. Bone mar-
row toxicity was low and comparable with other
anti-neoplastic therapies. Myelodysplastic syn-
drome was observed in 2.35% of individuals,
with a minority developing acute leukemias
(1.1%). More interestingly, in our comparative
analysis of nephrotoxicity, it was apparent that
clinical factors, such as hypertension or prior
nephrotoxic chemotherapy, as well as clinical
features, such as anemia, failed to provide a basis
for more than 34% of the cases of toxicity.

Similarly, in our comparative analysis of hemato-
toxicity, clinical factors, such as prior myelotoxic
chemotherapies or bone marrow invasion, as well
as clinical features, such as thrombocytopenia,
could only be incriminated in ~30% of the cases
of myeloproliferative disease. These data strongly
suggest the existence of unidentified individual
susceptibilities to radiation-associated disease,
most likely of a genetic basis. Our inescapable
conclusion was that personalized molecular
approaches would be required to identify indi-
vidual radiosensitivity.

7.2  Circulating NET Transcripts

The NETest is a gene expression assay that mea-
sures 51 NET marker transcripts in blood using
real-time PCR [1, 3]. The 51 NETest genes are
included in “14 omes”. The assay utilizes multi-
algorithmic analysis to quantify expression of
gene clusters related to the tumor. NETest output
is a score scaled 0—100 that represents the risk of
NET disease. A normal score is <20, stable dis-
ease 2140, progressive disease 41-100. The
assay has demonstrated >90% accuracy, sensitiv-
ity and specificity for a NET diagnosis and resid-
ual/recurrent disease in numerous prospective
studies and a recent meta-analysis [4-9].

7.3  Circulating NET Transcripts

and SSR Imaging

The concept of adding an mRNA-based omic
strategy to PRRT was based on our recognition
of the need to improve the diagnostic and thera-
peutic approach to NETs. There was an obvious
requirement to move from a mono-dimensional
approach based on a single piece of information
(i.e., somatostatin receptor expression) to a mul-
tidimensional one, based on the multiple simul-
taneous molecular measurements of the genes
regulating tumor biology (behavior). We felt
this was accomplishable if we could use the 51
“NET-defining” gene transcripts and their omic
clusters to genomically characterize individual
tumors.
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Initially, we evaluated the relationship of the
NETest with diagnostic imaging, namely Ga-68-
based somatostatin analog PET (®*Ga-SSA-PET)
[10]. Our hypothesis was that the integration of
circulating molecular markers and a tissue index
of proliferation with functional imagery would
provide added functional information in respect
of tumor biology and clinical behavior. We
recruited two independent patient groups affected
by gastroenteropancreatic (GEP) and bronch-
pulmonary (BP) NETs with positive **Ga-SSA-
PET and evaluated all with NETest: 27 patients
pre-PRRT as primary or salvage treatment from
two Italian institutions, IEO, Milan and Istituto
Tumori della Romagna (IRST), Meldola, and 22
patients referred for staging/restaging after vari-
ous therapies at Charité University, Berlin. To
understand the relationship between gene expres-
sion and imaging, we examined the maximum
standardized uptake value (SUVmax) at PET and
the circulating gene transcripts. Additional
parameters included Ki-67 index,
Chromogranin-A (CgA). Transcripts were mea-
sured by real-time quantitative reverse transcrip-

SUVmax (R2 = 0.311, RMSE = 9.38)

-
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Fig. 7.3 Neuroendocrine specific multitranscriptomic
analysis, NETest, predicts correlates with and predicts
uptake at ®*Ga-labeled somatostatin analogue (SSA) PET
with great concordance ((a) >95% concordance, R*> =
0.31, root-mean-square error = 9.38). (b) Typical appear-
ance of a ®®Ga-DOTATOC PET scan, maximum intensity
projection (MIP) in a patient with elevated NETest, dem-
onstrating an intensely avid pancreatic lesion (dotted
arrow) as well as in intensely avid liver metastasis (solid

tion PCR (qRT-PCR) and multianalyte
algorithmic analysis, CgA by enzyme-linked
immunosorbent assay (ELISA). Statistical analy-
sis to evaluate the strength of the relationships
with the NETest included regression analyses,
generalized linear modeling, and receiver-operat-
ing characteristic (ROC) curves.

Firstly, our regression model confirmed that
the SUVmax measured in two centers were com-
parable. NETest was positive in 47 of 49 patients
(96%), CgA was positive in 26 (54%) (y* = 20.1,
p<2.5x%107° and 78% were G1-G2 according to
WHO 2010 (Ki-67 < 20%). Gene transcript
scores were predictive of imaging with >95%
concordance and significantly correlated with
SUVmax (R? = 0.31, root-mean-square error =
9.38). This meant that specific genes accurately
predict the uptake: the genes MORF4L2 and
HSF2, followed by somatostatin receptors
SSTRI1, 3, and 5 exhibited the highest correlation
with SUVmax. Progressive disease was identi-
fied by elevated levels of a quotient of MORF4L2
expression and SUVmax [ROC-derived AUC (R?
= 0.7, p < 0.05). As expected, no statistical rela-

QUOTIENT VALUE

FLLLTLTL)
. . MORF SSR K67 Co
s | QUOTIENT TYPE
arrow). (¢) Histogram illustrating the genes contributing
to predict the uptake at ®*Ga-SSA-PET: MORF4L2 and
HSF2, are the most important. (d) Progressive disease was
identified by elevated levels of a quotient of MORF4L.2
expression and SUVmax [ROC-derived AUC (R*>= 0.7, p
< 0.05). A circulating gene-based quotient, therefore, has
relevance for clinical management, because it adds func-
tional biological multi-dimensionality to an image
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tionship was identified between CgA and Ki-67
and imaging parameters (Fig. 7.3).

7.4  Circulating NET Transcripts

and PRRT

We then moved on and tested the correlation of
NETest and PRRT efficacy. Specifically, the aim
of this segment of the research was to assess the
accuracy of circulating NET transcripts as a mea-
sure of PRRT efficacy, and to identify prognostic
gene clusters in baseline blood that could have
relevance for PRRT efficacy [11]. Our hypothesis
was that the measurement of circulating NET
transcripts of patients undergoing PRRT would
enable assessment of tumor response and provide
biologically relevant information on an individ-
ual tumor. We prospectively enrolled 54 subjects
with GEP and BP NETs. The majority (47/54)
had low-grade NETs (G1/G2; BP typical/atypi-
cal), 31/49 were 'FDG positive and 39/54 had
progression at start. Disease status was assessed
by RECISTI.1. Statistical analysis included chi-
square, non-parametric measurements, multiple
regression, receiver operating characteristic, and
Kaplan-Meier survival curves. The disease con-
trol rate (stability, partial and complete responses)
was 72% and median progression-free survival
(PFS) was not reached (median follow-up: 16
months). Only grading (but not CgA, SSR expres-
sion, or FDG positivity) was associated with
response (p < 0.01). At baseline, 94% of patients
were NETest-positive, while CgA was elevated in
59%. NETest accurately (89%, y*=27.4;,p=1.2
x 1077) correlated with treatment response, while
CgA was only 24% accurate. Additionally, we
observed that pre-treatment expression of 8 genes
representing clusters of genes regulating two
components of tumor biology, namely growth-
factor signaling (GFS) and metabolism (MTb),
correlated with response. GFS and MTb omic
clusters exhibited an AUC of 0.74 + 0.08
(z-statistic = 2.92, p < 0.004) for response predic-
tion (76% accuracy). Ki67 alone had no value as
a predictor of treatment efficacy. To amplify the
clinical utility using all modalities, we used a
logistic regression model to integrate the GFS/

MTb parameter with grading. This provided a
binary treatment prediction output: “predicted
responder” (PPQ+); “predicted non-responder”
(PPQ-) with an AUC of 0.90 + 0.07, irrespective
of tumor origin. The newly defined PRRT pre-
dicting quotient (PPQ) exhibited a 94% accurate
correlation with PRRT responders (SD + PR +
CR; 97%) vs. non-responders (91%).

7.5 Validation Study of PRRT
Genomic Signature in Blood
(PPQ) for the Prediction

of "’Lu-octreotate Efficacy

The characterization of the PPQ in the discovery
cohort was the first demonstration of a pre-
treatment parameter able to correlate with high
accuracy with the response to PRRT. In so doing
it accomplished longstanding unmet need in the
radionuclide treatment of NETs, namely on a
biological basis to accurately predict therapeutic
efficacy. This parameter however needed valida-
tion in larger, independent cohorts to demonstrate
that PPQ (an algorithm that integrates circulating
NET-specific transcripts with tissue Ki67), would
be able to differentiate PRRT-responders from
PRRT-non-responders prior to the initiation of
PRRT. In this respect, it was important to demon-
strate that PPQ would behave as a predictive and
not as a prognostic biomarker, by confirming that
PPQ correlated only with PRRT response and not
to other treatment strategies.

The study of PPQ as a predictive biomarker
was undertaken in three independent '""Lu-PRRT
treated cohorts with a total of 158 subjects: the
original developmental cohort, now enlarged to
72 subjects from IRST Meldola, Italy, and the
two prospective validation cohorts from
Zentralklinik Bad Berka, Germany (n = 44), and
Erasmus Medical Center, Rotterdam, Netherlands
(n = 42). Each cohort included predominantly
well-differentiated, low-grade (G1-G2, 86-95%)
GEP and BP NETs. To demonstrate the specific-
ity of PPQ, we included two non-PRRT compara-
tor cohorts: SSA-treated cohort I (n = 28; 100%
G1-G2, 100% GEP) and II (n = 51; 98% low
grade; 76% GEP-NET), and a watchful-waiting
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Fig. 7.4 PRRT Prediction Quotient for PFS prediction in
PRRT-treated and non-treated cohorts. In the PRRT-
treated cohorts (a—c) positive PPQ predicted a favorable
PRRT outcome and was associated with undefined mPFS,
while negative PPQ predicted a poor PRRT outcome and
was associated with a mPFS of 11-14 months. In the com-

cohort (n =44; 64% G1-G2; 91% GEP). Baseline
parameters to be tested included PPQ, disease
status, SSR, and CgA. Treatment response was
evaluated using RECIST criteria [responder (sta-
ble, partial, and complete response) vs non-
responder)]. Sample measurement and analyses
were blinded to study outcomes. Statistical eval-
uation included Kaplan-Meier survival and stan-
dard test evaluation analyses.

In the developmental cohort, 56% responded
to PRRT. The PPQ predicted 100% of responders
and 84% of non-responders, with an accuracy of
93%. The two validation cohorts exhibited a
response of 64 and 79%, respectively. In both, the
PPQ was 95% accurate (Bad Berka: PPQ+ =
97%, PPQ— = 93%; Rotterdam: PPQ+ = 94%,
PPQ— = 100%). Overall, the median PFS was not
reached in PPQ+ vs PPQ— (10-14 months; HR:
18-77, p < 0.0001). In the two comparator
cohorts, where SSA-treatment (n = 79) and
watchful waiting (n = 44) were applied, the PRRT
predictor (PPQ) had an accuracy of 47 and 50%,

Months

Months

parator, non-PRRT treated cohorts (d—f), the prediction of
PPQ did not make any difference in the outcome of ther-
apy, resulting in similar mPFS for the PPQ positive and
negative subjects. These results provide the demonstration
that PPQ is a predictive biomarker and a measure of
radiosensitivity

respectively. Essentially, the predictive accuracy
of flipping a coin! In addition, the PFS of the
PPQ+ and PPQ- did not exhibit any significant
differences in any of the two comparator cohorts.
These data demonstrated that the PPQ measure-
ment is an accurate predictor of radiosensitivity
(Fig. 7.4).

7.6  Validation Study

of Multigene NET-Specific
Circulating Transcript
Signature for the Monitoring

of "’Lu-octreotate Efficacy

Finally, we sought to validate the correlation of
the multigene NET-specific circulating transcript
signature with efficacy. Specifically, it was our
intention to test the hypothesis that the NETest is
able to over time monitor the response to PRRT
and provide added value to the PPQ [12]. We pro-
spectively evaluated whether the NETest was a
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Fig. 7.5 NETest levels during PRRT. PRRT responders
(blue, a, b) had significantly decreased NETest levels dur-
ing and after PRRT. A decrease to NETest stable levels
(NETest < 40) was significantly associated with a favor-
able outcome, represented by an undefined mPFS (blue,
¢). On the contrary, patients who did not respond to ther-
apy (red, a, b) exhibited significantly increased NETest

surrogate biomarker for RECIST in defining dis-
ease response and if NETest levels correlated
with pretreatment PPQ prediction of efficacy. We
included 122 prospectively enrolled patients with
GEP and BP NETs undergoing PRRT with
7"Lu-peptides. These were divided into three
cohorts (IRST, Meldola, Italy: n = 72;
Zentralklinik Bad-Berka, Germany: n = 44;
Erasmus University Rotterdam, Netherlands: n =
41). NETest was measured at baseline, at each
PRRT cycle, and at follow-up (2—12 months).
NETest is defined by a 1-100 score: stable dis-
ease is identified by a score <40, progression
>40. CgA was used as a comparator. Samples
were de-identified, and measurement and analy-
ses were blinded. Kaplan-Meier survival and
standard statistics were assessed. RECIST stabi-
lization or response (“responder”) occurred in
67%; 33% progressed. NETest significantly (p <
0.0001) decreased in “responders” (—47 + 3%);
in “non-responders,” NETst levels remained ele-
vated (+79 = 19%) (p < 0.0005). NETest moni-
toring accuracy was 98% (119/122). NETest
levels >40 in the follow-up (indicating a progres-
sive status) correlated with a shorter mPFS (10
months), as opposed to stable NETest levels
(<40; not reached; HR 0.04 (95%CI, 0.02-0.07).
PPQ was confirmed to predict response with high
accuracy (118/122, 97%) with a 99% accurate
positive and 93% accurate negative prediction.
The combination of information deriving from
the two genomic biomarkers demonstrated that
NETest significantly (p < 0.0001) decreased in

levels during and after PRRT. Increasing NETest levels to
the progressive range (>40) were significantly associated
with a poor outcome of PRRT, represented by a mPFS of
10 months (red, ¢). This is particularly valuable in light of
the frequent pseudo-progression, related to the radiation
inflammatory response, which limits the evaluation of
PRRT outcome until after the end of PRRT

PPQ-predicted responders (—46 <+ 3%).
Conversely, in PPQ-predicted non-responders the
NETest remained elevated or increased (+75 +
19%). Follow-up NETest values, stable vs pro-
gressive, reflected the PPQ prediction and the
mPFS (not reached vs. 10 months; HR 0.06
(95%CI, 0.03-0.12). CgA was noncontributory:
it decreased in 38% of PRRT responders and
56% of non-responders (p = NS). In summary,
these studies demonstrated two major outcomes.
Firstly, the PPQ predicted PRRT response in
97%; secondly, the NETest accurately monitored
PRRT response. Overall, it was evident that the
PPQ is an effective predictive biomarker specific
for PRRT and that the NETest provides an effec-
tive real-time surrogate marker of PRRT radio-
logical response (Fig. 7.5). This is particularly
valuable in light of the frequent pseudo-
progression, related to the radiation inflamma-
tory response, which limits the evaluation of
PRRT outcome until after the end of PRRT [13].
It also provides evidence for further consider-
ation in respect of health economic impact of
repeated imaging as opposed to the use of a non-
invasive biomarker assessment [14].

7.7  Future Developments

PRRT has demonstrated efficacy and tolerability
in the treatment of well-differentiated neuroen-
docrine tumors. The work of the LuGenlum
Consortium for Independent Research addressed
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some of the major challenges in its use, which are
the prediction of efficacy and toxicity and the
consequent patient stratification. Transcriptomic
evaluations of blood and a combination of gene
expression and specific SNPs, aided by machine
learning algorithms, are worth consideration as
key strategies to provide molecular tools that will
enhance the efficacy and safety of PRRT [15].
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A Tree Can Be Recognized by Its

Fruit

Marion de Jong

8.1 Introduction

A small German city named Bad Berka, which is
situated in the south of the Weimar region,
brought forth many famous people over time.
These include both sons and daughters of Bad
Berka and those strongly connected to the town
(adapted from Wikipedia):

e Otto Fries (1849-1905), politician National
Liberal Party (Germany), member of Reichstag

* Hugo Giinther (1891-1954), party functionary
(SPD/KPD/KPO/SED) and insurance director

e Hans Carl Nipperdey (1895-1968), law pro-
fessor, first president of the Federal Labour
Court

e Hartmut Griesmayr (born 1945), screenwriter
and director

e Johann Wolfgang von Goethe (1749-1832),
writer, stayed there often as a bathing guest

e Jakob Michael Reinhold Lenz (1751-1792),
poet of Sturm und Drang

* Dietrich Georg von Kieser (1779-1862), med-
ical doctor, worked as a physician in Berka

e Adolf Briitt (1855-1939), sculptor, worked in
Bad Berka, since 1928 honorary citizen

M. de Jong (><))
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e Martin Hellberg (1905-1999), author, actor
and director

e Henry Augustus Siebrecht, florist, “Father of
Fifth Avenue”

e Richard Baum, professor, physician, and sci-
entist, Chef of the clinic for Molecular
Radiotherapy at the Zentralklinik Bad Berka

The last person on this list, Prof. Richard
Baum, is quite a special person. To describe him,
I thought of a metaphor and expression taken
from the bible (Luke 6:43-44): “An der Frucht
erkennt man den Baum”. That is because Richard
Baum reminds me of a cherry tree; a firm tree, a
highlight in the garden, solidly rooted in fertile
ground, self-pollinating, but benefitting from
other trees in the garden, and rich in delicious
fruits that come in pairs. Paired fruits refer here
to the field of theranostics (see below). For this
contribution, I chose three themes:

¢ Fruits of Scientist Baum
e Fruits of Physician Baum
¢ Fruits of Friend Baum

8.2  Fruits of Scientist Baum

Radiolabeled somatostatin analogs were intro-
duced more than 20 years ago for theranostics of
patients with somatostatin receptor (especially
subtype 2) expressing neuroendocrine tumors.
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After injection into the body these small soma-
tostatin peptide analogs can guide attached radio-
activity to their target receptors overexpressed on
tumor cells, enabling imaging or radionuclide
therapy, dependent on the radionuclide of choice.

A few years later, the first clinical studies were
carried out, also paving the way for the develop-
ment of a variety of different radiolabeled pep-
tide analogs for the diagnosis and treatment of
tumors in many collaborative studies [1-10]
(review: 11). Promising radiolabeled analogs
used for positron emission tomography (PET) or
peptide receptor radiotherapy (PRRT) include
peptides targeting somatostatin receptors (SSTR),
integrins, chemokine receptors, fibroblast acti-
vating protein (FAP), gastrin-releasing peptide
receptor (GRPR), or the prostate-specific mem-
brane antigen (PSMA) [11]. They are excellent
examples of so-called theranostics, a combina-
tion of the terms therapeutics and diagnostics. It
refers to the combination of a paired diagnostic/
imaging tool or tracer used to identify a second
tool (which may in fact be the same tracer now
radiolabeled with a therapeutic radionuclide) for
therapy, like the paired cherries in the cherry tree.
Using this concept, “We can see what we treat
and we can treat what we see”. Theranostics
comprise an interesting part of personalized or
precision medicine: “The right treatment for the
right patient at the right time and at the right
dose”.

Radiolabeled small peptides are an important
class of radiopharmaceuticals applied for diagno-
sis and therapy of tumors. These small com-
pounds possess beneficial properties as targeting
probes in nuclear medicine: they are not immu-
nogenic and show fast diffusion and target local-
ization. Additionally, peptides can be easily
modified, improving metabolic stability and
adjusting favorable pharmacokinetics. In contrast
to small molecular weight compounds, peptides
are more tolerant of modifications. Because of
the presence of endogenous enzymes (pepti-
dases) for the degradation of peptides and pro-
teins, the major disadvantage of peptides
compared to small molecular mass probes could
be the lower metabolic stability. A variety of
strategies can overcome this problem, including

the introduction of unnatural amino acids, back-
bone cyclization, modifications, and the use of
peptidase inhibitors [11, 12]. A relatively easy
strategy for stability improvement toward pepti-
dases is the application of d-amino acids or
unnatural amino acids. In many cases, a combi-
nation of N/C-terminal modification with stabili-
zation via d-amino acids or unnatural amino
acids is used, as described for Tyr*-octreotide or
different RGD-derivatives. For a variety of trac-
ers, backbone cyclization could be combined
with the introduction of d-amino acids. However,
not all amino acids in a sequence can be replaced
either by the corresponding d-amino acid or by
an unnatural amino acid without influencing the
binding affinity. So, for another pathway to stabi-
lize peptides, we hypothesized that the in vivo
co-administration of specific enzyme inhibitors
would improve peptide bioavailability and hence
tumor uptake. Through single coinjection of the
neutral endopeptidase inhibitor phosphoramidon
(PA), we indeed were able to provoke remarkable
rises in the percentages of circulating intact
somatostatin, gastrin, and bombesin radiopep-
tides in mouse models, resulting in a clear
increase in uptake in tumor xenografts in mice
[12]. These approaches have also been applied in
our collaborative research with Prof. Baum,
resulting in the following fruits:
Gastrin-releasing peptide receptors (GRPR)
represent attractive targets for tumor diagnosis
and therapy because of their overexpression in
major human cancers. Internalizing GRPR ago-
nists were initially proposed for prolonged lesion
retention, but a shift of paradigm to GRPR antag-
onists has been made, as radioantagonists, such
as #mTcDB1 (**mTc-N4'-DPhe(6),Leu-
NHE(13)]BBN(6-13)), displayed better pharma-
cokinetics than radioagonists, in addition to their
higher biosafety. We introduced %GaSB3, a
PmTc-DB1 mimic, carrying the chelator DOTA
for labeling with the PET radiometal ®Ga. SB3
and [(nat)Ga]SB3 bound to the human GRPR
with high affinity, plus ’GaSB3 displayed good
in vivo stability. “’GaSB3 showed high, GRPR-
specific and prolonged retention in PC-3 xeno-
grafts in mice, but much faster clearance from the
GRPR-rich pancreas. In patients in Bad Berka,
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%8GaSB3 clearly visualized cancer lesions with-
out adverse effects. Thus, 4 out of 8 breast cancer
and 5 out of 9 prostate cancer patients showed
pathological uptake on PET/CT. We concluded
imaging with ®®GaSB3 to be promising in patients
with primary breast or prostate cancer [13].
Afterward, we introduced, by replacement of the
C-terminal Leu'3-Met'*-NH, dipeptide of SB3 by
Sta'3-Leu'*-NH,, the novel GRPR antagonist
NeoBOMBI1, labeled with different radiometals
for theranostic use. NeoBOMB1 and "*Ga-, "In-,
and "™Lu-NeoBOMBI1 bound again to GRPR
with high affinity. They showed excellent meta-
bolic stability in peripheral mouse blood. After
injection in mice, all 3 tracers (’Ga-, !'In-, and
"Lu-NeoBOMBI1) showed comparably high
and GRPR-specific uptake in the PC-3 xeno-
grafts. During a translational study in prostate
cancer patients, %Ga-NeoBOMBI rapidly local-
ized in pathologic lesions, achieving high-
contrast imaging, so the GRPR antagonist
radioligands ®’Ga-, ""'In-, and '""Lu-NeoBOMBI,
independent of the radiometal applied, have
shown comparable and most promising behavior
in prostate cancer models and patients, in favor of
future theranostic use in GRPR-positive cancer
patients [14].

In another series of collaborative studies, we
focused on the use of the potent alpha emitter
bismuth-213 for radionuclide therapy [15-18].
So, we optimized the labeling conditions of
213Bi-DOTATATE for preclinical applications of
peptide receptor-targeted alpha therapy plus we
evaluated whether 2*Bi-DOTATATE was suitable
for the treatment of both larger neuroendocrine
tumors overexpressing SSTR2 in comparison to
its effectiveness in smaller tumors. Based on the
results of the studies we concluded that
23Bi-DOTATATE demonstrated a great therapeu-
tic effect in both small and larger tumor lesions,
whereas higher probability for stable disease was
found in animals with small tumors.

In the text above, beautiful examples of trans-
lational research, from bench to bedside, have
been shown. To further improve translational
research, sophisticated cancer models are now
available to address cancer-related research ques-
tions. Technological developments in probe syn-

thesis and labeling have resulted in most
promising imaging and therapeutic probes with
the potential for basic research, as well as for
translational and clinical applications. Moreover,
translational collaborative studies as referred to
above have shown that developments and
improvements of multimodal imaging methods
for use in animal research have substantially
strengthened the field of preclinical theranostics.
Improvements in all these research fields
improved rapid translation of new therapies into
the clinic [19].

We conclude that the future of radiopharma-
ceuticals for imaging and therapy is radiant. The
field of theranostics will flourish even more when
applying novel intra-arterial applications, target-
ing antagonists with better-targeting profiles, the
application of novel radionuclides, including the

powerful alpha emitters, and combination
therapies.
8.3  Fruits of Doctor Baum

In Bad Berka, Prof. Baum and his team apply
theranostics in cancer patients from all over the
world with great success. Prof. Baum arrived in
Bad Berka in 1997 to initiate a Nuclear Medicine
department there; in the meantime, it became
very well known for the application of theranos-
tics. It has developed to an ENETS Center of
Excellence where patients from many different
parts of the world are being treated using PRRT
with beta and alpha particle emitting
radionuclides. PRRT is now approved by the
European Medical Agency (EMA) and the Food
and Drug Administration (FDA). In Bad Berka,
around 1000 therapies are given each year in the
large station with 22 beds. Not only patients with
neuroendocrine tumors are being treated with
PRRT, also patients suffering from other tumor
types, like e.g. prostate cancer, can be treated
now using novel theranostics, which is great
news for all kinds of patients suffering from these
cancers.

Prof. Baum is highly respected by his co-
workers and patients, which is very understand-
able and well deserved, considering his enormous
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Fig. 8.1 Fruits of Doctor Baum

work load, enthusiasm, and drive to do the best
possible for every patient. From the picture in
Fig. 8.1 we can also clearly witness this. The suc-
cessful theranostic work in Bad Berka is based on
team work; like a cherry tree Prof. Baum can be
self-pollinating, but he strongly benefits from fer-
tile ground and the presence of other cherry trees
around him.

8.3.1 Fruits of Our Friend Baum

Prof. Baum is a great colleague and friend, a trea-
sure in our theranostic garden like a beautiful
cherry tree: being considerate, very helpful, a
source of inspiration, always in for a challenge,
cheerful, and enthusiastic, albeit also demanding
and ambitious. We both very much enjoyed the
start of the theranostic adventure and I appreciate
our collaborations, even though we worked in

different steps of the development and introduc-
tion of new theranostic radiopharmaceuticals.

Now it is time for a new adventure: Prof.
Baum will start the Theranostics Center for
Radiomolecular ~ Precision  Oncology in
Wiesbaden: Richard, I wish you all the best and
please continue the good work!
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9.1 Introduction
The incidence and mortality associated with non-
communicable diseases (NCDs) is on the rise
globally. There has been a significant shift in the
global disease burden in the past decades from
communicable infectious diseases to non-
communicable diseases, especially evident in
low- and middle-income countries (LMICs).
According to the World Health Organization
(WHO), more than 38 million people die each
year as a consequence of NCDs. It is expected
that in the next 25 years the majority of new NCD
cases and associated deaths will occur in LMICs.
The increase in NCDs is related to several fac-
tors, including population growth, increased life
expectancy and changes in lifestyle. The most
frequent NCDs are cardiovascular diseases, can-
cer, chronic respiratory diseases and diabetes.
Medical imaging has revolutionized health-
care in the past decades as it has enabled the
delivery of individual, patient-tailored disease
management. Nuclear medicine (NM) techniques
have become of paramount importance for the
diagnosis and treatment of a wide range of health
conditions, in particular NCDs.
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For over 50 years, the International Atomic
Energy Association (IAEA), an independent
international organization related to the United
Nations system, with a long history of promoting
the safe, secure and peaceful uses of nuclear sci-
ence and technology in its Member States (MS)
provides assistance in building sustainable capac-
ities in the use of medical use of radiation and
radionuclides, including NM. The IAEA’s
Human Health program includes the Nuclear
Medicine and Diagnostic Imaging (NMDI) sub-
program which takes care of numerous initiatives
aimed at fostering the integration of NM practice
both in imaging and therapeutic applications into
MS’ healthcare systems.

On 25 September 2015, at the Summit on
Sustainable Development, the 193 MS of the
United Nations unanimously adopted the
Sustainable Development Goals (SDGs), to
improve the health status of vulnerable popula-
tions by ensuring universal and equitable access
to quality healthcare, emphasizing their intention
to significantly reduce the incidence of both com-
municable and non-communicable diseases. One
target outlined in the agenda (target 3.4) aims “to
reduce premature mortality from NCDs by one-
third through prevention and treatment by 2030”.

NM techniques can make significant contribu-
tions to the achievement of this SDG target. They
evolved to allow for personalized healthcare, and
they represent now an indispensable part of
modern-day clinical practice. NM diagnostic and
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therapeutic applications are very useful in
addressing both NCDs and infectious diseases.
Despite the evident usefulness of NM tech-
niques, in most MS, NM services are inadequate.
The main factors affecting the expansion and
sustainability of NM include high investment,
operation and maintenance costs, inadequate
qualified personnel and limited suppliers of
radiopharmaceuticals [1-9].

9.2 Key Challenges

The routine use of NM might be impeded by sig-
nificant obstacles. Limited infrastructure pre-
vents countries from offering NM services to
meet rising demand, especially for the manage-
ment of cancer, CVDs and other NCDs [10-12].
The main constraints are:

Acquisition and Operation and Maintenance
Costs The cost of establishing a nuclear medi-
cine facility (including buildings and equipment)
deters many MS. For countries with existing NM
facilities, maintaining functional equipment is an
issue. Countries who acquired their NM equip-
ment through the TAEA technical cooperation
programme, due to conflicting priorities (espe-
cially the need for response to communicable
diseases) and limited financial resources, do not
have adequate capacity for sustainable operation
and maintenance, which include the cost of radio-
pharmaceuticals and equipment repairs. In addi-
tion, some countries are not able to replace the
obsolete equipment without additional support
from the IAEA.

Affordability NM is a relatively expensive tool.
With limited or no health insurance, many
patients cannot afford nuclear medicine proce-
dures. The current global economic situation has
kept health expenditure growth to almost zero in
many low-income countries.

Awareness of the Role of Nuclear
Medicine Although NM plays a key role in the
current diagnostic imaging revolution, there is
still a lack of knowledge among different stake-

holders of the benefits and usefulness of the clini-
cal applications of NM techniques. These need to
be adequately explained. Most referring clini-
cians are not adequately informed about the NM
discipline, as can be seen in inappropriate refer-
rals. There is a stigma associated with the word
‘nuclear’ that may deter stakeholders from learn-
ing more about nuclear medicine, despite the
high potential of radiolabelled molecules in diag-
nostic and therapeutic applications.

Human Resources To reach the full potential of
nuclear medicine, there is a need to train the
involved professionals throughout their careers.
However, clinical and research personnel are
scarce in all the disciplines involved in the prac-
tice of NM (i.e., chemists, radiopharmacists, phy-
sicians, physicists, clinician-scientists,
technologists, etc.). This is, in many cases, due to
a lack of specific training programmes that
emphasize clinical applications, as well as a lim-
ited number of adequately equipped and well-
staffed institutions capable of providing both
academic and clinical trainings. Training in uni-
versities, medical institutions and industry has
not been able to keep up with current demands.
Furthermore, there is an impending leadership
gap in the field. Nuclear medicine research
requires a multidisciplinary team of individuals
with extremely varied education and training.
Only by training an adequate number of individu-
als in these various disciplines will nuclear medi-
cine and molecular imaging reach its potential.
Furthermore, there is a need to harmonize the
training programs, in order to raise the level of
knowledge and competencies of nuclear medi-
cine specialists worldwide. Trainees come from
diverse backgrounds and possess different knowl-
edge and experience; hence, the training program
requires an active and standardized approach to
ensure compliance with at least the minimum
standards needed to provide an optimal clinical
nuclear medicine care.

Customs Practices Short half-lives radiophar-
maceuticals need to be frequently imported. They
must be cleared by customs upon arrival and
delivered to the nuclear medicine centre immedi-
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ately thereafter. However, in some countries, cus-
toms regulations are so cumbersome that clearing
radiopharmaceuticals in time represents a real
challenge.

Limited Suppliers of Radiopharmaceuti-
cals Currently, the most important isotope used
in nuclear medicine is metastable technetium-99
(Tc-99m). This radioisotope is produced from
molybdenum-99 (Mo-99) in nuclear reactors that
use highly enriched uranium (HEU) targets.
There are only four producers of Tc-99m world-
wide. Any interruption in production in one or
more of these reactors results in a decrease of
supply. This affects the accessibility of NM ser-
vices and thus lifesaving treatment.

Inadequate Quality Assurance (QA) and
Quality Control (QC) In LMIC, the limited
availability of basic equipment used for QC, radi-
ation protection and in medical physics research
facilities, such as phantoms and certain radiation
sources, poses another challenge to the practice
of nuclear medicine.

Radiation Safety Radiation safety is a chal-
lenge for the practice of nuclear medicine. Each
professional working with ionizing radiation
should undergo compulsory monitoring for occu-
pational radiation exposure. In countries, moni-
toring services for personnel are often provided
by government agencies, such as radiation regu-
latory bodies. These services may also be pro-
vided by licensed, for-profit companies which
charge more for the same services.

9.3 Interventions

The establishment, expansion and strengthening
of NM services will contribute to reducing the
incidence and impact of NCDs through early
diagnosis, treatment and palliative care for the
improved well-being of the population. The
IAEA proposed several strategic interventions to
be implemented concurrently for effective and
sustainable NM services. The intention is to
incorporate best practices for the establishment,

operation and maintenance of NM facilities and
services, as well as for cost-recovery, expansion,
human resource capacity building, and recruit-
ment and retention of staff [10].

1. To increase the total number of NM centres
(a) Prioritize NM in national health policy

and budget through conducting national

needs assessments and/or feasibility stud-
ies for nuclear medicine.

Establish domestic funding mechanisms,

such as trust funds, for costly but essen-

tial medical services and facilities such as
radiotherapy and nuclear medicine.

(c) Formulate and implement national IAEA
technical cooperation (TC) projects for
the establishment of NM facilities.

(d) Build  and strengthen strategic
partnerships.

2. To continuously educate the public and other
stakeholders on the benefits and usefulness of
the clinical applications of NM.

(a) Publish and disseminate awareness-
raising materials on the benefits of NM
procedures and its critical diagnostic and
therapeutic roles in a variety of clinical
areas, including cardiology, oncology,
paediatrics, neurology, endocrinology,
infection, inflammation and pulmonol-
ogy, to referring physicians and hospital
managers.

Organizing NM events at national and

regional levels.

(c) Include introduction courses to NM in

undergraduate medical degrees.

(d) Educate customs officials and clearing
and forwarding agents about the short
half-life of radiopharmaceuticals and the
need for urgent clearance.

3. To ensure that NM is recognized as a medical
specialty in all MS.

(a) Incorporate NM into national health pol-
icy frameworks, recognizing it as a medi-
cal speciality.

(b) Strengthen the collaboration between
existing NM professional societies and
establish new ones, if absent, at national,
regional, and international levels.

(b)

(b)
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4. To have an adequate number of qualified NM
professionals (including physicians, radio-
pharmacists, physicists, technologists and
nurses) available in the NM centres.

(a) Create a public structure and career lad-
der for NM.

(b) Assess training needs, establish appropri-
ate training curriculum and implement
appropriate training programme, includ-
ing continuous professional development
programmes.

(c) Recruit staff and create incentives for
staff retention.

5. To establish appropriate cost recovery pro-
grammes to ensure a sustainable supply of
radiopharmaceuticals, the operation and
maintenance of equipment, and the replace-
ment of ageing equipment.

(a) Negotiate and conclude suitable contracts
for the regular supply of radiopharmaceu-
ticals with suppliers.

Negotiate and settle appropriate mainte-

nance contracts for NM equipment that

ensure that the warranty starts following
proper installation and includes servicing
and the replacement of parts.

(c) Put in place long-term plans for the
replacement of obsolete/ageing equip-
ment as well as for the expansion and
upgrading of NM services.

(d) Produce locally radiopharmaceutical.

(e) Provide financial autonomy or a dedi-
cated operational budget for NM in order
to maximize efficiency and flexibility.

6. To make NM more affordable.

(a) Mobilize NGOs, local companies and
philanthropists to support NM.

(b) Establish schemes to help patients who
cannot afford NM services.

(c) Make NM consumables tax exempt since
they are health related.

7. To increase the number of NM research stud-
ies, especially in the main clinical areas such
as cardiology, oncology, paediatrics, neurol-
ogy and endocrinology.

(a) Mobilize resources to support the utiliza-
tion of NM in clinical research.

(b)

(b) Encourage NM professionals to actively
participate in coordinated research activi-
ties in NM.

(c) Promote the sharing and utilization of
NM research findings with other stake-
holders at national, regional, and interna-
tional levels, and at NM conferences.

(d) Collaborate with other national or inter-
national research institutes.

8. To enhance the safety of NM practice for both
patients and physicians.

(a) Establish and enforce safety regulations
and guidelines.

(b) Train qualified professionals in methods
to enhance safety.

(c) Promote quality assurance procedures.

(d) Establish or strengthen occupational
exposure control programmes.

While recognizing the need for continuity of
support from the TAEA and other partners, the
above-proposed interventions cannot be achieved
without national ownership and leadership by
individual governments. Each government is
expected to provide equitable universal access to
healthcare services, including NM.

9.4 Results

9.4.1 Technical Cooperation
Programme

The technical cooperation (TC) programme is
one of the mechanisms through which the IAEA
directly helps its Member States to build,
strengthen and maintain capacities for the safe,
peaceful and secure use of nuclear technology in
support of sustainable socioeconomic develop-
ment. The TC programme addresses wide-
ranging development objectives which include
greater food productivity, better health and
nutrition services, improved energy develop-
ment, and sustainable energy production.

TC projects can be national, driven by the
development priorities of a single Member State,
or regional, when a group of Member States
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belonging to the same geographical area cooper-
ate to create regional sustainability and self-
reliance in the effective use of nuclear
technologies. All Member States are eligible for
support through TC projects, although in practice
technical cooperation activities are focused on
the needs and priorities of low-and-middle-
income countries.

Through TC projects, the IAEA supports
Member States by coordinating several activities
aiming to build human resource capacity, and
transfer know-how and technology. These activi-
ties include fellowships for individuals, scientific
visit opportunities for more experienced profes-
sionals, training courses, meetings, missions of
experts in the field, as well as procurement of
technology and equipment.

TC projects related to nuclear medicine focus
on the establishment of a nuclear medicine ser-
vice (often the first in the country), the upgrade of
existing departments with newer hybrid imaging
modalities such as SPECT/CT or PET/CT, the
enhancement of the clinical practice or the intro-
duction of new diagnostic or therapeutic method-
ologies. Because of the multidisciplinarity of
nuclear medicine, these projects usually include
other components related to radiopharmacy,
medical physics and safety.

Within a TC project fellowships are granted to
health professionals to foster capacity building.
These candidates are supported to spend an ade-
quate period of time, in a well-established nuclear
medicine service, for specialized and supervised
hands-on training. The training programme is
agreed with the hosting institute and is usually
focused on a specific topic, for example, on the
establishment and standardization of clinical pro-
tocols, the use of SPECT for cardiological and
oncological studies, the therapeutic use of a cer-
tain radiopharmaceutical, the practical aspects of
QA/QC of instrumentation and radioprotection,
or the preparation of radiopharmaceuticals.

Education and training activities are a key
component of TC projects and training courses
are often included in the workplan to reach out to
a larger number of health professionals. The use
of international experts is another very effective

mean for the transfer of know-how. These experts
are recruited by the IAEA and asked to support
the project’s counterparts on a specific aspect of
the project. Being delivered locally, this kind of
support is particularly important for solving spe-
cific issues and therefore for achieving the proj-
ect’s objectives. Finally, as one of the means for
achieving their objectives, TC projects often
include the procurement of important equipment
or services based on the general aspects of sus-
tainability and ownership [13].

9.4.2 Quality Assurance

In 2006, NMDI Section of the IAEA launched an
initiative to design a program to help its constitu-
ency in MSs to self-assess the standard of their
NM clinical practices and, if necessary, raise
them up to accepted international standards. The
output of that initiative has been a program called
Quality Management Audits in Nuclear Medicine
(QUANUM), based on comprehensive auditing
missions of multidisciplinary teams.

The aim of the QUANUM program is three-
fold: in the first place to encourage the introduc-
tion of a routine process of conducting annual
systematic audits in the clinical arena; secondly,
to encourage the adoption of a culture of regular
analyses and reviews of internal processes, both
of them essential for positive growth in medical
services and, third and even more important, to
introduce the entire quality audit process, patient
oriented, systematic and outcome based.

The QUANUM program proved to be applica-
ble to a wide variety of institutions, from small
practices to larger centres with PET/CT and cyclo-
trons. Clinical services rendered to patients showed
a good compliance with international standards,
while issues related to radiation protection of both
staff and patients require a higher degree of atten-
tion. This should be considered as relevant feed-
back for the IAEA with regard to the effective
translation of safety recommendations into routine
practice. Training on drafting and application of
Standard Operating Procedures (SOPs) should also
be considered a priority [10-12].
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9.4.3 Procurement

Over the years, NMDI Section of the IAEA has
assisted over hundred low- and middle-income
MS to acquire or strengthen their NM services.
The Nuclear Medicine Resources Manual, for
example, provides guidance to decision-makers
on the different applications of nuclear medicine
and on the prerequisites and resources needed to
establish this service.

9.4.4 Education

Training in nuclear medicine is vital for the
development of adequate capacities in MS. NMDI
Section of the TAEA provided education and
training opportunities to professionals through-
out their careers, as part of a lifelong learning
process.

As a promoter of optimal nuclear medicine
practice, the IAEA published a Training
Curriculum for Nuclear Medicine Physicians,
which offers guidelines that are based on various
publications, international recommendations as
well as expert advice. The objective of this publi-
cation is to recommend a harmonized training
programme for nuclear medicine physicians,
allow trainees to develop the necessary knowl-
edge, competencies and skills to practice this
medical speciality and to ensure a safe and qual-
ity level of clinical nuclear medicine [7].

9.4.5 Coordinated Research
Activities

The IAEA Coordinated Research Projects
(CRPs) bring together research institutions
throughout the world to collaborate on a well-
defined research topic related to the acquisition
and dissemination of new knowledge and tech-
nology in the various fields related to the peace-
ful use of atomic energy. Institutions and
scientists from all around the world are selected
to exchange information and work together on
some relevant aspects related to the main topic,

thus creating international scientific networks
and enhancing the capabilities of participating
countries to be involved in state-of-the-art scien-
tific research. The results are made freely avail-
able to the MS and the scientific community
usually through IAEA publications, training
material, or articles published in peer-reviewed
journals [9].

9.5 Conclusion

The TAEA has a long tradition in assisting its
Member States in the field of nuclear medicine.
The main activities in this field are the production
of guidance documents, the establishment of edu-
cational and training, the coordination of research
activities and the support to Member States for
establishing and safely operating nuclear medi-
cine facilities through the technical cooperation
programme. But enormous efforts are still
needed, not only to ensure universal access to
NM services, but also to make these services
affordable and reliable.
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Tumours
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Majid Assadi, Reza Nemati, Hossein Shooli,
and Hojjat Ahmadzadehfar

10.1 Introduction
Malignant brain neoplasms are generally classi-
fied into primary neoplasms and metastatic
tumours. The former originate from the brain
parenchyma itself and the latter arise from body
systems other than the brain. Primary brain
tumours are typically sorted based on the WHO
classification (2016) into glioma tumours and
meningiomas as the most frequent tumours, and
other less frequent tumours [1]. Tumour recur-
rence is usually inevitable in about 90% of patients,
and then, regardless of frontline treatment strate-
gies, the prognosis is less than 6 months.
Metastatic brain tumours usually originate
from lung, breast and skin (melanoma) tumours,
respectively. The overall survival duration for
patients with glioblastoma multiforme (GBM)
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usually ranges between 14.6 and 16.8 months,
with a 24-month overall survival rate of 27-30%
[2-4].

Although the prevalence rate of brain tumours
is slightly increased, the disease prognosis is still
impoverished, particularly for high-grade
tumours [3, 5].

The optimal treatment for brain tumours
includes surgical resection and chemoradiother-
apy in the routine clinical setting. However,
patients show variable responses to the currently
available treatments and many new therapeutics
fail to show effective therapeutic response in the
clinical trial phase; thus, prognosis still remains
poor and an effective treatment is lacking. The
causes underlying the different treatment
responses include the development of compensa-
tory resistance/escape pathways, pharmacody-
namic failure (no therapeutic effect despite
sufficient drug activity on the target), pharmaco-
kinetic failure (inadequate dose delivery to the
tumour), the barricading function of the blood-
brain barrier (BBB) and most importantly, the
inter- and intra-tumoral heterogeneity that both
allow the tumour cells to resist an across-the-
board treatment strategy. In addition, the infiltra-
tive property of the tumours leads to recurrence at
or adjacent to the primary site of the tumour fol-
lowing each surgery, so that complete resection
of the tumour is impossible [6]. Thus, an across-
the-board treatment is ineffective in treating these
complex and heterogeneous tumours of the brain.

109

V. Prasad (ed.), Beyond Becquerel and Biology to Precision Radiomolecular Oncology: Festschrift
in Honor of Richard P. Baum, https://doi.org/10.1007/978-3-031-33533-4_10


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-33533-4_10&domain=pdf
https://doi.org/10.1007/978-3-031-33533-4_10
mailto:asadi@bpums.ac.ir
mailto:Hojjat.ahmadzadehfar@klinikum-westfalen.de

110

M. Assadi et al.

The prerequisites for dealing with these
tumours involve providing a tailored treatment by
delivering the right drug to the right patient based
on individual molecular and genetic characteris-
tics; precision medicine seems to be a key solu-
tion. Precision medicine can provide a tailored
treatment in order to meet the unsatisfied
essentials for the treatment of brain tumours. In
the context of neuro-oncologic care, the precision
medicine concept is epitomized by target-based
therapeutic approaches such as peptide receptor
radionuclide therapy (PRRT) and radioimmuno-
therapy (RIT).

In detail, RIT involves the administration of a
coupling of a radionuclide payload and a mono-
clonal antibody (mAb) that targets the cell-
surface tumour-related antigens or the antigens
within the tumour microenvironment [7]. This
chapter aims to discuss the biologic targets used
in the PRRT and RIT approach in brain tumours
treatment and to highlight recent progress in
radionuclide-based pharmaceutics and clinical
trials. Finally, we provide perspectives and direc-
tions on the future PRRT and RIT in neuro-
oncology cancer care. The substantial
characteristics of ideal therapeutic radiopharma-
ceutical and available radiotracer for brain
tumour imaging are shown in Tables 10.1 and
10.2, respectively.

10.1.1 Radionuclides Used
in the Therapy

The therapeutic effect of radionuclide therapy
depends on two radiobiologic properties: range
and energy. Each of these parameters has a fun-
damental role in the processes inducing cell
death. Two types of radionuclides are usually uti-
lized: beta (', *°Y, "Lu) and alpha emitters
(*¥Ac, 2Bi). The general properties of radionu-
clides for cancer therapy and the parameters
affecting the uptake of radiopharmaceuticals in
glioma tumours are summarized in Tables 10.3
and 10.4, respectively.

Table 10.1 Characteristics of ideal therapeutic radio-
pharmaceutical [8]

High specificity and affinity for the tumour cells

In vivo stability in human blood (not catabolized/
metabolized)

T3 comparable with T7,,p of the radionuclide

Rapid targeting of tumour cells

Significant radioconjugate retention by the
tumour cells for a period two- to three times longer
than the 7',p of the radionuclide
Absence of radioconjugate catabolism by the
tumour cells

Absence or minimal uptake and retention by normal
tissues/cells

Rapid elimination from the systemic circulation
Pharmacokinetics not tainted by repeated injection

Effective cell killing (high ionization particles to
DNA)

Radionuclide distribution within the tumour cell
clusters less

Heterogenous than the range of emitted particles

Delivering a therapeutic dose to all of the tumour
cells

Irradiation cause only the cell death (no other
radiation-related biological changes, for example,
mutations and transformations into radio-resistant
tumours)

Table 10.2 Currently available radiotracers for brain
tumour imaging [9]

Biological

measures

Radiotracer

Glucose transport
across BBB and
metabolism

2-Deoxy-2-["*F] fluoro-d-glucose
(['*F] FDG)

Amino acid
transport and
protein synthesis

["'C] methionine
8E-fluoroethyltyrosine (‘*F-FET)

Amino acid 8F-fluoro-L-3,4-

transport and dihydroxyphenylalanine
dopamine ('"*F-DOPA)

metabolism

DNA replication | "*F-fluorothymidine (**F-FLT)

Lipid metabolism

["'C] choline/"*F-fluorocholine

Hypoxia

F-fluoromisonidazole
(BE-MISO)

18F-azomycin arabinoside
('SF-FAZA)
%Cu-methylthiosemicarbazone
(“Cu-ATSM)
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Table 10.3 General properties of radionuclides for cancer therapy [8]

Decay type Particles NOP* Range LET Erin — Enax
[~-particle Energetic electrons 1 0.05-12 mm ~0.2 keV/pm 50-2300 keV®
ot*-particle He nuclei 1 40-100 pm ~80 keV/pm 5-9 MeVe
EC/IC Nonenergetic electrons 3-50 2-500 nm ~4-26 keV/pm eV-keV¢

EC electron capture, /C internal conversion, E,,,, maximum electron energy, E.,;, minimum electron energy, LET linear

energy transfer
* Number of particles emitted per decaying atom

® Average (>1% intensity); continuous distribution of energy

¢ Monoenergetic

Table 10.4 Factors affecting uptake of radiopharmaceu-
ticals in gliomas [9]

Tumour neovascularization and blood-brain barrier
integrity

Histopathological grade

Rate of glucose metabolic

Rate of DNA proliferation

Synthesis of rate protein

Rate of Membrane (phospholipid) proliferation rate

Presence of membrane transporters on the tumour
cells

Oxygenation status of tissue (hypoxia)
size of the lesion (partial volume effect)
Necrotic regions

Radiotherapy treatment

10.1.1.1 Alpha-Emitter Radionuclide
Alpha-emitting radionuclides have valuable
advantages for use in targeted therapy. Alpha par-
ticles have a short range of <100 pm and a high
level of linear energy transfer (LET ~ 100 keV/
pm) in human tissue. These features enable this
radionuclide to deliver a critical cytotoxic dose to
the targeted tumour cells while minimizing dam-
age to the adjacent healthy tissues. Furthermore,
cell death induced by alpha radiation is predomi-
nantly related to DNA double-strand breaks
occurring along the trajectory of the profoundly
ionizing particle and is mainly independent of
both the phase of cell cycle and cellular oxygen-
ation status [10, 11].

Moreover, it has been documented that alpha
radiation is able to break the tumour’s resistance
to chemotherapeutics and irradiation (beta and
gamma radiation) [12]; thus, targeted alpha ther-
apy can provide an alternative option for the
treatment of patients whose disease is refractory
to standard therapies. It needs to be emphasized

that the effect of radiation is not dependent on O
[6]-methylguanine-DNA methyltransferase
(MGMT) promoter methylation status, the most
important predictive for the efficacy of treatment
with temozolomide. Moreover, alpha-emitter
particles perform better than temozolomide
in vitro in treating multiple GBM cell lines as
well as GBM stem cells (GSCs) [13].

25 Ac is an alpha emitter with a half-life of 9.9
days. The main decay path of »Ac comprises
four net alpha-emitter particles with a high
cumulative energy of 28 MeV and two beta-
emitters of 1.6 and 0.6 MeV maximum energy.
Gamma emissions are also produced in the *Ac
decay path, allowing for limited in vivo imaging.
Its relatively long half-life of 9.9 days and its
multi-alpha particles emission in a rapid decay
chain have made ?*Ac a critical cytotoxic
radionuclide.

213Bi is a hybrid alpha/beta emitter with a half-
life of 46 minutes. It predominantly decays by
beta emission to the very short-lived absolute
alpha emitter 2'*Po (T1/2 = 4.2 ps, E = 8.4 MeV)
with a disintegration ratio of 97.8%. The residual
2.2% of 2PBi decays into **T1 by emitting an
alpha particle (E=5.5MeV, 0.16%, E=5.9 MeV,
2.01%). The alpha particle emitted by 2"*Po has
an energy of 8.4 MeV and a path length of 85 pm
in body tissues [14]. A summary of a-emitter par-
ticles used in the treatment of brain tumours is
listed in Table 10.5.

10.1.1.2 Beta-Emitter Radionuclide

Currently, radionuclide therapy in human cancer
therapy is mainly based on energetic B-emitting
particles. These p-particles are negatively charged
electrons emitted from the nucleus during the
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Table 10.5 Physical properties of a-particle emitters [8]

Radionuclide Half-life Particle(s) emitted E,, (MeV)? Ry, (pm)®
2HAL 7.2h la 6.79 60
23Bi 46 min la, 2 8.32 84
Ac 10 days 4a, 2p 6.83 61

2 Mean energy of a-particles emitted per disintegration [15]
® Mean range for a-particles measured by second-order polynomial regression fit (data from [16]): R = 3.87E + 0.75 E?
— 0.45, where R represents the range (pm) in unit density matter and E represents the a-particle energy (MeV)

Table 10.6 Physical characteristics of p-Particle emitters [8]

Radionuclide Half-life EP~ (max) (keV)* R~ (max) (mm)®
""Lu 6.7 days 497 1.8

BIT 8.0 days 606 2.3

188Re 17.0h 2120 10.4

0y 64.1h 2284 11.3

* Maximum of energy of p particles emitted per disintegration

®Range (um) for electrons by E = 0.02 — 100 keV calculated by Cole’s equation [18]: R =0.043 (E + 0.367)"77 - 0.007,
whereas range (mm) for electrons with £ (MeV) calculated using second order fits (data from [19]): R (0.1 — 0.5 MeV)
=24E +2.86E* — 0.14, and R (0.5 — 2.5 MeV) = 5.3E + 0.0034E> — 0.93

decaying process of radioactive atoms and have
different energies and a spectrum of ranges. After
emission, as these [-particles pave their path,
they lose their kinetic energies and finally take a
contorted path and then stop. The recoil energy of
the daughter nucleus is negligible due to its small
mass [8]. The p-particle emission decayed by the
beta-emitters has a maximum kinetic energy of
0.3-2.3 MeV and a penetration range of ~0.5—
12 mm in soft tissue [17].

The f-particles range/cell diameter ratio
enables f-particles to traverse the cells (10—
1000). An important implication of the long
range of the emitted electron is the cross-the-fire
effect, a condition in which the radiation beam
can irradiate the cells near the targeted cell with-
out direct binding to those cells. A summary of
beta-emitter particles used in the treatment of
brain tumours is presented in Table 10.6.

10.1.2 Routes of Drug
Administration

10.1.2.1 Systemic Administration

of Radioconjugates

Typically, the systemic administration of thera-

peutics to treat various solid neoplasms ensures

the delivery of a therapeutic dose to the tumour
tissue; however, brain tumours represent an
exception. Systemic drug application to brain
tumours is restricted by several limitations, of
which the most substantial is the intact BBB
which prevents the distribution of drugs within
the brain tissue. Nonetheless, the systemic
administration of radiolabelled monoclonal anti-
bodies (mAbs) via RIT approach for the treat-
ment of brain tumours is possible in principle.
For instance, Emrich et al. attained an encour-
aging response following the intravenous (iv)
administration of 'I-labeled EGFR-mAb 425
for the treatment of patients with high-grade gli-
oma tumours [20]. Another study compared the
uptake of radioconjugates in tumours and dem-
onstrated that, following the iv injection of radio-
conjugates, the levels of '"'I-labeled 81C6
(tumour-specific mAbs) were five times greater
than those of co-injected '*I-labeled 45.6 (tumour
non-specific mAbs). These results were post-
therapeutically controlled by a histological
examination of tissue biopsies. Furthermore,
Zalutsky et al. concluded that the level of
BlT-labelled 81C6 was up to 200 times greater
than that in normal brain tissue based on the
biopsies [21]. Remarkably, they studied the
tumour dose delivery of the mAbs to the glioma
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tumours after iv and intra-carotid administration
of a radiolabelled-mAb. They found that there is
no significant difference in drug delivery between
iv and intra-carotid application of the
radiolabelled-mAb, but that the intra-carotid
injection may be associated with carotid
cannulation-related complications.

10.1.2.2 Locoregional Application
of Radioconjugates

The locoregional application of the therapeutic is
defined as the direct injection of a
radiolabelled-mAb either in the tumoral tissue, a
tumour cyst or a surgically created resection cav-
ity (SCRC). This method is the best of choice for
drug delivery to brain tumours, mainly because it
can circumvent the BBB, the most important
physical barrier impeding drug penetration into
the brain tissue. Other benefits of locoregional
application include its capacity to deliver a high
dose of radiation to the tumour while minimizing
systemic toxicity and interference with potential
human antibodies against mouse antigen
(HAMA). Locoregional administration of the
therapeutic is done either via convection-enhanced
delivery (CED) or Ommaya reservoir [22].

The CED method involves the implantation of
a catheter through which therapeutic products
can be applied using constant, low, positive pres-
sure bulk flow. Pre-clinical and clinical investiga-
tions have revealed that CED can provide
effective therapeutic delivery to substantial vol-
umes of the brain and brain tumour. However,
catheter technology has several shortcomings
that impede the technique from being reliable
and reproducible as will be discussed below.
Furthermore, the only completed phase III study
of GBM did not demonstrate a survival advan-
tage for patients treated with a trial therapeutic
administered via CED. Although many ongoing
efforts have been made to implement innovative
catheter designs and imaging approaches, there is
still a long way to go to introduce an effective
locoregional drug delivery system [23].

10.2 Peptide Receptor
Radionuclide Therapy

10.2.1 Biologic Targets for PRRT

10.2.1.1 Neurokinin Type 1 Receptor
Neurokinin type 1 (NK-1R) is one of three differ-
ent types of mammalian tachykinin receptors that
belong to the seven transmembrane G-protein-
coupled receptor family. NK-1R applies its effect
by activating phospholipase C, then producing
inositol triphosphate [24]. The ligand for NK-1R
is substance-P (SP) [25]. Furthermore, the over-
expression of NK1-R in glioma tumours has pro-
vided a basis for NK-1R-targeted therapy for the
treatment of brain tumours. So far, the adminis-
tration of ?*Ac-DOTA-substance-P has shown
promising results in pre-clinical studies [13].
Also, Krélicki et al. reported promising results
for using **Bi-DOTA-substance P in recurrent
GBM [26].

10.2.1.2 Glioma Chloride Channels
A chloride ion channel was found to be ubiqui-
tously expressed in glioma tumours while lack-
ing in normal brain tissue [27]. Also, the
expression level of glioma chloride channel
(GCO) is related to the tumour grade, such that
90% or more of high-grade gliomas and all
GBMs express GCC [27]. Therefore, GCC can
be used either as a diagnostic biomarker or as a
target for therapy. Chlorotoxin (CTX) is a
36-amino acid protein that is isolated from the
venom of the giant yellow Israeli scorpion
(Leiurus quinquestriatus); it effectively inhibits
the molecular currents passing through the GCC
with approximately 80% effectiveness [27].
TM-601 is an artificial form of CTX and is a
lyophilized, sterile and pyrogen-free compound.
BIL-TM-601 comprises TM-601 as a targeting
component coupled with *'T as a radionuclide
payload [28]. This radiolabelled therapeutic is
approved for phase I of clinical trials and the
results are promising to start phase II.
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10.2.1.3 Somatostatin Receptor

The peptide somatostatin is excreted by the endo-
crine, neural and immune systems and is ubiqui-
tously expressed by several tissues of the body. Its
functions include neuroregulation (motor, sensory
and cognition) and cellular growth blockage by
paracrine and autocrine routes [29, 30]. Somatostatin
function is induced through transmembrane G pro-
tein-coupled receptors; the molecule enters the cell
after binding to the ligand [31]. To date, six sub-
classes of somatostatin receptors (SSTRs) have
been found: SSTR 1, 2A, 2B, 3, 4 and 5.

Many brain tumours express different sub-
classes of SSTR on their cell surface; these include
primary brain neoplasms such as glioma tumours,
meningioma neoplasms, paediatric tumours of the
brain (medulloblastomas), pituitary adenomas and
supratentorial primitive neuroendocrine tumours
(PNETSs) [32-35]. Dutour et al. [36] revealed that
glioma and meningioma tumours express at least
one, and sometimes different multiple subclasses
of SSTR. They provided the proofs on identifying
SSTRs in tumours and the surrounding tissues,
predominantly in the blood vessels related to
tumour neovascularization.

So far, three ®*Ga-DOTA peptides have been
produced for clinical imaging; these include
%Ga-DOTA-TOC,  %Ga-DOTA-NOC and
%Ga-DOTA-TATE. The ability to bind to SSTR2
is the common characteristic of ®*Ga-DOTA pep-
tides, but they differ in terms of their SSTR sub-
type affinity profile [37].

A summary of the ideal characteristics of the
biologic target for targeted cancer therapy is
listed in Table 10.7.

Table 10.7 Ideal target for target-based radionuclide
therapy

Ubiquitous and homogeneous expression on the
tumour cells

Absence or minimal expression on the normal cells
Intrinsic tumoricidal property
Ability to pass through the BBB

Sufficient and homogeneous distribution in the
tumour tissue

High target affinity and Stable ligand binding in the
low nanomolar range

Rapid elimination from systemic circulation
Absence or trivial side effect profile

10.2.2 Clinical Studies

As mentioned earlier, the treatment-challenging
properties of high-grade brain tumours and the
failure of an across-the-board treatment to
improve overall survival (OS) indicate an urgent
need to develop an effective therapeutic. In this
regard, precision medicine can provide a tailored
treatment based on the individual biologic targets
expressed by the tumours. PRRT is an initiative
approach to more accurately treat these tumours.

The first PRRT study was conducted by Merlo
et al. [38]. They treated 11 patients (seven low-
grade and four anaplastic glioma patients) by
locoregional administration of !'''In-DOTAOD-
PhelTyr3]-octreotide  (!!'In-DOTATOC) and
%Y-labeled DOTATOC. In this proof-of-concept
study, patients were treated with intra-tumoral
injection of radioconjugate via a port-a-cath-like
device. Furthermore, they showed a homoge-
neous distribution and stable peptide-to-receptor
binding of """In-DOTATOC on the tumour cells
surface. The administered dose was one-to-four
fractions based on the tumour volume; 1110MBq
of *Y-labeled DOTATOC was the maximum
dose per each injection. Six stable diseases and
the shrinking of a cystic low-grade astrocytoma
tumour were achieved. The toxicity profile
included secondary perifocal oedema. The
authors claimed that the activity/dose ratio (MBq/
Gy) may serve as a potential prognostic factor for
the clinical course of the disease.

Recently, we assessed the treatment efficacy
of intravenous '""Lu-DOTATATE in patients with
high-grade astrocytoma; the results were promis-
ing (Fig. 10.1).

However, further well-designed studies to
determine absorbed dose; more precise protocols
based on tumour invasiveness, aggressiveness,
malignant transformation and histological classi-
fication; as well as long-term outcome and the
effect of this therapeutic on laboratory parame-
ters are highly warranted. A list of selected clini-
cal studies is presented in Table 10.8.
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Fig. 10.1 Peptide receptor radionuclide therapy for 63-year-
old women with glioblastoma multiforme in left striatum.
There is remarkable uptake in the tumour on post-therapy
images using 177Lu-DOTATATE (3.7 GBq). The patient had

Table 10.8 Selected PRRT in the brain tumours

4 L]

received three cycles of 177Lu-DOTATATE and achieved a
stable course since starting therapy. This figure also depicts
the ubiquitous and homogeneous distribution of the radiocon-
jugate throughout the tumour tissue following iv injection

Drug Phase | Target/vector Results Toxicity profile Notes

PRRT in newly diagnosed disease

904 1abeted poTaTOC [38] Pilot | Radiolabelled- Six disease Only perifocal Sufficient drug

study | peptide against SSTR | stabilization oedema distribution
administered Shrinkage of one Stable peptide to
locoregionally low-grade ligand binding
astrocytoma

“Y-labeled Pilot | Radiolabelled- 1345 months of

DOTATOC [39] study | peptide against SSTR | steroid-free in
administered progressive
locoregionally gliomas

""Lu-DOTATATE Pilot | Radiolabelled- One complete No major side They included

[40] study | peptide against SSTR | remission effect was 10 patients and
administered Three partial reported 50% were
intravenously remission responsive to

One stable disease treatment

2Y-DOTATAGA-SP Radiolabelled- Disease Radionecrosis and | This study

[25] peptide against SSTR | stabilization and transient provided the
administered clinical status treatment- evidence for
locoregionally improvement associated brain specificity of the

were observed

oedema

drug for gliomas
(continued)
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Table 10.8 (continued)

Drug \ Phase \ Target/vector \ Results Toxicity profile \ Notes

PRRT in recurrent disease

Y-labeled Pilot | Radiolabelled- One complete Minor side effect | Three patients

DOTATOC [41] study | peptide against SSTR | remission reported were included
administered Two partial and all were

locoregionally by
Rickham reservoir

remission

responsive to
treatment

Immune-Based Radionuclide
Therapy

10.3

10.3.1 Biologic Targets for RIT

10.3.1.1 Tenascin-C

Tenascin-C (TN-C) is a hexa-brachion polymor-
phic glycoprotein of the extracellular matrix
(ECM) expressed in both normal conditions and
disorders. TN-C is expressed far and wide in
pathologic conditions such as wound healing,
inflammatory processes and tumorigenesis; it
also has a short-term physiological expression
during embryogenesis and organogenesis [42].
Regarding tumorigenesis, the key function of
TN-C is to ease the migration of tumour cells
from the ECM to other body parts [43].
Approximately 90% of glioma tumour cells show
extensive expression of TN-C, particularly glio-
blastomas, contrary to normal cells which express
it to a minor extent [42, 44, 45]. TN-C was shown
to have immunoreactivity in the tumoral vessels
and the tumour networks of high-grade astrocy-
toma tumours [46]. Furthermore, TN-C is
expressed in the tumoral vessels in higher levels
in high-grade compared to low-grade astrocy-
toma tumours [46]. TN-C expression is associ-
ated with proliferative rate, angiogenesis and
progressive growing pattern [46]. Regarding the
overexpression of TN-C in gliomas and its cru-
cial role in tumour proliferation, migration, pro-
gression and angiogenesis, it seems that targeting
TN-C can serve as a targeted therapy approach
based on tumour biology in selected patients
[46-48]. So far, several antibodies have been
designed to target TN-C; these are classified as
murine monoclonal antibodies (mmAbs) and chi-
meric antibodies (cAbs). mmAbs against TN-C
include BC-2, BC-4, 81C6, ST2146, ST2485,

F16 and P12; cAbs consist of ch81C6 [49-51].
These antibodies have been studied in the pre-
clinical setting; if they show promise, they are
eligible for translation into clinical trials [52, 53].

10.3.1.2 Epidermal Growth Factor
Receptor

Epidermal growth factor receptor (EGFR) is a
transmembrane protein that functions as a recep-
tor for a protein ligand belonging to the epider-
mal growth factor family [54]. The binding of the
ligand to the EGFR causes the phosphorylation
of receptor tyrosine kinase and activates down-
stream signal transduction pathways involved in
cellular proliferation rate regulation, differentia-
tion and survival [54]. Moreover, EGFR overex-
pression is associated with some cancers such as
brain neoplasms [55]. It has been detected in
about 57% of GBM tumours [55]. EGFR has an
important role in tumour cell proliferation and
survival; therefore, EGFR blockage can interrupt
intracellular signalling. Thus, it has gained mean-
ingful attention as a biological target for RIT in
brain tumours. Thus far, two types of therapeutics
have been made to inhibit EGFR activity: mAbs
that target EGFR and tyrosine kinase inhibitors
(TKIs) that prohibit EGFR-related signalling
pathways. These mAbs include nimotuzumab,
cetuximab and monoclonal antibody-425, while
the TKIs consist of erlotinib and gefitinib. Both
of these drug types have been investigated in pre-
clinical and clinical trials [56-65].

10.3.1.3 Neural Cell Adhesion

Molecule
Neural cell adhesion molecule (NCAM) is a gly-
coprotein on the cell surface that has Ig-like and
fibronectin type III (FnlIIl) domains in its struc-
ture and is classified in the immunoglobulin (Ig)
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superfamily. Within the central nervous system
(CNS), these molecules contribute to cell group
formation, NCAM-related neurite outgrowth and
synaptic plasticity [66, 67]. Because NCAM has
been found ubiquitously in some cancers such as
brain neoplasms, NCAM-targeted therapy for
these tumours has received significant attention.
Several mAbs have been created against NCAM
including  B'I-UJ13A, BI-ERIC-1  and
Y-ERICI; they have been tested in pre-clinical
and clinical studies of RIT for brain neoplasms
[68-71].

10.3.1.4 Histone H1

Tumour necrosis therapy (TNT) is an innovative
strategy in the targeted therapy of cancers; it uses
mADbs or fragments of such to aim at an intracel-
lular antigen of the necrotic debris of the tumour
[72]. Tumours of the brain contain areas of necro-
sis in which the cells have higher cell membrane
permeability; thus, several immunoglobulins are
able to enter the cells [72]. Furthermore, histone
H1 is a linker histone; it is found in the nucleus
and is involved with nucleosomal arrays for
increased compacting of the nucleosomes in
order to form a higher-level chromatin structure
[73]. There is a widespread expression of the
molecule in the necrotic areas of brain tumours.
Therefore, it can be targeted using a mAb
equipped with a radionuclide payload [72].
ChTNT-1/B mAb is a genetically engineered chi-
meric mAb capable of specifically binding to the
DNA-bound histone H1 in order to form an insol-
uble and non-diffusible anchor for the bounded
mAb [72]. Recently, it has been attached to *'I
and has been applied in the treatment of GBM
tumours [72, 74].

10.3.2 Future Novel Targets

10.3.2.1 Fibulin-3

Fibulin-3 is a glycoprotein of the extracellular
matrix (ECM) typically detected in healthy con-
nective tissues. The molecule is absent in normal

brain tissue; however, it is expressed by GBM
cells and is found in the ECM of tumour tissue
[75-77]. Moreover, fibulin-3 can initiate Notch
and NF-kB signalling pathways by autocrine and
paracrine paths that have not been described in
healthy tissues [75, 77, 78]. Fibulin-3 intensifies
the capacity for invasion, neovascularization and
survival in the tumour-initiating cell population
of GBM; it is related with poor prognosis and
represents a biomarker of active progression [79,
80]. Hence, the pivotal role of fibulin-3 in the
biology of GBM and the significant tumour-to-
background ratio potentially make it an appeal-
ing molecular target for cancer therapy. Nandhu
et al. introduced a function-inhibitor antibody
that targets fibulin-3, named mAb428.2, that was
designed to treat GBM tumours in a mouse model
[81]. They treated mice carrying xenograft sub-
cutaneous or intracranial GBM by administration
of mAb428.2 via either iv or intra-tumoral injec-
tion. The results show promise; mAb428.2 suc-
cessfully bound to the target and inhibited the
fibulin-3 from starting ADAMI17, Notch and
NF-kB signalling in the cells of GBM and finally
reduced tumour growth, invasion and neovascu-
larization, and improved the survival of the mice.

Another study reported that anti-fibulin-3-
targeted therapy for GBM can strengthen anti-
tumour inflammatory response [82]. Taking the
available evidence together, fibulin-3 represents a
promising biological target for the treatment of
these tumours, particularly for RIT where it is
joined with a radionuclide payload. Also, fibulin-
3-based RIT may provide promising therapeutics
due to a high tumour-to-background ratio that
enables it to reach the tumour tissue while mini-
mizing damage to the nearby non-tumoral
tissues.

10.3.3 Clinical Studies

The clinical studies of the application of RIT in
brain tumours are summarized in Tables 10.9 and
10.10.
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Table 10.10 Selected ADC therapy studies for high-grade gliomas

Drug ‘ Phase ‘ Target/vector ‘ Results ‘ Toxicity profile ‘ Notes
Radioimmunotherapy in recurrent disease
188Re-nimotuzumab | T Radiolabelled-ant ORR: Liver-function test MTD = 3 mg for 10
[84] EGFR antibody NA abnormalities, mCi
administered by mOS: 19 | neurological '88Re-labelled-
Ommaya reservoir months | deterioration, antibody
6-month | radionecrosis
PFS: NA
2At-ch81C6 [85] I Radiolabelled- ORR: Visual deficit, nausea,
chimeric anti-tenascin | NA fatigue, infections,
antibody mOS: HAMA, seizures,
administered by 14.3 headaches, aphasia,
Rickham reservoir months | numbness
6-month
PFS: NA
BIL-BC2/BC-4 (53] |1/II Radiolabelled-anti ORR: Headaches, HAMA
tenascin antibody 22%
mOS: 21
months
6-month
PFS: NA
Cotara("*'I-chTNT-- | II Radiolabelled-anti ORR: Memory impairment, Efficacy data are
1/B) [74] histone-H1 antibody 18% reduced consciousness, | available only for
applied by CED mOS: fatigue, abdominal pain, | patients with
9.5 catheter complications, | recurrent disease
months headaches, hemiparesis, |receiving 1.25 mCi/
6-month | seizures, cerebral cm? and 2.5 mCi/
PFS: NA | oedema, confusion, cm’®
agitation
Radioimmunotherapy in newly diagnosed disease
125T-mAb 425 [86] I Intravenous delivery of | ORR: Flushing, hypotension, | Median OS was
radiolabelled mouse NA occasional nausea, skin | 10.2 months for a
anti-EGFR antibody mOS: irritation, HAMA cohort of patients
(with radiotherapy + 20.4 receiving
temozolomide) months radiotherapy alone
6-month
PFS: NA
BIT-81C6 [87] Pilot | Locoregional delivery | ORR: Seizures, hematologic, | NA
study | of radiolabelled mouse | NA neurological, infective,
anti-tenascin antibody | mOS: thrombotic
(with radiotherapy + 22.6 complications
chemotherapy) months
6-month
PFS: NA
BIL.BC2/BC4 [53] |I/1I Locoregional delivery | ORR: Headaches, HAMA * Data shown are
of radiolabelled mouse | NA only for patients
anti-tenascin antibody | mOS: 19 with glioblastoma
(with conventional months e mOS: 25
surgery and post- 6-month months for
operative radiotherapy | PFS: NA patients with

+ chemotherapy)

small-volume
(<2 cm?®) disease

CED convection-enhanced delivery, HAMA human anti-mouse antibody, M7TD maximum tolerated dose, NA not avail-
able, mOS median of overall survival, PFS progression-free survival, RCC renal-cell carcinoma, ORR overall response

rate
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10.3.4 Challenges and Future
Directions

10.3.4.1 Challenges

Brain tumours present as aggressive tumours
with very poor prognosis despite optimal avail-
able treatment. Of those several reasons for thera-
peutic failure mentioned above, two represent the
crucial parameters contributing to clinical trial
failure; thus, should be considered as among
important factors for treatment planning. The
first is the physical barricading function of the
BBB and the latter is inter- and intra-tumoral
heterogeneity.

10.3.4.2 The Blood-Brain Barrier
(BBB)

Given the biologic properties of the intact BBB,
many drugs are prohibited from passing through
it to reach the brain parenchyma; an interrupted
BBB allows the selective passage of larger sub-
stances (antibodies or larger peptides). However,
all the parts of brain tumours are not covered by
the interrupted BBB and some parts are not
accessible due to shielding behind an intact BBB.

The locoregional administration of therapeu-
tics (chemotherapeutic or radiolabelled payloads)
is designed to circumvent this obstacle in the
treatment strategy. However, this method has
faced some challenging issues including signifi-
cant local toxicity profile, lack of anti-tumour
efficacy (pharmacodynamic failure) and local
complications such as radioconjugate leaking,
local pain, local bleeding and local infection/
inflammation.

Another approach is the application of drugs
that are small enough to pass through the intact
BBB. However, an effective drug of sufficiently
small molecular size has yet to be developed.

Before the introduction of tumour-selective
therapeutics, cancers were treated by nonspecific
cytotoxic drugs that harm many parts in the body
with early/late and transient/permanent compli-
cations. Given the low therapeutic effect, high
cytotoxic profile of the drugs and their significant
side effects, survival remained impoverished.
Therefore, the precision medicine concept aimed
to introduce targeted therapy to selectively target

tumour cells while minimizing damage to other
parts of the body. Notable progress has been
made, but several challenges still remain.

10.3.4.3 Tumoral Heterogeneity
Another important factor in treatment failure is
tumour heterogeneity. Tumour heterogeneity may
be classified as inter- and intra-tumoral heteroge-
neity depending upon the different genetic charac-
teristics and molecular profile not only between
patients but also within each subject. It is well-
known that high-grade brain tumours are com-
posed of multiple tumour cell colonies with
different genetic properties and molecular profiles.
Interestingly, the precision medicine concept,
which involves giving the right drug to the right
patient, can provide a personalized solution to cir-
cumvent inter- and intra-tumoral heterogeneity.

There is an unmet need in regard to the lack of
classification of patients in clinical trials based
on the molecular and genetic profile of their
tumours; the intertumoral heterogeneity in brain
tumours usually results in an inhomogeneous
patient group that shows variable therapeutic
responses to the same treatment. Therefore, these
heterogeneities necessitate the sorting of patients
with high-grade tumours according to genetic
characteristics, molecular profile and constitu-
tional tumoral cell colonies. This approach can
optimize the precision medicine concept to cir-
cumvent inter-tumoral heterogeneity by aiming
to deliver the right drug to the right patients in
order to provide the optimal therapeutic benefits
(Fig. 10.2).

So far, few clinical trials have incorporated
molecular and genetic properties into their study
design and patients are simply divided into a new
case group and a recurrent disease group.
However, these patient groups are highly inho-
mogeneous due to vast tumoral heterogeneity
and overly simple classification strategies.
Moreover, an assessment of treatment efficacy in
an inhomogeneous patient group will probably
lead to inconclusive results and misinterpretation
of the true therapeutic benefits, and may mask the
responding patient population.

Regardless of the many possible reasons for
the failure of a clinical trial, inhomogeneous
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Tumor Heterogeneity
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Heterogeneity
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Multiple Target Therapy
Based on Precise
Molecular Profiles in Brain

Tumors
Fig. 10.2 Precision medicine approach in brain tumours

patient population and intertumoral heterogene-
ity are major issues that challenge the merits of
an effective clinical trial and have yet to be
addressed. This obstacle can be tackled by incor-
porating individual biologic data into patient
classification, such as molecular profile, genetic
characteristics and the immunologic properties of
the tumour cell colonies.

Unfortunately, the molecular, genetic and
immunologic characteristics of high-grade gli-
oma tumours have not been fully discovered to
date. Therefore, an alternative strategy is to
identify and separate patients who respond to a
given drug in a routine clinical trial, and to
explore the biologic properties contributing to
the therapeutic response. This alternative strat-
egy can grant us a better insight into the biologic
principles of tumorigenesis and help to identify

biomarkers for patient classification and disease
prognostication.

Following biology-based classification of the
patients, another issue that needs to be addressed
is that of intratumoral heterogeneity, which can
be eluded by targeting multiple biologic targets
in order to target all of the constitutional tumoral
colonies. The best solution is the coupling of a
radionuclide payload and an mAb with an intrin-
sic tumoricidal property that allows us to fight
cancer cells more efficiently.

10.3.5 Conclusion
Early and effective intervention is mandatory in

the early stages of high-grade gliomas due to the
extensive and irreversible destruction of healthy
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neural tissues by the tumour. It is time to recon-
sider recommending an across-the board treat-
ment without patient classification based on
individual biologic profile. Biology-based patient
classification and individual-based multiple-
targeted therapy are essential prerequisites of a
tailored personalized management that would
pave the way toward an effective treatment for
brain tumours.
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It is a great honor and a great pleasure to contrib-
ute to a Festschrift for Professor Richard Baum, a
very good friend, a brilliant scientist, and one of
the leading clinically active physicians in the
field of coupling diagnostic and therapeutic
approaches using radioactive isotopes—the so-
called “theranostics”.

Outside nuclear medicine, theranostic repre-
sents the tight connection of diagnostic proce-
dures and therapeutic regimens, resulting in
personalized medicine. Diagnostic tools on a
molecular level are gaining more and more
importance with the upcoming development of
highly specific drugs such as kinase inhibitors
and immunotherapeutic substances. Due to dra-
matic progresses in radiochemistry and radio-
pharmacy, molecular imaging with radioactive
isotopes coupled with specific treatment options
becomes a central issue with respect to the mean-
ing of radioactive isotopes in modern medicine,
focused on multimodal treatment regimens. It is
not so easy to give an exact definition for the use
of isotopes in theranostics: it is related to a sub-
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stance, that “finds its way” to target tissue (by
specific molecular mechanisms) which might
be—benign or malignant—the pathologic tissue,
e.g., aneuroendocrine tumor, or a (healthy) target
for pathological processes like the thyroid gland
in Graves’ disease for autoantibodies.

Radioactive iodine was the first isotope in his-
tory engaged in a theranostic approach, initially
used to treat thyroid diseases. The first radioio-
dine treatments were done in the early 1940s and
published in 1946 [1]. The first therapy in Europe
was performed by Cuno Winkler in 1948 [2].
Based on the high effectivity of the sodium iodine
transporter, highly specific uptake and striking
effects could be achieved with radioiodine ther-
apy. I-131 was discovered by Glenn Seaborg and
John Livingood at the University of California.
Initially, I-128 was used in animal studies, it was
substituted by I-130 and finally I-131 with respect
to superior physical and logistic characteristics.
Iodine-123 for scintigraphic and SPECT imaging
and I-124 for PET imaging followed. Like in all
other theranostic applications, radioactive iodine
isotopes can be used to perform dosimetry with
respect to target organs as well as to critical
organs to minimize side effects.

It took several decades and overwhelming
successes in radiochemistry to copy the observed
convincing effects of radioiodine treatment in the
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therapy of other diseases, particularly in cancer.
The classic theranostic feature of 1-131 with
beta- and gamma-radiation can still be addressed
as a blueprint for modern treatment regimens
with radioactive isotopes. Nevertheless, com-
pared to the time before 2000, the “classic” indi-
cations for radioiodine treatments are decreasing
worldwide. Several reasons for this issue have to
be discussed:

Mazzaferri and his group [3, 4] proved dra-
matic advantages of therapy regimens to treat dif-
ferentiated thyroid cancer including radioiodine
therapy not only in metastatic disease to destroy

Fig.11.1 59-year-old female patient after thyroidectomy
and central lymph node dissection because of papillary
thyroid cancer (pT2m, pN1a (9/42)). (a) Whole-body scan
after first radioiodine application: multiple radioiodine-
positive lung metastases (thyroglobulin: 113 ng/mL). (b)
Whole-body scan after second radioiodine application,
showing the treatment success of the first radioiodine

radioiodine-positive metastases (Fig. 11.1), but
also to ablate remnant tissue in cases without vis-
ible remnant or metastatic malignant tissue.
Outcome of patients treated with radioiodine
improved markedly [3, 4] with respect to pro-
gression-free survival as well as overall survival.
The reasons for the superiority of remnant abla-
tion are obvious: besides the possible destruction
of intrathyroidal micrometastases in tissue rem-
nants, the conditions for an optimal follow-up are
based on the absence of scintigraphically detect-
able (also benign) thyroid tissue and negative
serum thyroglobulin as the most important tumor

therapy: only faint residual thoracic radioiodine uptake
(thyroglobulin: 0.1 ng/mL). (¢) CT scan before radioio-
dine treatment: multiple small lung metastases. (d) CT
scan 6 months after high dose radioiodine treatment:
remission of the lung metastases. (e) CT scan 1 year after
high dose radioiodine treatment: further regression of the
lung metastases
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Fig. 11.1 (continued)

marker in differentiated thyroid
Nevertheless, in some guidelines, written during
the last years, e.g., published by the American
Thyroid Association (ATA) [5] recently, besides
restrictions concerning scintigraphy (recom-
mended only, if TSH is suppressed) radioiodine
treatment is considered less important and rec-
ommended only in higher tumor stages of differ-
entiated thyroid cancer. Moreover, in papillary
microcarcinoma, active surveillance is discussed
instead of surgery (and ablation radioiodine ther-
apy) [6, 7].

The reasons for these recommendations
remain somewhat unclear. Partly, they are based
on a number of publications dealing with possi-
ble secondary malignancy after radioiodine ther-
apy in thyroid cancer, e.g., by Iyer et al. and other
groups [8—11]. Several drawbacks of these papers
make it difficult to follow the arguments against
the use of treatment regimens, proven to be effec-
tive for several decades. Especially the effect of

cancer.

intensified surveillance (subsequently to radioio-
dine therapy) and resulting changes in early diag-
nosis in various cancers (addressed as secondary
malignancies) were not taken into account.
Moreover, cancers diagnosed as early as 6 months
after radioiodine application were counted as
secondary malignomas, contradicting radiation
biology experiences, that it takes several years or
even decades to develop stochastic radiation bur-
dens, as described in these papers. In addition, a
dose-effect relationship which should be expected
in diseases, caused by a distinct factor, was not
observed in most of these studies. A well-written
paper dealing with some weak arguments con-
cerning secondary malignancies (referring to a
paper published by Molenaar et al. [12]) was
published by Tulchinsky et al. [13]. A partial har-
monization of ATA guidelines with especially
European understandings [14] of optimal treat-
ment regimens could be achieved in the
“Martinique process” [15] by specialists from
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several continents. A second reason for the
decreasing number of radioiodine treatment in
thyroid cancer worldwide might be the emerging
importance of screening programs, including
thyroid ultrasound [16]. On one hand, subse-
quently, thyroid cancers are detected at lower
tumor stages with less nodal or distant metastatic
involvement [17] and therefore decreased need
for ablative radioiodine therapy (besides changes
in the guidelines recommendations). On the other
hand, higher detection rates could cause more
radioiodine treatments (only those cases, in
which the tumor would otherwise not be clini-
cally obvious during lifetime). Surgical tech-
niques have been improved, causing lower
volumes of remnant tissue after thyroidectomy,
resulting in lower numbers of radioiodine treat-
ment cycles and lower amounts of radioiodine
needed for complete remnant tissue ablation.
Radioiodine uptake and thyroglobulin-guided
radioiodine ablation was proven to be superior to
fixed doses with respect to efficacy as well as side
effects [18]. Risk-adapted treatment schedules
are important also in metastatic disease with
respect to the known outcome difference between
synchronous and metachronous manifestation of
distant metastases [19]. Whereas initial data did
not show inferiority of low-dose (1.1 GB) radio-
iodine ablation in low-risk patients [20], in
subsequently published papers it was proven that
low-risk patients as well as high-risk patients
benefit from higher activities [21]. Using I-124,
Jentzen et al. [22] reported high success rates in
dosimetry-guided therapeutic regimens.

Also in benign thyroid diseases, especially in
Plummer’s disease, we observe a decreasing
number of radioiodine treatments (and also
amounts of radioiodine needed), due to earlier
detection of subclinical hyperthyreosis by screen-
ing programs and TSH measurements in standard
clinical work-up. In addition, in former iodine
deficiency areas, prevalence of functional auton-
omy is decreasing with the improvement of nutri-
tional iodine supply [23, 24].

In diagnostic approaches, the use of radioiso-
topes decreases with respect to thyroid diseases
as well since several guidelines recommend scin-
tigraphy only in case of TSH suppression (see

above). It is difficult to follow this argumentation
since papers dealing with the prevalence of func-
tional autonomy prove the necessity of scintigra-
phy also in cases with known thyroid nodules and
normal TSH, because autonomic foci can be
detected in many patients suffering from nodular
goiter and presenting with normal TSH [25, 26].
Not only the need for treating functional auton-
omy, e.g., by radioiodine, can be derived from
scan results, but also, with respect to deciding on
the malignancy risk of suspicious nodules, it is
important to avoid biopsy of hot nodules since
these often show up as follicular neoplasia, which
in general has to be addressed as an indication for
surgery with histological work-up of the lesion, if
the nodule is cold but is misleading in case of hot
nodules. Other techniques, like elastography or
power Doppler, might give some additional infor-
mation on the tissue characteristics of thyroid
nodules but are not able to replace scintigraphy
[27, 28]. In addition, the thyroid scan is impor-
tant to differentiate between thyroiditis with thy-
roid hormone releasing from destructed follicles
and Graves’ disease with hyperthyreosis [29].

New fields for the use of radioactive isotopes
in malignant thyroid diseases were established
within the last two decades and particularly the
last few years—especially with respect to inter-
disciplinary settings. The loss of radioiodine
uptake, due to the loss of sodium iodine sym-
porter (or its embedding in the cell membrane)
markedly decreases prognosis [30]. In addition to
morphological imaging with ultrasound, CT, and
MRI, various functional imaging techniques
were established to detect malignant tissue within
the thyroid gland as well as radioiodine-negative
tumor sites after thyroidectomy and ablative
therapy.

Besides “functional scintigraphy” with
Tc-99 m-pertechnetate or I-123, “metabolic
imaging “with Tc-99 m-Hexakis-(2-methoxy-2-
methylpropylisonitrile) (MIBI), and—if avail-
able—FDG-PET scan have proven to contribute
significantly to the characterization of suspi-
cious thyroid nodules [31, 32]. The very high
negative predictive value of MIBI scintigraphy
(>90%) has brought this technique to clinical
routine in the work-up of thyroid nodules. FDG-
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PET has its major role in the detection of
radioiodine-negative lesions in differentiated
thyroid cancer [33, 34] and medullary thyroid
cancer [35] and is superior to morphological
imaging with CT and MRI. MIBI scintigraphy
can be useful during follow-up and recurrence
detection when FDG-PET/CT is not available
[36, 37]. Radioiodine refractory condition is—
according to paper published by Cabanillas
et al. [38]—defined as

— Lack of radioiodine uptake on posttherapy
scan (>1.1 GB).

— Lack of radioiodine uptake on whole body
scan in known structural disease.

— Lack of demonstratable ability of the tumor to
concentrate sufficient radioiodine for a tumor-
icidal effect (<80 Gy in metastatic foci),

— Structural progression 6-12 months after
radioiodine therapy.

— Rising Tg levels 6-12 months after radioio-
dine therapy.

— Continued progression despite cumulative
activities of >20 GBq.

In these situations, other treatment options
have to be discussed. Conventional chemother-
apy (e.g., with doxorubicin or cisplatin) did not
show positive effects in most cases and was used
in some patients suffering from anaplastic or
poorly differentiated thyroid carcinomas [39].
Recently, particularly multikinase inhibitors
emerged as promising treatment options. They
showed positive effects as to tumor shrinkage and
progression-free survival [38]. Sorafenib was
approved on the basis of the DECISION trial,
which showed a prolonged progression-free sur-
vival from 5.8 to 10.8 months [40] with no sig-
nificant effect on the overall survival. Lenvatinib
was approved by the FDA on the basis of the
SELECT trial [41]. Progression-free survival was
18.3 months in the verum group and 3.6 months
in the placebo group [41]. The response rate was
as high as 65%, including 4 complete remissions.
Therefore, lenvatinib seems to be the most prom-
ising kinase inhibitor (without considering pos-
sible effects on radioiodine uptake of other drugs)
hitherto.

Former approaches to reinduce radioiodine
uptake and therefore engage the radioisotope
theranostic principle were done with retinoic acid
[42, 43] and rosiglitazine [44]. In about 30% of
all cases, radioiodine uptake in initially
radioiodine-negative tumor lesions could be
achieved by retinoic acid. Nevertheless, there are
only few cases with reported clinical success for
this kind of redifferentiation therapy.

According to a number of recently published
results, molecular profiling could be extremely
helpful in radioiodine refractory cancer [45-51]
with respect to evaluating individual outcome
prognosis as well as choosing optimal targeted
therapy [52]. Immune checkpoint inhibitors
proved to be effective in various cancer types and
can be expected to be helpful also in some
patients suffering from thyroid cancer. A new
approach was the use of selumetinib [53]. It was
effective to increase radioiodine uptake and
shrink tumor mass, especially in RAS-mutated
tumors. In 12 out of 20 patients, radioiodine
uptake was increased significantly, causing par-
tial remission in 5 cases [53]. Recently, dab-
rafenib was shown to be able to reinduce striking
radioiodine uptake in BRAF-positive cases [54].
All these data are leading back to the above-
mentioned personalized treatment (also called
theranostic), coupled with genetic tumor charac-
terization. Larger series are necessary to evaluate
the success rate, the intensity of iodine uptake,
and the therapeutical effects of dabrafenib in ini-
tially radioiodine-refractory cancer.

In general, increasing importance of mutation
analyses can be expected in the near future, e.g.,
for larotrectinib, a highly selective inhibitor of
the three tropomyosin receptor kinase proteins
TRKA, TRKB, and TRKC. Larotrectinib is a tis-
sue unspecific kinase inhibitor (“tissue agnostic™)
and is approved for all cancer types with NTRK
fusion. Only around 1% of all malignant tumors
are NTRK-positive, but (besides salivary gland
cancer and sarcomas) papillary thyroid cancers
have the highest likelihood to be NTRK-positive.
Only a few cases were reported [55], but this sub-
stance might become more important in the ther-
apy of radioiodine-negative/refractory papillary
thyroid cancer in the future.



132

F. Griinwald et al.

Since all these drugs have remarkable side
effects (hypertension, diarrhea, fatigue, weight
loss, hand-foot skin reaction), which are in part
severe and can be life-threatening, their toxicity
has to be kept in mind when weighing advantages
against disadvantages of starting kinase inhibitor
treatments. Especially in slow-growing thyroid
cancers, it is really difficult to find the right time
point to start with the treatment when symptoms
become more evident and/or progression of the
disease accelerates. According to the ATA guide-
lines, multi-kinase inhibitors should be engaged
in case of a diameter increase of more than 20%
within 6 months [5]. Other groups [56] recom-
mended to start with kinase inhibitors, when the
tumor diameter is >1 cm and progression
occurred within less than 12 to 14 months.

But also “classic” isotope theranostics
(besides iodine isotopes) which were developed
for other cancer types, e.g., somatostatin receptor
positive neuroendocrine tumors, proved to be
helpful in some cases of differentiated thyroid
cancer (Fig. 11.2). Somatostatin receptor overex-
pression has been demonstrated in normal thy-
roid as well as thyroid cancer cells [57-62]. A
series of 16 patients had been treated with PRRT
by the group of Richard Baum. Stable disease
was observed in 36%, and partial response in
18% [63]. Since PSMA -positivity could be dem-
onstrated not only in prostate cancer but also in
several other tumor types, PSMA-specific ligands
were used for diagnosis and therapy in various
cancers. PSMA ligand uptake was also seen in
differentiated thyroid cancer (by incident as well
as in specific work-up of cases with suspected
recurrence [64, 65]) and Lu-177 ligands have
been used to treat radioiodine-refractory differ-
entiated thyroid cancer [66].

Fibroblast activation protein inhibitor (FAPI)
is overexpressed in cancer-associated fibroblasts
in many tumors and Ga-68-PET/CT was proven
to be a suitable diagnostic tool in various cancers,

including differentiated thyroid cancer [67].
Perhaps FAPI can be used as a theranostic sub-
stance in the future—labeling with Actinum-225
and Yttrium-90 has been described [68, 69].
Nevertheless, Ga-68-FAPI uptake in poorly dif-
ferentiated thyroid cancer was rather low [70].

C-X-C chemokine receptor type 4 (CXCR-
4)-mediated uptake of radioactive ligands has
been used for diagnostic (with Ga-68-Pentixafor)
[71] as well as therapeutic (with Lu-177-
Pentixather) [72-74] approaches. The chemo-
kine receptor CXCR-4 is overexpressed in
various tumors (including solid tumor tissue
such as breast cancer, pancreatic adenocarci-
noma, hepatocellular carcinoma, lung and
colorectal cancer) and is linked to tumor inva-
siveness and resulting poorer outcome [71]. In
addition, CXCR-4 is positive in inflammatory
diseases [74]. A meta-analysis, dealing with
CXCR-4 expression in thyroid tissue, showed a
distinct overexpression in papillary cancer (OR
67!) and a weak overexpression also in thyroid-
itis (OR 1.7) [75]. Therefore, due to very high
overexpression in papillary cancer, this ther-
anostic substance might be a promising solution
for iodine refractory cases in the future.

Also in benign thyroid diseases new fields for
the use of radioisotopes can be defined: Around
15 years ago, thermal ablation procedures were
introduced successfully to clinical routine in the
treatment of thyroid nodules [76-79]. Initially
addressed as an alternative to radioiodine treat-
ment and therefore a competing technique, it
could be proven that it is possible to combine
both techniques for optimal treatment of nodular
goiter, especially with hot and cold nodules pres-
ent in one thyroid gland [80]. In Graves’ disease,
total thyroid ablation (TTA) was proven to be
superior to surgery alone with respect to improve-
ment of endocrine orbitopathy. In patients treated
by TTA, endocrine orbitopathy could be reduced
significantly [81].
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Fig. 11.2 60-year-old male patient after thyroidectomy,
several subsequent operations, several radioiodine treat-
ments (including one therapy after retinoic acid pretreat-
ment) because of follicular Hiirthle cell carcinoma (pT3m
cN1) without significant radioiodine uptake. (a) FDG-
PET/CT (MIP) showing local recurrence and lung metas-
tases. (b) Ga-68-DOTATATE-PET/CT (MIP) showing

b

P

o

somatostatin receptor positivity in tumor lesions. (c)
FDG-PET/CT (transversal slice) before treatment with
Lu-177-DOTATATE showing high glucose metabolism
in local recurrence (including lymph nodes). (d) FDG-
PET/CT (transversal slice) after treatment with Lu-177-
DOTATATE showing therapeutic success (decreased
glucose metabolism)
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12.1 Cancer Targeted Therapies

Molecular targeted therapies are characterized
by blocking essential biochemical pathways or
mutant proteins that are required for cancer cell
growth and survival [1]. The National Cancer
Institute defines a target therapy as “type of
treatment that uses drugs or other substances to
identify and attack specific types of cancer cells
with less harm to normal cells. Some targeted
therapies block the action of certain enzymes,
proteins, or other molecules involved in the
growth and spread of cancer cells. Other types
of targeted therapies help the immune system
kill cancer cells or deliver toxic substances
directly to cancer cells and kill them. Targeted
therapy may have fewer side effects than other
types of cancer treatment. Most targeted thera-
pies are either small molecule drugs or mono-
clonal antibodies” [2]. Targets selected for
molecular targeted therapy include growth fac-
tors, signalling molecules, cell-cycle proteins,
modulators of apoptosis and molecules that pro-
mote angiogenesis, among many others ([3],
Fig. 12.1). Targets that are commonly used for
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imaging and therapy in nuclear medicine prac-
tice are radiolabelled peptides. Peptides are
important regulators of growth, cellular func-
tion and intercellular communication and they
act as neurotransmitters, regulating immune
response and information transduction. Peptide
ligands are neurotransmitters, hormones, che-
mokines, cytokines and growth factors.
Receptors targeted with radiolabelled peptides
have become an important topic, particularly in
nuclear oncology [4].

Targeted cancer therapeutics are amongst the
major treatment options for cancer today, together
with cytotoxic chemotherapies. These treatments
are more selective for cancer cells and improve
the quality of life for cancer patients undergoing
therapy [5]. However, these molecular targets are
expressed also in normal cells, which explains
the different grades of toxicity, resulting from the
disruption of normal cellular function. Along
with the benefits of disease stabilization different
adverse events are reported [6, 7]. The radiopep-
tide treatments improve survival in cancer
patients without significant evidence of cardiac
function impairment.
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Fig. 12.1 Summary of molecular targeted therapy mech-
anisms. Molecular targeted therapy on cancer focuses on
targeting specific cancer-associated molecules that are

12.2 Cardiotoxicity of Cancer
Targeted Therapy

One frequent side effect in targeted therapies is
cardiotoxicity. Cardiotoxicity related to cancer
therapy is a broad term and includes any func-
tional or structural heart injury related to cancer
treatment. Cardiotoxicity is well known to occur
secondary to cancer chemo and radiotherapy and
may lead to premature morbidity and death
among cancer survivors because of the direct
effects of the cancer treatment on heart function
and structure. Cardiotoxic effects have also been
observed in novel targeted therapies. In the con-
text of underlying cardiovascular diseases
(CVD), which are the leading cause of death in
the Western world, it may accelerate the develop-
ment of CVD, especially in the presence of tradi-
tional cardiovascular risk factors [7-10]. To
identify patients at risk for cardiotoxicity from
cancer therapy, it is crucial to detect previous
subclinical cardiac abnormalities and to perform
an early detection of possible cardiovascular
complications during treatment by increasing, for
example, the surveillance frequency [10, 11].

highly expressed in cancer cells or by modulating the
tumour microenvironment related to tumour vasculature,
metastasis or hypoxia. (Y.T. Lee et al. [3])

Myocardial dysfunction and heart failure
(HF), frequently described as cardiotoxicity, are
the most concerning cardiovascular complica-
tions of cancer therapies and cause an increase in
morbidity and mortality [10]. Cardiotoxicity is
grouped into two categories, based on different
pathological changes and clinical characteristics:

— Type I. traditional, related to traditional
chemotherapy.

— Type II: targeted, related to novel targeted
therapeutic agents.

Anthracyclines are the prototype of type I
agents and are associated with a significant risk
of left ventricular dysfunction (LVD) or HF,
compared with non-anthracycline therapies [12].
The pathophysiological mechanisms differ by
drug and include accelerated atherosclerosis, cor-
onary spasm, vascular endothelial damage and
arterial thrombotic events [13]. In addition to car-
diac dysfunction, which is typical for
anthracycline-based chemotherapies, targeted
cancer therapy-induced cardiotoxicities may
manifest also as elevated blood pressure, athero-
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sclerosis, thromboembolism, pericardial thicken-
ing and arrhythmia [12]. Unfortunately, the
understanding of the underlying pathophysiology
and natural history of cardiotoxicity remains lim-
ited. Therefore, it is critical to perform an early
patient risk stratification [13].

12.3 Diagnostic Tools to Detect
Myocardial Toxicity

12.3.1 Anamnesis and Risk
Stratification

The first step to identify patients at increased risk
for cardiotoxicity consists of a careful baseline
anamnesis. Demographic (age, family history of
CVD), lifestyle (smoking, obesity, high alcohol
intake, sedentary habit) and other cardiovascular
risk factors (i.e. arterial hypertension, diabetes
mellitus, hypercholesterolemia) should be col-
lected to perform a patient risk stratification
before cancer therapy. Previous cancer treatments
should be also recorded.

12.3.2 Electrocardiography

Electrocardiography (ECG) is recommended in
all patients before and during the cancer treat-
ments. It is useful to detect any ECG signs of car-
diac toxicity, either transitory or chronic,
including ST-T wave changes, conduction distur-
bances, arrhythmias, and others [10, 13].

12.3.3 Cardiac Biomarkers

The use of cardiac biomarkers during cardiotoxic
chemotherapy may be considered in order to
detect early cardiac injury. They are accurate,
reproducible, widely available, and high-sensitive
Troponin I, high-sensitivity Troponin I, B-type
natriuretic Peptide (BNP) and NT-proBNP are
generally recorded. However, there is currently
no clear evidence about the role of cardiac bio-
markers to detect cardiotoxicity due to both tar-
geted molecular therapies as well as traditional
chemotherapy [10].

12.3.4 Imaging Modalities
for Cardiotoxicity Screening

Cardiac imaging modalities include echocardiog-
raphy, cardiac magnetic resonance imaging, posi-
tron emission tomography, conventional nuclear
imaging techniques, cardiac computer tomogra-
phy and coronary computer tomography angiog-
raphy. Functional testing with exercise or stress
agents is also routinely used to diagnose either
LV myocardial ischaemia or other LV perfusion
abnormalities [10, 13, 14].

12.3.4.1 Echocardiography
Cancer patients treated with potentially cardio-
toxic therapy are at high risk of developing myo-
cardial dysfunction and congestive HF. LV
ejection fraction (LVEF) as a global marker of
LV systolic function is currently used and several
strategies have been applied over the past decades
to detect it. Cardiac dysfunction resulting from
exposure to cancer treatments was first recog-
nized in the 1960s, with the widespread introduc-
tion of anthracyclines into the oncologic
therapeutic setting. Different definitions of can-
cer therapeutics-related cardiac dysfunction
(CTRCD) have been historically used [15]. A
joint committee of the American Society of
Echocardiography and the European Association
of Cardiovascular Imaging defined the CTRCD
as a decrease in the LVEF of >10% points, to a
value <53% (normal reference value for two-
dimensional (2D) echocardiography). The
decrease should be confirmed by repeated car-
diac imaging. The repeat study should be per-
formed 2-3 weeks after the baseline diagnostic
study showing the possible initial decrease in
LVEF. That should be further categorized as
symptomatic or asymptomatic, or with regard to
reversibility [16].

2D-echocardiography is the method of choice
to detect the LVEF before, periodically during
and after potential cardiotoxic cancer therapy.
This is because of its wide availability, reproduc-
ibility, versatility, lack of radiation exposure and
also safety in patients with concomitant renal dis-
ease. The modified 2D-biplane Simpson method
is recommended for estimation of LVEF and LV
volumes. Echocardiography allows the evalua-
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tion of left and right ventricular dimensions, vol-
umes, and function as well as valvular, and
pericardial pathology. [10, 13, 16] Despite some
limitations, the incorporation of modern
techniques such as myocardial contrast echocar-
diography, three-dimensional (3D) echocardiog-
raphy,  Doppler  tissue  imaging and
speckle-tracking echocardiography offer a pru-
dent compromise between cost-effectiveness and
clinical predictive value [14].

12.3.4.2 Cardiac Magnetic Resonance
Cardiac magnetic resonance (CMR) is a helpful
tool for the evaluation of cardiac structures, myo-
cardial function as well as pericardium. Late
gadolinium enhancement (LGE) imaging may be
useful to detect scarring or fibrosis and can sensi-
tively detect a myocardial infarction. The quanti-
tative myocardial perfusion mapping allows to
quantify the regional myocardial perfusion
reserve. CMR is an excellent test for the compre-
hensive evaluation of cardiac masses and infiltra-
tive conditions. Accuracy and reproducibility are
characteristics of CMR, despite its limited avail-
ability [10, 12].

12.3.4.3 Nuclear Positron Emission
Tomography

Positron emission tomography (PET) is the gold
standard technique to assess myocardial perfu-
sion and metabolism in nuclear medicine prac-
tice, due to its high spatial and temporal resolution
and high diagnostic sensitivity and accuracy.
Hybrid systems with either computer tomogra-
phy (CT) or magnetic resonance imaging (MRI)
have been used.

The use of cardiac PET, and in particular of
quantitative myocardial perfusion PET, has been
growing during the last decade. ["*N]-labelled
ammonia, [PO]-labelled water and %?Rubidium
have been employed as effective myocardial per-
fusion tracers. The acquisition protocols using
dynamic acquisitions allow the absolute quantifi-
cation of LV myocardial blood flow (MBF) at
rest and after stress as well as the derivation of
LV coronary flow reserve (CFR). Gating, that is
an ECG synchronized registration, provides
functional information such as LVEF, left ven-
tricular volumes, wall motion and wall thicken-

ing. Moreover, quantitative PET makes possible
to assess the presence of LV microvascular dys-
function, which is involved in various cardiac
diseases, including the early stages of coronary
artery atherosclerosis, hypertrophic and dilated
cardiomyopathy, and hypertensive heart disease.
Nevertheless, the acquisition and analysis of
quantitative PET requires a high level of exper-
tise [17, 18]. PET is also the gold standard tech-
nique to analyse myocardial metabolism or to
assess myocardial viability using 2-['*F]fluoro-
deoxyglucose (FDG). Clinical studies applying
cardiac PET to monitor for cardiotoxicity related
to cancer target therapies are limited. Recent
publications report accurate estimation of left
and right functional parameters also from routine
dynamic whole-body FDG PET scans for onco-
logical purposes, which could open a new per-
spective for further clinical applications of the
PET examinations [19].

Targeted cancer therapy-induced cardiotoxici-
ties may manifest also as a development or a pro-
gression of atherosclerosis. During the past
decade, studies suggested that PET/CT with FDG
is a valid tool to assess and to reliably quantify
atherosclerotic inflammatory activity by evaluat-
ing the glucose metabolism of corresponding
immune cells and to predict severe cardio- and
cerebrovascular events in oncological patients
[20, 21]. Recently, it was reported a significant
increase of arterial inflammation in large arteries
in patients suffering from melanoma treated with
immune checkpoint inhibitor therapy, using FDG
PET/CT imaging [22].

Patients with haematological malignancies
could rarely develop light chain amyloidosis,
which may present with cardiac amyloidosis, an
infiltrative cardiomyopathy, often presenting as
heart  failure = with  preserved = LVEFE
Echocardiography and CMR imaging are useful
for the diagnosis of cardiac amyloidosis but they
cannot reliably distinguish it from other infiltra-
tive heart diseases. PET/CT with radiopharma-
ceuticals that were originally developed for the
detection of cerebral amyloid deposits and diag-
nosis of Alzheimer’s disease, like '*F-florbetair or
"'C-PIB have recently shown promising results
for the detection of cardiac and extra-cardiac
amyloidosis [23].
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12.3.4.4 Conventional Nuclear
Imaging

The American Society of Clinical Oncology
guidelines 2016 recommend the use of multiple
gated acquisition (MUGA) with technetium-99m
[*™Tc] labelled red blood cells to assess LVEF, if
such a measurement is not feasible by echocar-
diography and CMR. Limitations include a radia-
tion exposure and its inability to assess additional
information on cardiac structure [10, 16].

An increasing number of Nuclear Medicine
sites are routinely using single photon emission
computer tomography (SPECT) systems to diag-
nose coronary artery disease or to detect myocar-
dial ischemia. ECG-gated cardiac SPECT allows
for reliable estimating myocardial perfusion as
well as functional parameters (LVEF, LV vol-
umes), LV wall motion and LV wall thickening
with high accuracy [24].

12.3.4.5 Cardiac Computed

Tomography, Angio-

Coronary Computer

Tomography
Whilst cardiotoxicity related to cancer therapy
generally focuses on LV impairment, cancer
treatments can cause other clinical cardiac syn-
dromes including coronary events, pericardial
disease, valvular heart diseases, pulmonary
hypertension and right ventricular dysfunction.
CT coronary angiography provides a non-
invasive anatomical assessment of coronary
artery disease. Among the immune and targeted
therapeutics, those inhibiting the vascular endo-
thelial growth factor (VEGF) signalling pathway
have an increased risk for coronary thrombosis,
which can be detected non-invasively by this
technique [10, 12, 13].

12.4 Summary

Molecular targeted therapies are characterized by
blocking essential biochemical pathways or
mutant proteins that are required for cancer cell
growth and survival. Targeted cancer therapeutics
are amongst the major treatment options for can-
cer today. These treatments are more selective for
cancer cells and improve the quality of life for can-

cer patients undergoing therapy. Nevertheless, one
frequent side effect in targeted therapies is cardio-
toxicity, frequently described as myocardial dys-
function and HF. Cardiotoxicity includes also any
subsequent functional or structural heart injury,
with a possible accelerated development of
CVD. The early identification of patients at risk
for cardiotoxicity from cancer target therapies and
the early diagnosis of CV complications related to
cancer treatments are crucial. Anamnesis and risk
stratification are the first steps of the diagnostic
process to detect myocardial toxicity. ECG detects
cardiac electrical changes, cardiac biomarkers
may be considered to detect early cardiac injury.
Imaging modalities for cardiotoxicity screening
include echocardiography, the method of choice to
detect the LVEF, and CMR imaging, to evaluate
cardiac structures, myocardial function and infil-
trative conditions. Nuclear PET is the gold stan-
dard technique to assess LV myocardial perfusion
and metabolism, to detect the development or a
progression of acoronary artery therosclerosis and
to identify cardiac and extra-cardiac amyloidosis.
Conventional imaging in nuclear medicine prac-
tice includes MUGA and cardiac SPECT. Cardiac
CT is a valid tool to detect morphological patholo-
gies of heart, pericardial disease, valvular heart
diseases, pulmonary hypertension, or right ven-
tricular dysfunction. CT coronary angiography
provides a non-invasive anatomical assessment of
coronary artery disease.

References

1. Vanneman M, Dranoff G. Combining immunotherapy
and targeted therapies in cancer treatment. Nat Rev
Cancer. 2012;12(4):237-51.

2. https://www.cancer.gov/publications/dictionaries/
cancer-terms/def/targeted-therapy.

3. Lee YT, Tan YJ, Oon CE. Molecular targeted therapy:
treating cancer with specificity. Eur J Pharmacol.
2018;834:188-96.

4. Ambrosini V, Fani M, Fanti S, Forrer F, Maecke
HR. Radiopeptide imaging and therapy in Europe. J
Nucl Med. 2011;52(Suppl 2):42S-55S.

5. Miller MJ, Foy KC, Kaumaya PT. Cancer immuno-
therapy: present status, future perspective, and a new
paradigm of peptide immunotherapeutics. Discov
Med. 2013;15(82):166-76.

6. Widakowich C, De Castro G Jr, De Azambija E, Dihn
P, Awada A. Review: side effects of approved molecu-


https://www.cancer.gov/publications/dictionaries/cancer-terms/def/targeted-therapy
https://www.cancer.gov/publications/dictionaries/cancer-terms/def/targeted-therapy

144

R. Calabretta and M. Hacker

10.

11.

12.

13.

14.

15.

16.

lar targeted therapies in solid cancers. Oncologist.
2007;12:1443.

. Zuppinger C, Suter TM. Cancer therapy-associated

cardiotoxicity and signaling in the myocardium. J
Cardiovasc Pharmacol. 2010;56(2):141-6.

. WHO. Cardiovascular diseases (CVDs). Fact sheet

no. 317. Geneva: World Health Organization; 2015.
http://www.who.int/mediacentre/factsheets/fs317/en/.

. 2016 ESC/EAS guidelines for the management of

dyslipidaemias. Eur Heart J. 2016;37:2999-3058.
Zamorano JL, Lancellotti P, Rodriguez Mufioz D,
Aboyans V, Asteggiano R, Galderisi M, Habib G,
Lenihan DJ, Lip GYH, Lyon AR, Lopez Fernandez
T, Mohty D, Piepoli MF, Tamargo J, Torbicki A, Suter
TM, ESC Scientific Document Group. 2016 ESC
Position Paper on cancer treatments and cardiovascu-
lar toxicity developed under the auspices of the ESC
Committee for Practice Guidelines: The Task Force
for cancer treatments and cardiovascular toxicity of
the European Society of Cardiology (ESC). Eur Heart
J.2016;37(36):2768-801.

Poulin F, Thavendiranathan P. Cardiotoxicity due to
chemotherapy: role of cardiac imaging. Curr Cardiol
Rep. 2015;17(3):564.

Chen Z, Ai D. Cardiotoxicity associated with targeted
cancer therapies. Mol Clin Oncol. 2016;4(5):675-81.
Seraphim A, Westwood M, Bhuva AN, Crake T,
Moon JC, Menezes LJ, Lloyd G, Ghosh AK, Slater S,
Oakervee H, Manisty CH. Advanced imaging modali-
ties to monitor for cardiotoxicity. Curr Treat Options
Oncol. 2019;20(9):73.

Plana JC, Galderisi M, Barac A, Ewer MS, Ky B,
Scherrer-Crosbie M, Ganame J, Sebag IA, Agler
DA, Badano LP, Banchs J, Cardinale D, Carver J,
Cerqueira M, DeCara JM, Edvardsen T, Flamm SD,
Force T, Griffin BP, Jerusalem G, Liu JE, Magalhaes
A, Marwick T, Sanchez LY, Sicari R, Villarraga HR,
Lancellotti P. Expert consensus for multimodality
imaging evaluation of adult patients during and after
cancer therapy: a report from the American Society
of Echocardiography and the European Association
of Cardiovascular Imaging. J Am Soc Echocardiogr.
2014;27(9):911-39.

Khouri MG, Douglas PS, Mackey JR, Martin M,
Scott JM, Scherrer-Crosbie M, Jones LW. Cancer
therapy-induced cardiac toxicity in early breast can-
cer: addressing the unresolved issues. Circulation.
2012;126(23):2749-63.

Awadalla M, Hassan MZO, Alvi RM, Neilan
TG. Advanced imaging modalities to detect cardio-
toxicity. Curr Probl Cancer. 2018;42(4):386-96.

17.

18.

19.

20.

21.

22.

23.

24.

Sciagra R, Lubberink M, Hyafil F, Saraste A,
Slart RHJA, Agostini D, Nappi C, Georgoulias P,
Bucerius J, Rischpler C, Verberne HJ, Cardiovascular
Committee of the European Association of Nuclear
Medicine (EANM). EANM procedural guidelines for
PET/CT quantitative myocardial perfusion imaging.
Eur J Nucl Med Mol Imaging. 2021;48:1040-69.
Sciagra R. Quantitative cardiac positron emission
tomography: the time is coming! Scientifica (Cairo).
2012;2012:948653.

Rasul S, Beitzke D, Wollenweber T, et al. Assessment
of left and right ventricular functional parameters
using dynamic dual-tracer [13N]NH3 and [18F]FDG
PET/MRI. J Nucl Cardiol. 2020;29:1003.

Bucerius J, Hyafil F, Verberne HJ, Slart RH, Lindner
0, Sciagra R, Agostini D, Ubleis C, Gimelli A, Hacker
M, Cardiovascular Committee of the European
Association of Nuclear Medicine (EANM). Position
paper of the Cardiovascular Committee of the
European Association of Nuclear Medicine (EANM)
on PET imaging of atherosclerosis. Eur J Nucl Med
Mol Imaging. 2016;43(4):780-92.

Rominger A, Saam T, Wolpers S, Cyran CC, Schmidt
M, Foerster S, Nikolaou K, Reiser MF, Bartenstein
P, Hacker M. 18F-FDG PET/CT identifies patients at
risk for future vascular events in an otherwise asymp-
tomatic cohort with neoplastic disease. J Nucl Med.
2009;50(10):1611-20.

Calabretta R, Hoeller C, Pichler V, Mitterhauser M,
Karanikas G, Haug A, Li X, Hacker M. Immune
checkpoint inhibitor therapy induces inflammatory
activity in large arteries. Circulation. 2020;142:2396.
Garcia-Gonzélez P, Cozar-Santiago MDP,
Maceira AM. Cardiac amyloidosis detected using
18F-florbetapir PET/CT. Rev Esp Cardiol (Engl Ed).
2016;69(12):1215.

Verberne HJ, Acampa W, Anagnostopoulos C,
Ballinger J, Bengel F, De Bondt P, Buechel RR,
Cuocolo A, van Eck-Smit BL, Flotats A, Hacker M,
Hindorf C, Kaufmann PA, Lindner O, Ljungberg M,
Lonsdale M, Manrique A, Minarik D, Scholte AJ,
Slart RH, Tréigardh E, de Wit TC, Hesse B, European
Association of Nuclear Medicine (EANM). EANM
procedural guidelines for radionuclide myocar-
dial perfusion imaging with SPECT and SPECT/
CT: 2015 revision. Eur J Nucl Med Mol Imaging.
2015;42(12):1929-40.


http://www.who.int/mediacentre/factsheets/fs317/en/

12 Cardiotoxicity of Targeted Therapies: Imaging of Heart Does Matter 145

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits use, sharing, adaptation, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's Creative Commons license,
unless indicated otherwise in a credit line to the material. If material is not included in the chapter's Creative Commons
license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder.


http://creativecommons.org/licenses/by/4.0/

®

Check for
updates

The Evolution of n.c.a. '’’Lu
to n.c.a. "”’Lu-Edotreotide

13

for the Treatment

of Neuroendocrine Tumours.
Sixteen Years of Collaboration
Between Zentralklinik Bad Berka

and ITM

P. Harris, R. Henkelmann, S. Marx,

and K. Zhernosekov

13.1 Introduction

Diagnostic and therapeutic radionuclides offer an
excellent platform for the development of inno-
vative drugs, which enable non-invasive visual-
ization of diseases and complementary targeted
treatments. The concept of personalized medi-
cine is realized! This innovation in nuclear medi-
cine together with an increasing demand for
high-quality radionuclides and radiopharmaceu-
ticals has triggered the expansion of nuclear med-
icine as a hospital speciality, together with the
development of a new radiotheranostics
industry.

This chapter describes the successful develop-
ment of no-carrier-added (n.c.a.) Lutetium-177
and of n.c.a. '”"Lu-edotreotide as examples of the
successful collaboration between an academic
nuclear medicine institution and industry.
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13.2 No-Carrier-Added
Lutetium-177:The Gold
Standard for Radionuclide
Treatment

After the introduction of suitable macrocyclic
chelators into the targeting molecules, trivalent
radiometals such as Yttrium-90 (pure high energy
f~-emitter) gained importance for the targeted
therapeutic treatment of serious oncological dis-
ease [1]. Lutetium-177 in particular, has demon-
strated excellent physical properties to enable the
precise delivery of cytotoxic dose of beta irradia-
tion to small and large malignant lesions.
Furthermore, by emitting soft beta radiation (Ej
133.6 keV) Lutetium-177 radiolabelled com-
pounds have a favourable safety profile particu-
larly in terms of nephrotoxicity. Small
components of photons (112.9 keV, 6% and
208.4 kEv, 10%) enable the visualization and
quantitative estimation (dosimetry) of biodistri-
bution by means of SPECT, without having a
negative impact on safety (Table 13.1). Starting
with Lutetium-177-based treatments of soma-
tostatin receptor-positive tumours in the late
1990s, the use of radionuclide has dramatically
increased. A number of novel therapies are being
developed for the treatment of serious oncologi-
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Table 13.1 Characteristics of industrially available therapeutic p~-emitters [2]

E [keV] |Mean Tissue Imaging / Specific activity/
m-m [I [3&]) range [mm] Dosimetry Radionudidic purity Energy depasition

ol . 64.053h 0934
S 6.647d 0.134 2101:"19!{150:'] 0.67
284.3 (6)
=) 8.0252d 0.182 364.5 (82) 091
636.9(7)

* twoin EU registered precursors (EZAG; 1BA)

hard betas for large and
heterogeneous tumors {min 5 mm
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no-carrier-added/ high purity

1) carrier-added/ low purity

\"9;2 . 2) no-carrier-added, high ﬁfn:?:i:ig[ L AT
excellen pusity
yes Large gamma-component might
o no-carrier-added/ high purity  result in hematox
low resolution

** twoinEU registered precursors (carrier-added Lumark (IDB / AAA); no-carrier-added EndolucinBeta (ITG))

Hf 176
5.206

Yb 174
31.8

1) 76Lu(n,y)Y’Lu

2) 178Yb(n,y)Y7Yb > 77Lu

Fig. 13.1 Excerpt of the Karlsruhe nuclide chart

cal diseases using tumour receptor targeting,
including PSMA and FAP [3, 4].

An important aspect of the successful devel-
opment of Lutetium-177-based therapies is the
availability of a radionuclide with specific activ-
ity suitable for the radiolabelling of targeting
molecules. The first carrier-added preparations of
Lutetium-177 for radiolabelling became com-
mercially available from the early 2000s.
Lutetium-177 can be easily produced in a nuclear
reactor by the irradiation of the highly enriched
stable isotope Lutetium-176 (Fig. 13.1). A high
cross-section for the neutron capture reaction
enables a reasonable specific activity to be
achieved, although the final preparation still con-
sists of a mixture of the stable and radioactive
isotopes Lu-176 and Lu-177, respectively. The

200

3
o
]
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2
&
s
o
2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
Fig. 13.2 Relative amount of no-carrier-added

Lutetium-177 commercialized by ITM AG reflecting the
dramatic year-on-year increase of Lutetium-177-based
therapies in cancer

main drawback of this manufacturing pathway is
the co-accumulation of long-lived metastable
Lutetium-177 m (half-life 160.44 days).
Depending on the irradiation parameters, the
fraction of this long-lived radionuclidic impurity
varies from 0.2 to 0.7%. The disposal of solid and
especially liquid wastes, contaminated with the
long-lived impurity, is costly and laborious.

A significant enhancement for the future devel-
opment of targeted radionuclide therapies was the
implementation of no-carrier-added Lutetium-177.
If the neutron capture reaction leads to an interme-
diate p~-unstable nuclide, then a secondary formed
radioisotope is an isoton to the target nucleus. In
this case the radionuclide can be isolated from the
target material chemically in a no-carrier-added
form. Thus the irradiation of highly-enriched
Ytterbium-176 with neutrons results in short-lived
Yb-177, which decays to desired Lu-177
(Fig. 13.2). Furthermore, only the ground state
(i.e., Lu-177 g) is generated, providing the highest
radionuclidic purity of the preparation free from
Lu-177 m contamination.
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A challenge in the manufacturing of no-
carrier-added Lutetium-177 is the chemical puri-
fication of the radioisotope from the massive
Ytterbium-176 targets. Two adjacent members of
the lanthanide series Yb(III) and Lu(IIl) are
chemically very similar and their chemical sepa-
ration becomes a difficult scientific task. For pro-
duction of industrial quantities of no-carrier-added
Lutetium-177, gram amounts of Ytterbium-176
must be utilized. In contrast, the accumulated
radionuclide corresponds to several micrograms
of Lutetium mass.

ITM AG (through its affiliate ITG GmbH) has
developed and implemented a unique automated
process for the chemical processing of massive
irradiated Ytterbium-176 targets and the fast iso-
lation of no-carrier-added Lutetium-177 isotope.
In 2007, ITG commenced the first irradiations of
enriched Ytterbium-176 for the industrial pro-
duction of no-carrier-added Lutetium-177 at the
Munich research reactor FRMIIL. Due to the lim-
ited operation cycles of research nuclear reactors
and in order to secure the weekly production and
supply of Lu-177, it was necessary to build up a
reactor network with a large number of medium-
and high-flux reactors worldwide. Currently,
ITM closely cooperates with research reactors in
Belgium, France, Netherlands, Poland, South
Africa and the USA.

An important characteristic of the no-carrier-
added form is the fact that the quality doesn’t
depend on the performance among different
nuclear reactors, with the highest level of specific
activity being ensured for all radionuclide prepa-
rations. Furthermore, the specific activity of no-
carrier-added Lutetium-177 remains high over
the shelf-life of the product. Currently, ITM sup-
plies its European registered product
(EndolucinBeta™) worldwide to nuclear medi-
cine departments and to industrial partners for
the radiolabelling of tumour-targeting molecules
(Fig. 13.2).

13.3 No-Carrier-Added Lutetium-
177-Edotreotide
for Treatment
of Neuroendocrine Tumours

Originally developed in Basel, Switzerland, the
synthetic somatostatin analogue edotreotide (or
DOTATOC) has been evaluated and clinically
used in combination with Yttrium-90 for the ther-
apy of somatostatin receptor-positive tumours.
Currently, Ga-68-edotreotide PET imaging
agents are approved in Europe and in the USA for
visualisation of neuroendocrine tumours (NETSs).
Excellent pharmacokinetic properties of this pep-
tide combined with the outstanding characteris-
tics of Lutetium-177 make it even more attractive
for therapeutic use.

Favourable pharmacokinetics properties of
edotreotide were initially reported by comparing
the behaviour of !''In-labelled edotreotide with
1Tp-labelled DOTATATE in the same patients
[5]. Particular emphasis was given to kidney
uptake and to the tumour-to-kidney ratio.
Whereas, the mean absorbed dose to the red mar-
row was similar, !''In-edotreotide demonstrated a
comparably higher tumour-to-kidney absorbed
dose ratio. Interestedly, the urinary excretion rate
of radiolabelled edotreotide was significantly
higher than for DOTATATE, whereas the tumour
doses were within the same range. This initial
study was performed without a reno-protective
amino acid infusion.

Later on, the Bad Berka group investigated the
in vivo behaviour of the !”Lu-labeled peptides
DOTATATE, DOTANOC, and DOTATOC. The
aim of the study was to compare the pharmacoki-
netics and dosimetry of these three different pep-
tides, considering inter- and intra-patient
variability in a large cohort of patients with GEP
NETs [6]. This study confirmed the favourable
pharmacokinetic properties of radiolabelled edo-
treotide previously demonstrated by Forrer and
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colleagues. Edotreotide has a more rapid clear- e torie 00

ance from healthy organs compared to
DOTATATE and DOTANOC providing a high
tumour to background ratio and hence a high tar-

geted dose of radiation to the tumour. The authors
concluded that of the three peptides,
"Lu-edotreotide ~ results in the highest

tumour-to-kidney ratio, indicating that it is and is
a very appropriate choice for the therapy of GEP
NETs.

The first systematic evaluation of treatment
data with no-carrier-added '"Lu-edotreotide in
patients with GEP NETs was performed by
Professor R. P. Baum at the Zentralklinik Bad
Berka, Germany [7]. In this retrospective study,
the efficacy and safety of treatment with
""Lu-edotreotide were evaluated in 56 subjects
with metastasised, progressive NET (50% gastro-
enteric, 27% pancreatic, 23% other primaries)
who had not received previous PRRT treatment
prior to a new diagnosis of progression. Subjects
received on average 2.1 (range 1-4) cycles of
"L u-edotreotide as the sole treatment, adminis-
tered in median doses of 7.0 GBq, at approxi-
mately three-monthly treatment intervals.
Forty-three percent (24/56) of the study popula-
tion underwent only a single '""Lu-edotreotide
cycle. Of these, 15 died from progressive disease
prior to further PRRT. In total, 26 patients (46%)
had died at data-base lock. When stratified for the
number of ""Lu-edotreotide cycles received (1
vs. >2), subjects treated only once were found to
have a significantly lower Karnofsky perfor-
mance status (KPS) at baseline (70.4 vs. 89.4,
p < 0.001), indicating more advanced disease
stage. In the total population (A), median
progression-free (PFS) and overall survival (OS)
were 174 and 34.2 months, respectively
(Figs. 13.3 and 13.4). In repeatedly treated sub-
jects, PFS was 32.0 months for all (B),
34.5 months for GEP NET (C), and 11.9 months
for other NET (D). Objective response rates
(ORR) were 33.9%, 40.6%, 54.2%, and 0% for
populations A, B, C, and D, respectively. A high
number of complete responses (16.1%, 18.8%,
and 25.0% for populations A, B, and C) were
observed, 78% of which were ongoing at the end
of observation. No serious adverse event and
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Fig. 13.3 Kaplan-Meier estimates of PFS in per protocol
patients depending on number of "’Lu-edotreotide PRRT
cycles [7]
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Fig. 13.4 Kaplan-Meier estimates of overall survival in
PP patients depending on number of '""Lu-edotreotide
PRRT cycles [7]

only a single case of self-limited grade 3 haema-
totoxicity was observed (1.8%). No evidence for
renal toxicity was found, although 34.4% of sub-
jects had mild renal impairment at baseline. In
addition, a long-term safety follow-up of patients
included in the retrospective study showed no
lasting relevant haematotoxic effects and no
long-term renal toxicity for up to 6 years after
first PRRT. These data show that '""Lu-edotreotide
is an agent for PRRT with the unusual potential
to induce objective responses, and lasting disease
control in progressive NETS, even when admin-
istered in moderate doses. A particularly high
therapeutic index is suggested by the observed
safety profile which includes subjects with pre-
ceding reduced bone marrow or renal function.
At the present time, it is standard practice to pro-
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vide renal protection with a 2.5% lysine/arginine
infusion which is given concomitantly with the
PRRT infusion.

Patients with G1 and G2 GEP NETS often
present late with metastatic disease. Until
recently, somatostatin analogues and the molecu-
larly targeted drugs sunitinib and everolimus
have provided the mainstays of treatment. These
treatments usually result in disease stabilisation
for a limited period of time. In the RADIANT-3
trial, everolimus achieved a PFS of 11 months in
pancreatic NETS and a similar PFS was achieved
in midgut and pulmonary NETS in the
RADIANT-4 trial [8, 9]. Peptide receptor radio-
nuclide therapy has recently emerged as a novel
treatment option, with a PFS of 28.4 months in
G1 and G2 mid-gut NETS being achieved in the
NETTER-1 trial [10]. This Phase III study has
resulted in the regulatory approval of "’Lu c.a.-
DOTATATE for G1 and G2 NETS.

Following on from the Bad Berka study [7],
ITM has initiated a Phase III pivotal clinical trial.
COMPETE is a prospective, randomised, open-
label multi-centre Phase III study to evaluate the
safety and efficacy of "Lu n.c.a.-edotreotide in
comparison to everolimus in patients with G1
and G2 GEP NETs. The patients have progres-
sive, somatostatin receptor (SSTR) positive dis-
ease on SSTR imaging. Uniquely, patients may
be included as first-line therapy. There are 3 sub-
studies which focus on '""Lu-edotreotide dosim-
etry and pharmacokinetics. These sub-studies are
of great importance in the development of a per-
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sonalised, precision therapy approach to the man-
agement of patients with PRRT. In addition, '""Lu
is uniquely non-carrier-added, which means that
it is a pure radionuclide of high specific activity.

The study is ongoing with a target recruitment
of 300 patients. A total of 200 patients will
receive 4 cycles of ""Lu-edotreotide (7.5 GBg/
cycle) every 3 months or until disease progres-
sion and 100 patients will receive everolimus
10 mg daily for 24 months or until disease pro-
gression. The study duration is 24 months with
5 years follow-up for OS. The primary end-point
is PFS as assessed by RECIST 1.1. Key second-
ary end-points include safety and tolerability,
dosimetry, ORR, OS and quality of life
(Fig. 13.5). Patients with G3 neuroendocrine
neoplasms (Ki-67 > 20%) have more aggressive
disease than the G1 and G2 NETSs. In 2017, the
WHO subdividled G3 NENs into well-
differentiated G3 neuroendocrine tumours
(NETs) and poorly differentiated neuroendocrine
carcinomas (NECs) [11]. A retrospective study of
PRRT in G3 NENs has been reported by Professor
Baum’s group in Bad Berka [12]. Sixty-nine
patients were treated with either '"Lu- or
20Y-labelled somatostatin analogues (DOTATATE
or DOTATOC). This was a heterogeneous group
of patients both in terms of disease and treatment.
Overall, the median PFS was 9.6 months and the
median OS was 19.9 months. When the patients
were sub-into grouped into NETs with a Ki-67
index of <55%, the median PFS was 11 months
and the OS 24 months. For NECs with a Ki-67

n.c.a. "7Lu-Edotreotide Arm

’ 4 cycles of 7.5 GBq '7Lu-Edotreotide every 3 months’

Dose 4
Month 9

Dose 3
Month 6

Everolimus Arm

’ 10 mg Everolimus daily oral administration*

Fig. 13.5 COMPETE study. Study subjects are randomised 2:1 between 4 x 12 weekly cycles of 177Lu-edotreotide
vs. 10 mg daily Everolimus, followed up for 24 months for PFS and 5 years for OS



152

P. Harris et al.

index of >55%, the median PFS was 4 months
and the median OS was 7 months. In the patients
who had positive SSTR imaging but negative '°F-
FDG uptake, the prognosis was dramatically bet-
ter. Other retrospective studies have also reported
beneficial responses to PRRT in G3 NEN, par-
ticularly those with a Ki-67 index of <55% [13-
15]. These low-grade G3 NETs are of particular
interest for further clinical development. The
high-grade G3 NECs (Ki-67 > 55%) respond
relatively poorly to PRRT. These tumours might
benefit from combination therapies, particularly
with DNA repair enzyme inhibitors.

13.4 Conclusion
and Acknowledgements

Beyond the radionuclide targeted treatment of
GEP NETs, a number of new targeted therapies
have been introduced or are under development
to treat serious oncological diseases such as
castrate-resistant prostate cancer, pancreatic duc-
tal adenocarcinoma and brain tumours.
No-carrier-added Lutetium-177 is an excellent
platform for development of these innovative
treatment options. In addition to the in-house
manufacture of radiopharmaceuticals by ITM,
the radionuclide is in use in a number of investi-
gational medicinal products, which are currently
undergoing clinical trials worldwide.

The relationship that has been developed
between ITM and Professor Baum goes back to
the early days of ITM’s foundation in 2004.
During this time, the company has developed into
a world-leading radiotheranostics company with
a strong radioisotope manufacturing group and
more recently a rapidly expanding clinical
oncologics group, dedicated to bringing new
radiotheranostics products into the clinic for the
benefit of patients. Professor Baum’s legacy will
continue, driven by the many nuclear medicine
experts who have been mentored by him, together
with the many other collaborators in academia,
medicine and industry. ITM is continuing to col-
laborate with Professor Baum’s successors to
drive the field of radiotheranostics onwards.
Areas of development include the development

of "Lu-zolendonate for osteoblastic bone can-
cer, novel PSMA targeted therapies for prostate
cancer and folate receptor alpha targeted thera-
pies. Professor Baum is one of the early pioneers
in radiotheranostics, being one of the key indi-
viduals who have developed radiotheranostics
into the exciting, rapidly developing field in
oncology that it is today. He has been a great col-
laborative colleague to ITM. That is a great
legacy.

References

1. Fani, Melpomeni; Good, S.; Maecke, Helmut R in
Handbook of Nuclear Chemistry: Radiochemistry
and Radiopharmaceutical Chemistry in Life Sciences,
2011, Volume 4. Chapter 8. pp. 2143-2178.:
Radiometals (non-Tc, non-Re) and Bifunctional
Labeling Chemistry.

2. NuDat 2.8. https://www.nndc.bnl.gov/nudat2/.

3. Hofaman MS, Violet J, Hicks RJ, Ferdinandus J, et al.
['""Lu]-PSMA-617 radionuclide treatment in patients
with metastatic castration-resistant prostate cancer
(LuPSMA trial): a single-centre, single-arm, phase 2
study. Lancet Oncol. 2018;19(6):825-33.

4. Loktev A, Lindner T, Burger EA, Altmann A, et al.
Development of fibroblast activation protein—targeted
radiotracers with improved tumor retention. J Nucl
Med. 2019;60:1421-9.

5. Forrer F, Uusijarvi H, Waldherr C, Cremonesi M,
Bernhart P, Mueller-Brand J, Maecke HR. A compari-
son of 111In-DOTATOC and 111In-DOTATATE: bio-
distribution and dosimetry in the same patients with
metastatic neuroendocrine tumours. Eur J Nucl Med
Mol Imaging. 2004;31:1257-62.

6. Schuchardt C, Kulkarni HR, Prasad V, Zachert C,
Miiller D, Baum RP. The Bad Berka dose protocol:
comparative results of dosimetry in peptide recep-
tor radionuclide therapy using '""Lu-DOTATATE,
7"Lu-DOTANOC, and 'Lu-DOTATOC. Resent Res
Cancer Res. 2013;194:519-36.

7. Baum RP, Kluge AW, Kulkarni H, et al. ['"Lu-DOTA]’-
D-Phe'-Tyr*-Octreotide ('"’Lu-DOTATOC) for peptide
receptor radiotherapy in patients with advanced neu-
roendocrine tumours: a phase-II study. Theranostics.
2016;6(4):501-10.

8. Yao JC, Shah MH, Ito T, et al. Everolimus for
advanced pancreatic neuroendocrine tumors. N Engl
J Med. 2011;364:514-23.

9. Yao JC, Fazio N, Singh S, et al. Everolimus for the
treatment of advanced non-functional neuroendo-
crine tumours of the lung or gastrointestinal tract
(RADIAT-4): a randomised, placebo controlled, phase
3 study. Lancet. 2016;387:968.


https://www.nndc.bnl.gov/nudat2/

13 The Evolution of n.c.a. "’Lu to n.c.a. ’Lu-Edotreotide for the Treatment of Neuroendocrine...

153

10.

11.

12.

13.

Strosberg J, El-Haddad G, Wolin E, et al. Phase 3
trial of ""Lu-DOTATATE for midgut neuroendocrine
tumors. N Engl J Med. 2017;376(2):125-35.

Rindi G, Klimstra DS, Abedi-Ardekani B, et al. A
common classification framework for neuroendo-
crine neoplasms: an International Agency for Cancer
Research (IACR) and World Health Organisation
(WHO) expert consensus proposal. Mod Pathol.
2018;31:1770-86.

Zhang J, Kulkarni HR, Singh A, et al. Peptide receptor
radionuclide therapy in grade 3 neuroendocrine neo-
plasms: safety and survival analysis in 69 patients. J
Nucl Med. 2019:60:377-85.

Carlsen EA, Fazio N, Granberg D, et al. Peptide recep-
tor radionuclide therapy in gastroenteropancreatic

14.

15.

NEN G3: a multicenter cohort study. Endocr Relat
Cancer. 2019;26(2):227-39.

Nicolini S, Severi S, Ianniello A, et al. Investigation of
receptor radionuclide therapy with "Lu-DOTATATE
in patients with GEP-NEN and a high Ki-67 pro-
liferation index. Eur J Nucl Med Mol Imaging.
2018:45(6):923-30.

Thang SP, Lung MS, Kong G, et al. Peptide receptor
radionuclide therapy (PRRT) in European neuroen-
docrine tumour society (ENETS) grade 3 (G3) neu-
roendocrine neoplasia (NEN)—a single institution
retrospective analysis. Eur J Nucl Med Mol Imaging.
2018:45(2):262-77.

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits use, sharing, adaptation, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's Creative Commons license,
unless indicated otherwise in a credit line to the material. If material is not included in the chapter's Creative Commons
license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder.


http://creativecommons.org/licenses/by/4.0/

®

Check for
updates

Fighting for PET in German
Oncological Guidelines and for Its

14

Reimbursement by Statutory
Health Insurances

Dirk Hellwig

Introducing new medical procedures into the
broad care system is a particular challenge that
Richard Baum has accepted. I have been pleased
to accompany him for some time on this long
journey, which will be described here.

The recognition of the clinical relevance of a
diagnostic procedure is best documented when it
is recommended in an interdisciplinary guide-
line. Until this was the case for the first time in
Germany for FDG-PET/CT in lung cancer, both
the evidence from studies and the reimbursability
had to be established in parallel.

Therefore, both the commitment in scientific
task forces for guideline development as well as
the participation in committees of the Joint
Federal Committee (G-BA, “Gemeinsamer
Bundesausschuss”) in an advisory function were
necessary, which we have provided on behalf of
the German Society of Nuclear Medicine.

The starting point in Germany is that a distinc-
tion is essentially made between the outpatient
and inpatient care sectors. In the inpatient sector,
new examination and treatment methods may be
used and reimbursed as long as they are not
explicitly prohibited (prohibition proviso). For
non-invasive diagnostic procedures, however,
there is generally no additional reimbursement in
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the inpatient sector. In the outpatient sector, new
examination and treatment methods can only be
used and reimbursed if they are explicitly permit-
ted (subject to permission). This assessment is
the responsibility of the G-BA, a body made up
of representatives of the statutory health insur-
ance funds (GKY, “Gesetzliche
Krankenversicherung”) on the one hand and ser-
vice providers, i.e., hospitals as well as physi-
cians and dentists in practices for outpatient care
on the other.

The G-BA’s consultations on PET and PET/
CT have a long history and are still good for
headlines today. On 26.05.1998, the GKVs
requested consultations on PET. On 26.02.2002,
the consultations led to the exclusion of all outpa-
tient PET procedures for patients with statutory
health insurance, fundamentally making individ-
ual decisions and selective contracts between
GKVs and service providers impossible. Since
2003, there have been applications to the G-BA
from the GKV and the Federal Association of
Statutory Health Insurance Physicians (KBY,
“Kassenirztliche Bundesvereinigung”) to review
PET for all indications as mentioned in the drug
approval of FDG.

The consultations in the G-BA were carried
out comparably efficiently with a positive vote
for useful indications of PET in lung cancer by
decision of 20.12.2005. Richard Baum was inten-
sively engaged at that time [1]. With this deci-
sion, FDG-PET could be included in the S3
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guideline for lung cancer, on which we both par-
ticipated as delegates of the German Society for
Nuclear Medicine [2-4].

Shortly after the positive G-BA decision, a
legal amendment with stricter requirements for
health technology assessment (HTA) came into
effect. The G-BA’s consultation practice now
preferred randomized trials for the comparative
evaluation of diagnostic procedures. On
24.01.2006, the GKVs applied for a new consul-
tation of PET, also in the already reviewed indi-
cation of lung cancer.

PET imaging for lung cancer was again
assessed by the G-BA and finally included in out-
patient care by decision of 18.01.2007. However,
the introduction of a billing code for outpatient
PET/CT for those with statutory health insurance
(and thus the possibility of reimbursement) lasted
until 01.01.2016, i.e., more than 10 years after
the first positive decision.

As can be seen, the process of HTA in the
G-BA is difficult. In contrast to other healthcare
systems, HTA in Germany requires prospective
comparative proof of relevance regarding
patient-related outcomes such as mortality, mor-
bidity or quality of life, even for diagnostic pro-
cedures. The comparison of diagnostic test
performance or the frequency of changes in
patient management is not sufficient for the
G-BA, and certainly not from retrospective
studies. When strictly applied, the stringent for-
mal rules of the G-BA are hard to bear for a
clinically active physician, so I have a certain
understanding for Richard Baum’s temperamen-
tal contribution in a session at which he criti-
cized the consultations in a way not described
here, so that he was exempted from further
participation.

Over the years, it was possible to demonstrate
the usefulness of FDG-PET/CT in Hodgkin’s
lymphoma, namely for the diagnosis of the via-
bility of residual lymphomas after chemotherapy
in order to decide on the need for radiotherapy, so
that the G-BA actually included FDG-PET/CT
for this indication on 21.10.2010. However,
according to the subsequently amended legal
framework, at that time it was also imperatively
prescribed to exclude a method that had been

consulted by the G-BA if the usefulness of this
method could not be proven by means of the
strict methodological requirements. This mecha-
nism led to the exclusion of FDG-PET/CT also
on 21.10.2010 (even in the inpatient sector) for
all other lymphoma indications, such as initial
staging and restaging after chemotherapy for
aggressive lymphomas, even if this is an interna-
tionally accepted standard of care.

Only some partial indications, such as the
interim staging of aggressive lymphomas after
2 to 4 cycles of chemotherapy, were possible
due to ongoing studies under the special guide-
lines of a so-called suspension order
(“Aussetzungsbeschluss™).

As the legislature later recognized and cor-
rected, the law at that time contained the risk of a
type II statistical error (error of omission), i.e.,
not to find any usefulness in the testing, although
this is actually present. The respective law was
amended as of 01.01.2011, but the decisions on
lymphomas from that time are still effective to a
large extent and make our daily work more
difficult.

After lengthy consultations, which cannot be
presented here in an exhaustive manner, only a
few PET/CT indications have so far been trans-
ferred to patient care and reimbursement in
Germany.

The applications for HTA of PET and PET/CT
were withdrawn by the previous applicants on
11.07.2018 and 20.09.2018, respectively, for all
indications applied for except for the indications
of PET in lung cancer, head and neck tumors, and
malignant lymphomas. Following this with-
drawal of the application, the G-BA decided on
20.11.2020 to largely discontinue the HTA of
PET/CT. This termination of consultations is
accompanied by the lifting of the categorical
exclusion in the outpatient sector, but without the
additional inclusion of further PET/CT
indications.

Whether the termination of the consultation
on PET/CT, which has been largely inconclusive
for more than 20 years, is a systemic failure must
now (status 21.11.2020) be assessed by the
Federal Ministry of Health as the legal supervisor
of the G-BA.
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Therapy of mCRPC

Hossein Jadvar

15.1 Introduction

Metastatic castrate-resistant prostate cancer
(mCRPC) is incurable. Patients with oligometa-
static disease (typically defined as fewer than 3-5
metastases that are evident on imaging) may be
candidates for metastasis-directed therapies (e.g.,
metastatectomy, stereotactic body radiotherapy).
There have been major recent strides in approved
therapeutic armamentarium in patients with mul-
tiple sites of mCRPC including the next-
generation microtubule inhibitor, cabazitaxel,
agents that target androgen axis, such as abi-
raterone acetate (androgen synthesis inhibitor)
and enzalutamide (androgen receptor antago-
nist), sipuleucel-T immunotherapy (cancer vac-
cine), and a-particle therapy of bone lesions with
2RaCl,.

(Chapter in: Beyond Becquerel and Biology to Precision
Radiomolecular Oncology: Festschrift in Honor of
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15.2 Prostate-Specific Membrane
Antigen as Biological Target

Prostate-specific membrane antigen (PSMA) is a
promising target for diagnostics and therapy
(theranostics) of prostate cancer. PSMA, also
known as folate hydrolase I or glutamate car-
boxypeptidase II, is a type II, 750-amino-acid
transmembrane protein (100-120 kDa), which is
anchored in the secretory cells of prostate epithe-
lium, small intestine, proximal renal tubule, sali-
vary glands, and brain. In prostate cancer, PSMA
is overexpressed in aggressive primary, recurrent
and metastatic tumors and is correlated to andro-
gen independence. PSMA is also overexpressed
in neovasculature of many other tumors (e.g.,
kidney, bladder, pancreas, lung). There have been
many designs for radiolabeled agents targeting
the PSMA for PET imaging and targeted radio-
nuclide therapy including Zr- and Cu-labeled
anti-PSMA antibodies and antibody fragments,
%4Cu-labeled aptamers, and ''C-, 8F-, %Ga-,
64Cu-, MSC-, 86Y_’ 177Lu-, 225AC-, 213Bi-, 227Th-, and
203pb/212Pb-labeled low molecular weight inhibi-
tors of the external moiety of PSMA based on
glutamate-urea-lysine dimers [1-8].
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15.3 PSMA PET

The most reported small molecule PSMA inhibi-
tor is ®Ga-PSMA-11 (also called HBED-CC)
after its clinical introduction in 2012 by the group
of investigators from Heidelberg, Germany [9].
Systematic review and meta-analysis studies
have demonstrated the high diagnostic perfor-
mance of %¥Ga-PSMA-11 in both initial staging
and restaging of prostate cancer leading to major
impact on clinical management in about half of
the patients [10-14]. Moreover, in the clinical
space of biochemical recurrence, several investi-
gations have demonstrated the competitive
advantage of %Ga-PSMA-11 over other relevant
PET radiotracers (e.g., radiolabeled choline,
BF-fluciclovine, "*F-NaF) in detecting and local-
izing disease sites, particularly in the serum PSA
levels below 1 ng/mL in which salvage therapy
may be most clinically beneficial [15-17]. More
recently, PSMA ligands radiolabeled with ®F
have been examined primarily due to the advan-
tage of longer half-life (110 min for ®F vs.
68 min for ®Ga) which facilitates regional distri-
bution of the radiotracer without the local need
for a gallium generator or a cyclotron, leading to
potentially widespread adoption after regulatory
and reimbursement approvals [18-20].

15.4 PSMA p-Particle Radioligand
Therapy

Apart from the apparent diagnostic advantage of
small molecule PSMA inhibitor-based PET
agents, these ligands may be radiolabeled to
deliver targeted radionuclide therapy locally at
the PSMA overexpressing disease sites, in accor-
dance with the theranostic concept. There have
been major recent strides in P-particle radioli-
gand therapy with ""Lu-PSMA-617 in patients
with mCRPC that have yielded promising results.
These mostly retrospective studies have gener-
ally demonstrated that ""Lu-PSMA has low tox-
icity profile and is effective even in patients who
have been pre-treated heavily and are refractory
to standard therapies [21-31]. In a recent single-
center prospective phase II clinical trial, 30

patients with high PSMA expression on
%8Ga-PSMA-11 PET/CT (defined as a site of met-
astatic disease with intensity significantly greater
than normal liver — standardized uptake value
[SUV]max of tumor involvement at least 1.5
times mean SUV of liver —, and no FDG-positive
disease without high PSMA expression) received
intravenously a mean radioactivity of 7.5 GBq
per cycle of ""Lu-PSMA-617 (up to 4 cycles at
6 weeks interval) [32]. The primary endpoint was
PSA response according to the Prostate Cancer
Clinical Trial Working Group criteria defined as a
greater than 50% PSA decline from the pre-
therapy baseline value. Seventeen of 30 patients
(57%, 95% confidence interval [CI]; 37-75%)
achieved a PSA decline of 50% or more.
Objective response in nodal or visceral disease
was noted in 82% of those patients with measur-
able disease. Grade 1 or 2 xerostomia, nausea,
and fatigue were reported by 87%, 50%, and 50%
of patients, respectively. Grade 3 or 4 thrombocy-
topenia was recorded in 13% of patients. These
encouraging results received much publicity and
led to development of procedure guidelines as an
“unproven intervention in clinical practice in
accordance with the best currently available
knowledge” and paved the way for currently
ongoing randomized clinical trials [33, 34].

TheraP trial (NCT03392428) is an open-
label, 1:1 randomized, stratified, two-arm multi-
center phase II trial (ANZUP 1603) designed to
compare ""Lu-PSMA-617 radioligand therapy
(8.5 GBq decreasing by 0.5 GBq per cycle i.v.
every 6 weeks, for up to a maximum of six cycles)
to cabazitaxel (20 mg/m? i.v. every 3 weeks with
prednisolone 10 mg daily orally, for a maximum
of 10 cycles) in 200 patients [35]. The primary
endpoint is PSA response with a number of other
secondary endpoints including overall survival,
progression-free survival (PFS), radiographic
PFS, PSA PFS, etc. Eligibility criteria include
prior docetaxel chemotherapy, rising PSA level,
and no discordant FDG-avid PSMA-negative
sites of disease. TheraP trial commenced in
January 2018 and is currently ongoing with
enrollment.

The VISION trial (NCT03511664) is an inter-
national, multicenter, 2:1 randomized, phase III
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trial comparing 177Lu-PSMA-617 radioligand
therapy (7.4 GBq per cycle i.v. every 6 weeks for
4 to 6 cycles) plus best standard of care versus
only best standard of care in patients with
mCRPC who have PSMA-positive disease and
have received at least one prior taxane and novel
anti-androgen axis therapies [36]. The primary
outcome measure is overall survival. The trial has
concluded accrual of 814 patients. The favorable
results of the trial have been published (Sartor O
et al, N Eng J Med 2021; PMID: 34161051).
Other notable trials include the PRINCE trial
combining '""Lu-PSMA-617 radioligand therapy
with immunotherapy (pembroluzimab), LuPARP
trial combining "Lu-PSMA-617 radioligand
therapy with olaparib (DNA damage repair inhib-
itor), UpFrontPSMA trial that compares upfront
7Lu-PSMA-617 and anti-androgen therapy fol-
lowed by docetaxel versus only anti-androgen
therapy and docetaxel, and LuTectomy trial in
patients with high risk localized prostate cancer
and high PSMA expression who will receive
1-2 cycles of '"Lu-PSMA-617 followed in
6—8 weeks with radical prostatectomy and pelvic
lymph node dissection.

15.5 PSMA a-Particle Radioligand
Therapy

Alpha particle is a positively charged helium ion
with typical kinetic energy of 5 MeV, a high lin-
ear energy transfer of about 80 keV/mm, and a
short path travel (50-80 mm). a-particles can
deposit large amount of energy locally that may
lead to cellular apoptosis, independent of cellular
oxygenation, through catastrophic double-strand
DNA breaks in the nucleus [37-39].

15.5.1 Actinium-225

Actinium-225 (**Ac) is a useful a-emailer in tar-
geted radionuclide therapy. It has a half-life of
9.9 days and decays to 2“Bi (half-life of
1.9 x 10" years) through net production of 4
a-particles with energies in the range of 5.8—
8.4 MeV at tissue travel distance of 47-85 pm, 2

p-particles, and y emissions at 218 KeV and
440 KeV. Ac may be sourced from **Th with
current worldwide production of approximately
68 GBq per year which is anticipated to grow
[40-42].

There are several preclinical studies that have
demonstrated the potential utility of 2>Ac for tar-
geted therapy in various malignancies including
prostate cancer [43]. Kelly et al. showed that a
single dose of 148 kBq **Ac conjugated to
albumin-binding prostate-specific membrane
antigen (PSMA)-targeting RPS-074
(*»Ac-RPS-074) in LNCaP xenograft mouse
model of human prostate cancer induced a com-
plete response in 6 of 7 tumors without major
toxic effects [44]. More recently, researchers
reported on a useful mouse model of human met-
astatic prostate cancer by injecting C4-2 cells
into the left ventricle of immunodeficient male
NSG mice which was then used to evaluate the
effectiveness of 2°Ac-PSMA-617 at various dis-
ease stages [45]. This preclinical study suggested
that early *>Ac-PSMA-617 intervention may be
efficacious in the setting of widespread meta-
static prostate cancer. Delivery to tumor may also
be accomplished by loading > Ac into PEGylated
liposomes targeted to mouse antihuman PSMA
J591 antibody or A10 PSMA aptamer [46].
Liposomes when loaded with ?**Ac or other
a-emitters are attractive delivery systems since
they can be decorated in different ways selec-
tively to enhance therapeutic efficacy [47].

There has been much interest in the potential
efficacy of **Ac-labeled PSMA-targeted in the
treatment of patients with mCRPC [48]. The
results of these small case series have been
encouraging with remarkably favorable responses
in individual patients albeit at a potential cost of
xerostomia [49] (Fig. 15.1). Kratochwil and col-
leagues reported on dosimetry estimates and
empiric dose finding for targeted therapy of
mCRPC with 2’Ac-PSMA-617 [50]. They found
that a treatment activity of 100 kBgq/kg of
25 Ac-PSMA-617 per cycle every 8 weeks was an
apparent optimal trade-off between toxicity and
biochemical efficacy. Swimmer-plot analysis has
indicated favorable duration of tumor control
even in the prognostically unfavorable clinical
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Baseline

e
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Fig. 15.1 67-year-old male with a history of prostate
cancer (Gleason score 4 + 5) who was initially treated
with prostatectomy and androgen deprivation therapy
now presenting with extensive castration-resistant skeletal
metastases. The upper panel shows baseline
%Ga-PSMA-11 PET (left) and fused PET/CT (right)
before treatment. The lower panel shows ®Ga-PSMA-11
PET (left) and fused PET/CT (right) after 3 cycles of ther-

apy with 2Ac-PSMA-617. The post-therapy scans dem-
onstrate remarkable response to radioligand therapy. The
serum PSA declined from a baseline of 474.63 ng/mL to a
post-treatment value of 0.14 ng/mL. There were no sig-
nificant changes in hemoglobin and platelet counts and
the glomerular filtration rate. (Courtesy of Dr. Mike
Sathekge, University of Pretoria and Steve Biko Academic
Hospital, South Africa)
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setting of mCRPC with xerostomia as the main
cause for discontinuation of therapy [51].
Kratochwil et al. also recently reported on their
observation that patients who were resistant to
25Ac-PSMA-617 often harbored mutations in
DNA-damage repair and checkpoint genes sug-
gesting that combination treatment with
poly(ADP-ribose)-polymerase (PARP) inhibitors
might be efficacious [52].

Recently, Khreish and colleagues reported on
a retrospective study of tandem therapy of
mCRPC with ?»Ac-PSMA-617/"""Lu-PSMA-617
[53]. This limited study showed that a single
course of tandem therapy with low activity
2Ac-PSMA-617 (range 1.5-7.9 MBq) follow-
ing a full-activity "Lu-PSMA-617 (range 5.0—
1.6 GBq) may be therapeutically efficacious with
minimal additional adverse events such as xero-
stomia. Rathke et al. suggested that
25 Ac-PSMA-617 therapy may exert both an
inflammatory and a direct radiation effect on the
salivary glands that may lead to slavery gland
dysfunction and xerostomia [54].

15.5.2 Bismuth-213

Bismuth-213 (*"Bi) is an o-emitter that has
received attention for potential clinical use. 2'*Bi
emits both o (~92.7%) and P (~7.3%) particles
with a relatively short half-life of 46 min. The
8.375 MeV « particle that is emitted by 2'*Po
along the decay path of 2*Bi comprises more
than 98% of the a-particle energy from 2*Bi dis-
integration [55]. The decay cascade also includes
26.1% probability of 440 KeV y-ray emission
that enable imaging.

An in-vitro and LNCaP xenograft animal
model study of two PSMA targeted a-radioligands
(?"Bi-PSMA 1&T and 2"*Bi-JVZ-008) confirmed
a-particle induced double-strand DNA damage
[56]. An investigation using a prostate cancer ani-
mal model compared 2"*Bi-DOTA-PESIN
(DOTA-PEG(4)-bombesin) and 2"Bi-AMBA
(DO3A-CH(2)CO-8-aminooctanoyl-Q-W-A-V-
G-H-L-M-NH(2)) with '"Lu-DOTA-PESIN
reported that a-particle agent therapy was more
efficacious than the counterpart p-particle agent

therapy [57]. McDevitt and colleagues used >"*Bi-
J591 targeted to PSMA directed against
androgen-sensitive LNCaP spheroids resulting in
significantly improved median tumor-free sur-
vival [58].

Sathekge et al. from South Africa presented a
case report of a patient with mCRPC who dem-
onstrated exceptional response to
23Bi-PSMA-617 therapy [59]. Kratochwil et al.
estimated the dosimetry with 2Bi-PSMA-617
based on extrapolation of **Ga-PSMA-617 PET
imaging data to half-life of ?'*Bi and compared
the results to those for *>Ac-PSMA-617 [60].
These authors concluded that the higher
perfusion-dependent off-target radiation and the
shorter physical half-life of 2*Bi in comparison
to the longer biological half-life of PSMA-617 in
dose-limiting organs renders ?*Bi as a second-
choice radiolabel for PSMA-targeted a-particle
therapy.

15.5.3 Thorium-227

Thorium-227 (**’Th) is another a-emitting radio-
isotope that is gaining traction in targeted radio-
nuclide therapy of cancer. It has a half-life of
19 days decaying first to ??’Ra and then follows
the decay of *Ra. Hammer et al. described the
preclinical efficacy of 2’Th-PSMA conjugates in
PDX models of prostate cancer which prompted
a currently ongoing phase I trial in patients with
mCRPC (NCT03724747) [61]. This trial is being
conducted by Bayer Inc. using the investigational
drug ?Th-PSMA targeted conjugate, BAY
2315497.

15.5.4 Lead-212

Lead-212 (*'?Pb) is a p-emitter (half-life 10.64 h)
and serves as an in-vivo nanogenerator of 2’Bi
(half-life 1.01 h) which decays to stable 2°Pb via
a-particle emission. Yong and Brechbiel have
published comprehensive reviews of potential
utility of 2"?Pb in targeted a-particle therapy of
cancer [62, 63]. In a recently reported preclinical
study, the small molecular PSMA ligand, 2'’Pb-
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NGO01, was compared to the commonly used
DOTA-based PSMA agent in mice bearing C4-2
human prostate cancer xenografts [64]. While
both agents had similar binding, cellular internal-
ization, and tumor uptake, the 2'?Pb-NGO001 com-
pound displayed 2.5-fold lower kidney uptake
than the DOTA-conjugated compound. The
researchers from the Johns Hopkins University
reported recently on a proof-of-concept therapy
study of dose-dependent inhibition of human
prostate tumor growth in PSMA+ tumors
implanted in animal hosts [65]. The tumor evolu-
tion could also be monitored with scintigraphy
using the surrogate radionuclide, ***Pb (half-life
51.9 h, y = 279 KeV) using single-photon com-
puted tomography, supporting the notion of
203Ph/212Ph as a suitable theranostic radionuclide
pair [66].

15.5.5 Terbium-149

Terbium-149 ('*Tb) is an a-emitter (16.7%) and
positron emitter (83.3%) with a half-life of 4.1 h,
produced with commercial cyclotrons using a
proton beam with energies up to 70 MeV, and can
be useful clinically for targeted radionuclide
therapy [67]. Umbricht et al. investigated
9Th-PSMA-617 for targeted a-therapy of mice
bearing PSMA-positive PC-3 xenograft tumors
[68]. When compared to control untreated mice,
the median lifetime of treated mice was almost
twice longer than that in untreated mice. The
positron emission also allowed imaging localiza-
tion of tumor sites with PET/CT. Of note, Muller
and colleagues have also reported on first-in-
human study of PET imaging of prostate cancer
with 52Tb-PSMA-617 and on targeted radionu-
clide therapy of mouse model of human prostate
cancer with the [-particle emitting agent
1SITb-PSMA-617 [69, 70].

15.6 Summary

The research and development with a-particle
emitting PSMA targeted agents will provide new
pathways for safe and effective therapy of meta-

static prostate cancer. These novel agents when
used in sequence or in combination with
B-particle PSMA-based therapy or other standard
drug regimens are anticipated to significantly
improve the outcome of patients not only in terms
of overall survival but also in terms of quality-of-
life measures.
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I have been honoured to know Prof. Dr. Richard
P. Baum (later Richard) for more than 30 years.
Our first encounters happened at the end of 1980s
when we both worked with Tc-99m- and In-111-
labelled monoclonal antibodies [1-11]. Prof. Dr.
Richard P. Baum was then in Frankfurt a Main.
Our first meetings took place in European and
American Nuclear Medicine conferences or
Special monoclonal antibody meetings either in
Princeton or San Diego. Typically, Richard Baum
was suggesting radical improvements to my work
and convincing that his work is much better; any-
way, we both made substantial contributions to
this field. We started fully new therapies, found
new applications and indications, wrote reviews,
etc. I considered Richard’s criticism most often
as a compliment, because I had caused a reaction.
I really felt honoured when Prof. Dr. Richard
P. Baum after one Society of Nuclear Medicine
conference asked me to show my slides, because
he could not attend my presentation. In spite of
his criticism, I really did not consider Richard
Baum as a competitor because my scientific envi-
ronment and resources in Helsinki were modest
as compared to those Richard was able to gain in
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Germany. In some occasions, I remember Richard
Baum state early 1990s the Americans being
“years behind us”. We were actively interacting
with each other in many, many conferences, but
never really made collaborative research.

‘We were both active in this field ever since, but
moved to smaller molecules. We both introduced
new concepts, especially Richard. I started to talk
about immuno-PET in mid-1990s instead of com-
plex radioimmunodetection methods [11]. T also
screened a new field of radionanotargeting, gene
therapy with radionuclides (Fig. 16.1). A long
story [12—14] in brief was that this therapy would
not be feasible based on my subcellular dosimetry
results. But I did not fully get rid of new radioim-
munodetection methods, because 1 introduced
new methods, e.g. radioimmunosynovectomy in
1990s as well [15]. At this time Richard was very
active with peptides, e.g. with his extensive IRIST
(International Research Group in
Immunoscintigraphy and Immunotherapy) activi-
ties. I worked late 1990s in Norway (Norwegian
University of Science and Technology).

In the early 2000s I was active in Sweden
(Uppsala University Hospital Akademiska), trav-
elling weekly back home to Finland. While I was
creating the Uppsala Nuclear Medicine Clinic,
Richard was creating Zentralklinik Bad Berka
(ZBB) which was early selected as the ENETS
Center of Excellence. Simultaneously, I also
started a Biotech company in Finland specializ-
ing in targeted drug delivery with tumour target-
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Fig. 16.1 Principle of radionanotargeting with antisense
oligonucleotides. Nucleus in a cell schematically (a). 3-D
presentation of a DNA double strand (b). Possible triplex
formation of an antisense oligonucleotide in a close vicin-
ity of DNA double strand (c). Sulphur (S) or phosphorus
(P) atoms are substituted with radioactive 35S-, 32P- or
33P-atoms in oligonucleotide phosphorothioates (d).
Oligonucleotide radiotherapy in mid 1990s from [14].

ing phage display peptides. We made progress in
this field. Due to “financial toxicity” this new
multidisciplinary targeting approach was never
applied in clinical trials, even though I had fund-
ing for it. My hands were tied because of IPR
development, hardly published anything for more
than 5 years [16]. In Finland, I developed imag-
ing applications for pharmaceutical industry
[17]. Table 16.1 summarizes in nutshell the char-
acteristics of multidisciplinary nanoparticles for
theragnostic purposes. It is obvious from
Table 16.1 that radionuclide methods will allow
most clinical radiotheragnostic applications.
After serving as Clinical Director at Advanced
Accelerator Applications (AAA) SA in France, |
returned to Helsinki in 2009. Then it was the time
for Docrates Cancer Center (DCC), the first full-
service private oncology clinic in Nordic coun-
tries. Because Uppsala was the
Neuroendocrinology Center in Nordic countries,

Nanotargeting describes nanometer scale events by anti-
bodies or antisense oligonucleotides. Radioactive sulphur
or phosphorus atoms substitute the same atoms in oligo-
nucleotide phosphorothioates, and emitted radiation
affects structures close to the binding site of the targeting
molecule. Antisense oligonucleotides serve as vehicles for
radionuclides, enhancing targeting efficacy

I was able to start this activity again in Finland
and participate at AAA in designing the
LutaThera trial. I also went to Bad Berka to
attend the 10-year anniversary of Zentralklinik
Bad Berka (ZBB) and for the second time, to
present voxel-based dosimetry in the first World
Congress on Gallium-68 and Peptide Receptor
Radionuclide Therapy (PRRNT) (June 23-26,
2011). In Bad Berka I demonstrated voxel-based
dosimetry data in clinical routine [18], the key
characteristics are shown in Fig. 16.2.

At Docrates Cancer Center my focus has been
development of molecular radiotherapy (later
theragnostics) and nuclear medicine. For devel-
oping an international cancer centre where
patients travel from other countries, special meth-
ods should be developed. The methods may be
related to response evaluation, such as early
response or response prediction. Early response
is required to see the possible effect for expensive
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Fig. 16.2 Principle of voxel-based dosimetry for clinical
routine. Serial 3D SPECT data allow voxel half-life calcu-
lations, which are multiplied by radionuclide characteris-
tics (dose point kernels) in order to obtain absorbed
radiation doses in Gy’s. With hybrid imaging (SPECT/
CT) Gy’s can be located anatomically. This method suits
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Fig.16.3 Example of early response assessment in a new
targeted therapy for lung cancer. Radiolabelled nucleotide
analogue for DNA acts as surrogate marker for cellular

or sophisticated therapies as early as possible
(example Fig. 16.3). Prediction is more impor-
tant, but more difficult. The world literature is
full of prognostic factors, but no real prediction
methods exist.
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also for dose prediction. On the right it is shown in seven
patients that tumor and liver doses can be predicted from
pre-therapeutic voxel-based dosimetric data using diag-
nostic doses. The prediction overestimated kidney and
spleen doses. (Presented in 201 1. Partly published in [18])
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proliferation rapidly. Here, a clear response is seen in
9 days. (Presented in the Graphical Abstract of [19])

The atmosphere between me and Richard
P. Baum has never been competitive, actually,
the other way around, stimulating, supportive
and synergistic. Our paths have crossed else-
where as well and in many circumstances. |
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Fig. 16.4 Richard Baum, Julitta Riick-Baum and Kalevi
Kairemo in Lapland in 2011

became very much involved with World
Association of Radiopharmaceutical Therapy
(WARMTH) since 2007 in Mongolia, by
attending every WARMTH conference ever
since like Richard. In the role of WARMTH
President, Richard and his wife Julitta Riick-
Baum visited Finnish Lapland 1 year before
Levi Conference in Autumn 2011 (Fig. 16.4). 1
was in Richard’s very first Theragnostics
World Conference in summer 2011 as men-
tioned earlier [18].

Besides being active in the Scientific program,
Richard is typically very active in the social pro-
gram. In the seventh ICRT meeting in Levi 2012
Richard received the second prize in Tandem Ski
Competition between the seven Continents
(Fig. 16.5). And the Oenophilous Dinners, wine
from participating countries, is a wonderful
invention. Membership fee is three Italian Euros.
Wife Julitta kept records of these events
(Fig. 16.6).

The Richard’s own landmark, the Bad Berka’s
ENETS Center of Excellence, Institute for
Molecular Radiotherapy, later Theragnostics and
Precision Oncology, is a unique hospital, based
on Prof. Dr. Richard P. Baum’s dreams to become
a fantastic reality. Richard’s own science has
been outstanding, typically first injections of new
theragnostics tracers, such as the Uppsala affi-
body molecules [20], new peptides and peptido-
mimetic  compounds in  neuroendocrine
neoplasms and prostate cancer [21-23]. Richard
is known all over the world, he has been a speaker
in numerous conferences in every continent. A

Fig. 16.5 Richard Baum (in blue) receiving the second
Prize in the WC of Tandem Skiing. (From Kalevi Kairemo,
in grey/ red) in Lapland in 2012

picture taken in Teheran at Asia Oceania Congress
of Nuclear Medicine and Biology where I am
together with RPB and JRB and two Iranian
organizers (Fig. 16.7). The theragnostics work
requires very much from the clinician. Knowledge
of numerous subspecialties is almost essential, I
learned when developing my small clinic in
Helsinki a lot about external beam radiation ther-
apy, response assessment and development of
response criteria for many cancers [24-27].

Thousands of patients from all over the world
have got cured in ZBB, only because of Richard’s
hard work, perseverance and sustainability. The
results are extraordinary and there is more to
come [28, 29]. I have really been inspired by this
and I once again feel really honoured by knowing
this great man.

Finally, we have found each other in publica-
tions [30, 31]. I know that Richard knows Latin
and that he is a friend of deeper understanding
and philosophy. So am I, I am a great friend of
genealogy. It was written in the stars, that I would
become a nuclear medicine physician. Per aspera
ad astra. One of my ancestors was Helena von
Qvanten (since eight generations) verifying that
my family was related with quanta (quantum)
before they were even discovered in physics [32].
Another strange omen is my relation to the
ancient Danish Kings (28 generations back) [32].
The last one, Knud IV was canonized and a
church was erected in Odense in 1086 at the site
of his violent death. Odense is a famous place,
because of scientists such as the great Finn (E.
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Fig. 16.6 Oenophilous
Dinner in Lapland 2012

Fig. 16.7 The author and RPB and Julitta with Iranian
hosts at AONMB Congress in Teheran

von Eyben [30]) and Fairytales by Hans Christian
Andersen. Actually, the German Fairytale Route
(Deutsche Mirchestrasse) starts from Hanau,
nahe bei Frankfurt (am Main) and ends in
Bremen, also connecting my and Richard’s alma
maters. My first school abroad was in Bremen in
1973 (Gymnasium an der Parsevalstrasse).

I wish Prof. Dr. Richard P. Baum, the former
Chairman and Clinical Director of the Center for
Radiomolecular ~ Precision ~ Oncology in
Zentralklinik Bad Berka, great success for his
new academic initiative in International Centers
for Precision Oncology (ICPO).

Sincerely yours

Kalevi Kairemo

Helsinki, January 2020

. Baum RP,
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Surgery with a complete tumor removal is the
only therapeutic option with a curative approach
in a neuroendocrine tumor disease. Recurrent
abdominal surgery is associated with inflamma-
tion, altered anatomy, and scar tissue and can be
challenging [1]. Additionally, tumor lesions can
be really small, invisible, or not palpable by the
surgeon’s fingers. For that reason, an intraopera-
tive diagnostic tool is necessary because the prior
imaging (scintigraphy, PET/CT) has a reduced
sensitivity with lower tumor size. Sufficient, pre-
operative, and intraoperative imaging can pro-
vide the surgeon with valuable assistance and
also significantly simplify the surgical procedure.
Depending on the intraoperative findings, the sur-
gical intervention can be expanded or even sig-
nificantly reduced.

For several decades, nuclear medicine has
offered surgery through the PET probes an intra-
operative technology that offers these needs.
Adams and Baum et al. 2000 report on one of the
first PET probe applications in a patient with neu-
roendocrine neoplasia (NEN) [2]. In 2012,
Kaemmerer et al. published data of a first pilot
study using a hand-held pet-probe for the diag-
nostic of a NEN intraoperatively [3]. The data
showed a significantly higher rate of tumor detec-
tion than the pre-operative Somatostatin-receptor
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PET/CT (SSTR-PET/CT) and even the surgical
palpation (94% vs. 69% vs. 50%) respectively).
Sadowski et al. 2015 confirmed the results of
Kaemmerer et al. and they showed the suitability
of the PET probe for SI-NEN, mesenteric lymph
node metastases, and also for multilocular
tumors. Not suitable are cases with a pancreatic
primary tumor with liver metastases due to rela-
tively high tumor to background counts [1]. In
conclusion, the PET probe appears to be a useful
tool for the surgeon in patients with small SI
tumors, lymph node metastases, and multiple
previous operations. New radiotracers will cer-
tainly continue to expand the range of applica-
tions to other tumor entities in the future. The
Netter-1 study proved peptide-related radionu-
clid therapy (PRRT) in the therapies of neuroen-
docrine neoplasia. Depending on the initial
somatostatin-receptor (SST) distribution and the
SUVmax, excellent therapy results can be
achieved.

Several studies independently presented the
suitability of all 3 SST-peptides for the diagnosis
of NEN and presented a significant immunohis-
tochemical correlation between the PET param-
eters ex vivo and the histological SST receptors
of the tumors in vivo [4-6].

Additionally, these studies showed that SST-
PET/CT results allow conclusions for tumor biol-
ogy (e.g., differentiation, tumor response),
because high SST receptor expression is usually
associated with good tumor differentiation and
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excellent PRRT response. As often said by Prof.
RP. Baum, if a tumor has been shown to have
good receptor expression, then it is suitable for
both receptor-based imaging and PRRT. This
“Theranostic“concept is transferable to other
tumor entities.

Our research group investigated also other
receptors as new tools for further diagnostic and
therapeutic approaches. Endothelin-receptor A
expression as well as chemokine receptor CXCR4
were evaluated in a large set of NEN [7, 8].
Tumor cells and tumor stroma of NEN were char-
acterized by a very low endothelin-A-expression
whereas CXCR4-expression directly correlated
with Ki-67 and was more expressed in undiffer-
entiated neuroendocrine carcinoma. With a wide
CXCR4-distribution of high-proliferative neuro-
endocrine tumors and carcinoma the CXCR4 was
a very interesting target for diagnostic and ther-
apy. With the cyclic peptide CPCR4-2 labeled
with ®Gallium an excellent tracer was developed
by the Munich group of Prof. Wester [9]. As
expected, the well-differentiated tumors showed
no CXCR4 expression, so that imaging was also
negative. In contrast, high-proliferative tumors
were characterized by preclinically seen high
CXCR4-receptor expression, so that the CXCR4-
based imaging detected the high-proliferative
tumor lesions. The authors recommended [68Ga]
Pentixafor PET/CT as non-invasive read-out pos-
sibility of CXCR4 endoradiotherapy in advanced
SST-negative tumors [10]. CXCR4-imaging pre-
sented a bone marrow toxicity as limitation. Later
on, this side effect was used for molecular diag-
nosis of multiple myeloma patients [11]. Our
group also presented preclinical data of strong
CXCR4 expression in MALT lymphoma patients
[12, 13]. New data published by Haug AR. dem-
onstrated a more than 90% and an excellent
imaging of the lymphomas by PET/MRT [14].

A high SST expression allows a PRRT, for this
reason the SST expression of SCLC was exam-
ined as a treatment option. In our preclinical data
SST expression was found to be expressed in
almost 25% of the cases, so SST-based radionu-
clide therapy seemed suitable. This therapeutic
approach was implemented by an external work-
ing group (Lapa C. Wiirzburg, Germany). Data

published by Lapa C. et al. show that the SST-
based PRRT is feasible as limited therapy option
for very advanced SCLC patients [15].

Finally, theranostic proof of concept works in
different tumor entities and seems to be a mile-
stone on the way to personalized medicine. This
way of treatment was strongly influenced by
Prof. RP. Baum and made decisive progress.

With the Netter-1 study the PRRT in SI-NEN
stage IV demonstrated superiority over SSA
mono therapy [16, 17]. Different studies pre-
sented data of PRRT with other neuroendocrine
tumor primaries. Alsadik et al. showed PRRT
data of pancreatic neuroendocrine tumors and
reported complete response rates of 2—-6% and
partial response up to 60% by an overall survival
of 53 months and a progression-free survival of
34 months [18].

The removal of local advanced pancreatic
neuroendocrine tumors is often limited by vessel
involvement. In the last years, several studies pre-
sented excellent data which PRRT as a neoadju-
vant approach to downsize and downstage tumors
receiving resectability. The first case was pub-
lished by our group and the neoadjuvant PRRT
was performed by RP. Baum [19]. Later on,
Esther I van Vliet published a series of
neoadjuvant-treated pancreatic neuroendocrine
tumor cases with an impressive median PFS of
69 months [20].

The resection of the primary tumors in stage
IV neuroendocrine tumor patients is still dis-
cussed. But how about the primary resection in
SST-positive expressed neuroendocrine tumor
patients stage IV, treated with PRRT? Bertani
et al. presented data with a median PFS of 70 vs.
30 months (HR 5.1; p = 0.002) and a median OS
of 112 vs. 65 months (HR 1.13; p =0.011) with a
benefit for the primary resected patients [21].
Kaemmerer et al. published the largest European
study with beneficial results for SI- and pancre-
atic neuroendocrine tumor patients with a
resected primary tumor prior to PRRT with mOS
of 142 vs. 80 months (HR 2.91; p < 0.001) and a
mOS of 140 vs. 58 months (HR 1.86; p = 0.002)
respectivly [22]. Finally, these data underline the
synergistic effects of well-performed surgery and
responsible nuclear medicine treatment.
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Thank you Richard for more than 10 years of

fruitful collaboration, outstanding collegiality,
empathetic 24-h patients management, and many
inspiring clinical and translational oncological
research projects.

References

—_

10.

. Kaemmerer

. Sadowski SM, et al. Feasibility of radio-guided sur-

gery with (6)(8)gallium-DOTATATE in patients with
gastro-Entero-pancreatic neuroendocrine tumors. Ann
Surg Oncol. 2015;22(Suppl 3):S676-82. https://doi.
org/10.1245/s10434-015-4857-9.

. Adams S, Baum RP. Intraoperative use of gamma-

detecting probes to localize neuroendocrine tumors.
Q J Nucl Med. 2000;44:59-67.

. Kaemmerer D, et al. Radioguided surgery in neuro-

endocrine tumors using Ga-68-labeled somatostatin
analogs: a pilot study. Clin Nucl Med. 2012;37:142—
7. https://doi.org/10.1097/RLU.0b013e3182291de8.

. Haug AR, et al. Quantification of immunohisto-

chemical expression of somatostatin receptors in
neuroendocrine tumors using 68Ga-DOTATATE
PET/CT. Radiologe. 2010;50:349-54. https://doi.
org/10.1007/s00117-009-1972-2.

. Miederer M, et al. Correlation of immunohistopatho-

logical expression of somatostatin receptor 2 with
standardised uptake values in 68Ga-DOTATOC PET/
CT. Eur J Nucl Med Mol Imaging. 2009;36:48-52.
https://doi.org/10.1007/s00259-008-0944-5.

. Kaemmerer D, et al. Molecular imaging with (6)

(8)Ga-SSTR PET/CT and correlation to immu-
nohistochemistry of somatostatin receptors in
neuroendocrine tumours. Eur J Nucl Med Mol
Imaging. 2011;38:1659-68. https://doi.org/10.1007/
s00259-011-1846-5.

. Lupp A, et al. Reassessment of endothelin receptor

a expression in normal and neoplastic human tissues
using the novel rabbit monoclonal antibody UMB-8.
Peptides. 2015;66:19-25. https://doi.org/10.1016/].
peptides.2015.02.005.

D, et al. Differential expression
and prognostic value of the chemokine receptor
CXCR4 in bronchopulmonary neuroendocrine neo-
plasms. Oncotarget. 2015;6:3346-58. https://doi.
org/10.18632/oncotarget.3242.

. Gourni E, et al. PET of CXCR4 expression by a (68)

Ga-labeled highly specific targeted contrast agent. J
Nucl Med. 2011;52:1803-10. https://doi.org/10.2967/
jnumed.111.098798.

Werner RA, et al. Imaging of chemokine receptor 4
expression in neuroendocrine tumors - a triple tracer
comparative approach. Theranostics. 2017;7:1489—
98. https://doi.org/10.7150/thno.18754.

. Pan Q, et al. Chemokine receptor-4 targeted PET/CT

with (68)Ga-Pentixafor in assessment of newly diag-

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

nosed multiple myeloma: comparison to (18)F-FDG
PET/CT. Eur J Nucl Med Mol Imaging. 2020;47:537—
46. https://doi.org/10.1007/s00259-019-04605-z.
Stollberg S, et al. Erratum to: differential somatosta-
tin and CXCR4 chemokine receptor expression in
MALT-type lymphoma of gastric and extragastric ori-
gin. J Cancer Res Clin Oncol. 2017;143:187. https://
doi.org/10.1007/s00432-016-2312-3.

Stollberg S, et al. Differential somatostatin and
CXCR4 chemokine receptor expression in MALT-
type lymphoma of gastric and extragastric origin. J
Cancer Res Clin Oncol. 2016;142:2239-47. https://
doi.org/10.1007/s00432-016-2220-6.

Haug AR, et al. Prospective non-invasive evalu-
ation of CXCR4 expression for the diagnosis of
MALT lymphoma using [(68)Ga]Ga-Pentixafor-
PET/MRI. Theranostics. 2019;9:3653-8. https://doi.
org/10.7150/thno.31032.

Lapa C, et al. Somatostatin receptor expression
in small cell lung cancer as a prognostic marker
and a target for peptide receptor radionuclide ther-
apy. Oncotarget. 2016;7:20033—40. https://doi.
org/10.18632/oncotarget.7706.

Strosberg J, et al. Phase 3 trial of (177)Lu-Dotatate
for midgut neuroendocrine tumors. N Engl J
Med. 2017;376:125-35.  https://doi.org/10.1056/
NEJMoal607427.

Strosberg J, Krenning E. 177Lu-Dotatate for
midgut neuroendocrine tumors. N Engl J Med.
2017;376:1391-2. https://doi.org/10.1056/
NEJMc1701616.

Alsadik S, Yusuf S, Al-Nahhas A. Peptide receptor
radionuclide therapy for pancreatic neuroendocrine
Tumours. Curr Radiopharm. 2019;12:126-34. https://
doi.org/10.2174/1874471012666190201164132.
Kaemmerer D, et al. Neoadjuvant peptide recep-
tor radionuclide therapy for an inoperable neuro-
endocrine pancreatic tumor. World J Gastroenterol.
2009;15:5867-70. https://doi.org/10.3748/
wjg.15.5867.

van Vliet EI, et al. Neoadjuvant treatment of non-
functioning  pancreatic neuroendocrine  tumors
with  [177Lu-DOTAOQ,Tyr3]Octreotate. J  Nucl
Med. 2015;56:1647-53.  https://doi.org/10.2967/
jnumed.115.158899.

Bertani E, et al. Resection of the primary tumor fol-
lowed by peptide receptor radionuclide therapy as
upfront strategy for the treatment of G1-G2 pancre-
atic neuroendocrine tumors with Unresectable liver
metastases. Ann Surg Oncol. 2016;23:981-9. https://
doi.org/10.1245/510434-016-5550-3.

Kaemmerer D, et al. Prior resection of the primary
tumor prolongs survival after peptide receptor
radionuclide therapy of advanced neuroendocrine
neoplasms. Ann Surg. 2019;274:e45. https://doi.
org/10.1097/SLA.0000000000003237.


https://doi.org/10.1245/s10434-015-4857-9
https://doi.org/10.1245/s10434-015-4857-9
https://doi.org/10.1097/RLU.0b013e3182291de8
https://doi.org/10.1007/s00117-009-1972-2
https://doi.org/10.1007/s00117-009-1972-2
https://doi.org/10.1007/s00259-008-0944-5
https://doi.org/10.1007/s00259-011-1846-5
https://doi.org/10.1007/s00259-011-1846-5
https://doi.org/10.1016/j.peptides.2015.02.005
https://doi.org/10.1016/j.peptides.2015.02.005
https://doi.org/10.18632/oncotarget.3242
https://doi.org/10.18632/oncotarget.3242
https://doi.org/10.2967/jnumed.111.098798
https://doi.org/10.2967/jnumed.111.098798
https://doi.org/10.7150/thno.18754
https://doi.org/10.1007/s00259-019-04605-z
https://doi.org/10.1007/s00432-016-2312-3
https://doi.org/10.1007/s00432-016-2312-3
https://doi.org/10.1007/s00432-016-2220-6
https://doi.org/10.1007/s00432-016-2220-6
https://doi.org/10.7150/thno.31032
https://doi.org/10.7150/thno.31032
https://doi.org/10.18632/oncotarget.7706
https://doi.org/10.18632/oncotarget.7706
https://doi.org/10.1056/NEJMoa1607427
https://doi.org/10.1056/NEJMoa1607427
https://doi.org/10.1056/NEJMc1701616
https://doi.org/10.1056/NEJMc1701616
https://doi.org/10.2174/1874471012666190201164132
https://doi.org/10.2174/1874471012666190201164132
https://doi.org/10.3748/wjg.15.5867
https://doi.org/10.3748/wjg.15.5867
https://doi.org/10.2967/jnumed.115.158899
https://doi.org/10.2967/jnumed.115.158899
https://doi.org/10.1245/s10434-016-5550-3
https://doi.org/10.1245/s10434-016-5550-3
https://doi.org/10.1097/SLA.0000000000003237
https://doi.org/10.1097/SLA.0000000000003237

180 D. Kaemmerer

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits use, sharing, adaptation, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's Creative Commons license,
unless indicated otherwise in a credit line to the material. If material is not included in the chapter's Creative Commons
license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder.


http://creativecommons.org/licenses/by/4.0/

®

Check for
updates

PSMA Radioligand Therapy:
A Revolution in the Precision

18

Radiomolecular Oncology
of Prostate Cancer

Harshad R. Kulkarni

The incidence of prostate cancer is ever increas-
ing. After various time intervals, the disease
almost always becomes resistant to the standard
hormone treatment (castration-resistant prostate
cancer, CRPC). Most patients with CRPC either
already have metastases at diagnosis or develop
them during the early months of follow-up, which
is associated with a relatively poor prognosis.
The taxane-based chemotherapy for metastatic
CRPC (mCRPC), first line with docetaxel and
second line using cabazitaxel, are associated with
a high incidence of adverse effects. The novel
androgen-axis drugs (NAAD) used after chemo-
therapy are androgen biosynthesis inhibitor abi-
raterone acetate (combined with prednisolone),
the androgen receptor blockers enzalutamide as
well as the newer generation apalutamide and
darolutamide. However, these treatment regi-
mens only provide a meager survival benefit in
mCRPC. Radium-223 targets only the osteoblas-
tic metastases and does not treat nodal or visceral
metastases. Therefore, there has been an unmet
need for targeted therapy.

Indeed, rightly called by Prof. Baum as mole-
cule of the decade, prostate-specific membrane
antigen (PSMA) is a glutamate carboxypeptidase
II overexpressed in prostate cancer. Although it
has been identified many decades ago, PSMA
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was targeted by Prof. Pomper’s group for the first
time in vivo using a urea-based compound target-
ing PSMA for diagnosis [1]. A milestone in pre-
cision oncology was theranostics of mCRPC
based on molecular imaging using PET/CT with
8Ga-labeled PSMA ligands and molecular radio-
therapy using PSMA-targeted radioligand ther-
apy (PRLT) with beta-emitter (like Lutetium-177,
"Lu) and alpha-emitter (like Actinium-225,
2 Ac)-based PSMA ligands [2-5]. PRLT involves
selective targeting of PSMA using the radioli-
gand, which then after specific binding, internal-
izes and retains within the tumor cell, causing the
cell-killing.

7Lu-PRLT  was first performed at
Zentralklinik Bad Berka in February 2013 using
7TLu-labeled DOTAGA-FFK(Sub-KuE) — devel-
oped by Prof. Wester’s research group at the
Technical University Munich (Fig. 18.1).
Following this, PRLT was performed using the
"Lu-labeled  therapeutic =~ PSMA  ligand
(DOTAGA-(I-y)fk(Sub-KuE), also called PSMA
I&T, for “imaging and therapy”) in a large cohort
of patients. The comprehensive experience over
the past 8 years using different radioligands since
then indicates that PRLT is highly effective for
the treatment of mCRPC, even in advanced cases,
and potentially lends a significant benefit to over-
all and progression-free survival. Additionally,
significant improvement in clinical symptoms
and excellent palliation of pain can be achieved.
It is safe and very well tolerated with minimal
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Fig. 18.1 This 68-year-old patient with acinar prostate
adenocarcinoma of the left lateral lobe with infiltration of
the periprostatic tissue, initial tumor classification pT3a
pNO (0/5) L1 V1 PR1, Gleason score 6 (3 + 3), first diag-
nosed in 10/2004, status post surgery, radiotherapy, hor-
mone-, and chemotherapy presented with increase in PSA
(63.41 ng/mL from previously 10.35 ng/mL) for follow-
up. The ¥Ga-PSMA PET/CT demonstrated progression

of disease with high PSMA expression in numerous new
mediastinal and abdominal lymph node involvement,

and acceptable adverse effects, including in
patients with single kidney/renal insufficiency as
well as previously compromised bone marrow
function, for example, due to diffuse metastases
[3-6]. *Ga-PSMA PET/CT can be used for
appropriate selection and follow-up of patients
undergoing PRLT through the application of the
concept of theranostics — we treat what we see,
and we see what we treat.

The patients currently receive PRLT under
individual compassionate basis after exhaustion
of the standard treatment options, i.e., following
chemotherapy and NAAD. However, at this
stage, the disease is already at a very advanced
stage and possibly with aggressive mutants.
Therefore, these patients are already at a disad-
vantage, receiving PRLT as a last-ditch effort. We
demonstrated for the first time the benefit of pro-
viding earlier "Lu PRLT to patients with meta-
static prostate cancer [7]. The median overall
survival in all patients was 27 months. Patients
previously treated with chemotherapy had a sig-
nificantly shorter survival (median of 19 months)

multiple pulmonary and trifocal osseous metastases,
thereby confirming the indication for PSMA radioligand
therapy (PRLT). He was the first patient treated at our cen-
ter in February 2013 using 'Lu- DOTAGA-FFK(Sub-
KuE). (a, maximum intensity projection (MIP) image of
%Ga-PSMA PET/CT; b, ¢, d, e, corresponding axial CT
(upper panel) and fused PET/CT (lower panel); b, left ret-
roclavicular lymph node; ¢, right obturator lymph node; d,
pulmonary metastasis; e, bone metastasis)

than those not having received chemotherapy
(38 months). Survival was also shorter in patients
with previous radium-223 (***Ra) treatment
(17 months). On the other hand, prior surgical or
radiation treatment of the primary tumor had no
significant effect on overall survival. Patients
demonstrating a PSA decline of more than 50%
after at least two PRLT cycles, lived significantly
longer (38 months). In fact, additional treatment
with newer antiandrogen agents Abiraterone or
Enzalutamide in combination with ’Lu PRLT
also prolonged survival. PRLT is a promising
therapy with encouraging outcomes and minimal
associated toxicity, also chemotherapy-naive
patient cohorts [8]. First retrospective data from
an earlier application of Lu-177 PSMA in the
hormone-sensitive stage of the disease showed
even better response rates [9]. In 11 patients with
metastatic prostate cancer without previous anti-
hormonal therapy or orchiectomy (so-called “de
novo RLT”) could be a PSA drop >50% in 9/11
patients (82%) and tumor control (DCR) can be
achieved in 100% of patients (CR 1/11, PR 4/11,
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SD 6/11). First-line therapy was associated with
the longest survival (all patients alive at
55 months).

We had addressed the issue of potential sali-
vary gland toxicity in two of the initial patients
treated with PRLT. The salivary glands were
cooled using a special radiotherapy shield.
However, no significant difference was observed
in the salivary gland uptake in these patients, as
compared to those treated without salivary gland
protection. This can be explained by a rather non-
specific tracer accumulation and a possible reflex
hyperperfusion, which negates the whole purpose
of trying to reduce the uptake due to vasocon-
striction [10]. Indeed, a systemic analysis failed
to prove the benefit of external salivary gland
cooling using icepacks, as a means of salivary
gland protection [11]. In 2018, our group could
demonstrate the first proof-of-concept of a non-
specific tracer accumulation, where injection of
botulinum toxin into a parotid gland achieved a
64% decrease in ®*Ga-PSMA uptake ipsilaterally
(Fig. 18.2, [12]).

In our experience of about 500 patients treated
with around 2000 cycles of '"Lu-PRLT over

Fig. 18.2 A 56-year-old patient with Gleason 9 meta-
static castration-resistant prostate cancer s.p. cabazitaxel
and enzalutamide progressed under '""Lu-PRLT. (a, b, ¢,
d, MIP images of ®*Ga-PSMA PET/CT; a, b, ¢ demon-
strate progression before first PRLT (a, PSA 0.93 ng/mL),
after 2nd (b, PSA 11.2 ng/mL) and after third PRLR (c,

almost 8 years, there has been no significant
xerostomia when using "Lu alone. Although
7Lu is relatively safe, there are treatment fail-
ures, especially in more advanced tumors. Alpha
emitters like 2 Ac are more potent as they cause
more frequent DNA double-strand breaks due to
their high linear energy transfer as compared to
beta emitters like !”’Lu. However, xerostomia is a
limiting adverse effect of ?>Ac-PRLT, due to
which patients discontinue the treatment [13]. In
January 2018, we successfully administered the
first tandem PSMA radioligand therapy, applying
a combination of 2?»Ac-PSMA-617 and
"Lu-PSMA-617, in a patient who had pro-
gressed under !7Lu-PSMA-617 monotherapy
(Fig. 18.2). The proposal was that administering
a relatively lower radioactivity of the alpha emit-
ter 2°Ac-PSMA-617 to that already reported by
the Heidelberg group [13], in addition to the beta
emitter, might minimize the potential xerostomia
because of the salivary gland irradiation by the
alpha particles, while at the same time probably
prove therapeutically effective (synergistic emis-
sion characteristics). In a very promising first
analysis, 13/16 patients (82%) showed a bio-

T
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PSA 137 ng/mL). After administration of the first tandem
PRLT in January 2018 using a combination of 4.5 GBq
"Lu- and 5 MB(q of »4<-PSMA-617. A good response to
TANDEM PRLT was observed with partial remission of
the multiple metastases. It is important to note that the
PSA does not correlate with the tumor burden
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chemical response. In 3 cases, there was a PSA
drop>99% [14]. The pain symptoms improved
significantly in 8/16 patients with one very
impressive improvement of the Karnofsky index
(this, at the time of first presentation, wheelchair-
bound patient, drove 1200 km himself for the
second treatment). No serious xerostomia (but
moderate and tolerable) was observed, which
could have otherwise caused the treatment to be
discontinued. Thus, tandem PRLT could be dem-
onstrated as a fair compromise between effec-
tiveness and side effects of alpha PRLT alone.

Like any other strategy in oncology, the stress
should be on combination therapies, best selected
depending upon tumor- and patient-specific fac-
tors. Quite early on in combination with PRLT,
we treated | patient with an aggressive treatment-
resistant prostate cancer with immune check-
point inhibitor Nivolumab, and another was
treated with the PARP inhibitor Olaparib.
However, both these patients experienced severe
side effects — esophagitis and bone-marrow sup-
pression, respectively, causing treatment discon-
tinuation. Indeed, a recent report suggests
promise of this strategy in selected patients [15].

In a pilot study, we reported for the first time,
a high frequency (35.8%) of germline mutations
in a larger patient cohort referred for PRLT. The
CHEK?2 germline mutations seemed to be associ-
ated with the best PSA response. The treatment
outcome appeared to not correlate with the pres-
ence of radiosensitizer (FANCA, BRCAI, ATR)
or historically prognosis-determining (HOXB13
or BRCA2) germline gene variants [16]. The
future of PRLT and precision radiomolecular
oncology of prostate cancer lies in pharmacoge-
nomics, metabolomics, and radiomics with the
aim of selecting the right therapy at the right time
for the patient.

Thank you, Prof. Baum, for the support,
encouragement, and privilege of working with
you. A great visionary, brilliant clinician, and an
immaculate teacher and orator, your lectures
have had long-lasting impression on thousands of
minds like mine. Always up to date with preclini-
cal research to promote clinical translation, there
is always this strive to take the field of theranos-
tics forward and to go out of the way to find the

best possible treatment for the individual patient —
‘Aut viam inveniam aut faciam’ probably sums
up the motto of your life!
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Biomedical research, not unlike any other
research, should be driven ideally by the inten-
tion to solve a problem. In basic science, the aim
of good biomedical research is to understand the
principles underlying physiology in health and
disease, as a pre-requisite to identify targets,
tools, and mechanisms suitable for a possible
intervention. When it comes to clinical medicine,
research—apart from purely epidemiological
investigations—typically aims to satisfy so-
called “unmet needs” for better diagnosis, pre-
vention, or therapy of diseases.

Nuclear medicine, the opera of the sciences,
nowadays combines the possibility to quantita-
tively investigate—once a suitable radiopharma-
ceutical tracer is available—virtually any
physiological process, and to translate such diag-
nostic method into a therapeutic intervention by
simple isotope exchange. The basis of the signal,
pharmacological interactions of a tracer with its
molecular target, irrespective of whether recep-
tor, transport system, or enzyme, combined with
radioactive decay, the most sensitive, reproduc-
ible, and quantifiable detection system in nature,
allows in connection with current SPECT and
PET camera systems to detect, measure, and ana-
lyze physiology of the host in health and disease
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on one hand, as well as pharmacokinetics and
pharmacology of the radiopharmaceutical on the
other.

Nuclear medicine, though, has been in its
beginnings a purely therapeutic discipline, when
Saul Hertz in 1941 first used artificially manufac-
tured "*’Todine to treat hyperthyroidism [1, 2],
followed in 1946 by Samuel Seidlin treating
metastasized thyroid cancer with *'Todine [3].

Only in 1951 it became possible to actually
localize radioactivity inside the body using the
“rectilinear scanner” invented by Benedict
Cassen, a simple scintillation counter moving lin-
early over the body allowing to correlate count
rates to two-dimensional anatomical coordinates
at the body surface [4]. To the present day, there-
fore, camera systems in nuclear medicine con-
tinue to be referred to as “scanners”.

The unique feature of nuclear medicine, pro-
viding its right to exist as an independent diag-
nostic discipline besides radiology, is the
possibility to investigate physiological processes,
rather than only anatomical structures. What is
now generally known as molecular imaging,
exemplified by standard techniques such as func-
tional uptake, perfusion, or excretion studies,
required the introduction of time, as the fourth
dimension into signal acquisition. In order to
achieve this, the detection of signal changes over
time, as well as a sufficiently large detector area,
allowing to detect regional variances in radioac-
tivity in a given field of view was necessary. In
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1958, Hal Anger solved the problem, to first
“focus” photons using a parallel collimator, and
then detect their presence using scintillation crys-
tals. An intelligent array of photomultipliers
enabled an unprecedented localization of photons
with sufficient timely and spatial resolution, cre-
ating an image of the underlying object in the
detector plane [5]. This device, today known in
honor of its inventor as Anger camera, enabled
for the first time dynamic imaging studies of
functional phenomena in vivo. Nuclear medicine
found its feet. To the present day, Anger’s basic
concept of photon detection by scintillation crys-
tals coupled to photomultipliers remains the stan-
dard layout of current SPECT and PET systems.

When represented in a two-dimensional detec-
tor plane, though, photons originating in different
planes of the body cannot be differentiated. For a
more appropriate anatomical allocation of the
photon signal, the resolution of the third dimen-
sion was required. The physician David Kuhl and
the engineer Roy Edwards pioneered tomo-
graphic medical imaging, introducing the con-
cept of “rotational scanning” in 1958 [6]. Their
work involved the development of basic method-
ologies for acquisition, reconstruction, and dis-
play of data, acquired with multiple rotating
detectors, allowing to generate a three-
dimensional image. It took until 1964, when suf-
ficient computational power became available,
until the first human SPECT scans of brain and
body could be performed [7]. Computer-filtered
back projection replaced the initial optical back
projection.

Only in 1971 X-ray computed tomography
was introduced by Godfrey Hounsfield also for
morphological imaging, for which he received a
Nobel prize in 1979 [8]. It is unclear, whether or
not Hounsfield knew Kuhl’s and Edward’s prior
work.

On their way through the tissue, photons
undergo attenuation and scatter, which both
degrade image quality, and hence the precision of
anatomical allocation of a photon source in the
body, even when using three-dimensional SPECT
imaging. Photons originating from annihilation
of a positron with an electron, though, have the

peculiarity to occur as pairs, leaving the spot of
annihilation in an angle of 180° with a high
energy of 511 MeV. These features allow local-
ization of an annihilation event in the body based
on simultaneous — “coincident” — activation of
opposite scintillation detectors, which avoids the
need for “focusing” by collimation, as in SPECT,
a procedure, which excludes 99.99% of available
photons in the body from contributing to image
generation. Accordingly, positron emission
tomography (PET) has a much higher sensitivity,
better spatial resolution, and quantitative accu-
racy, compared to SPECT. The basic scanner lay-
out for tomographic positron imaging by
coincidence detection was—again — initially con-
ceived by David Kuhl in the 1960s.

In 1973, the first clinically used PET scanner
was built at the UCLA by Edward Hoffman,
Michael Ter-Pogossian, and Michael Phelps, ini-
tially for brain imaging only, followed by a first
whole-body scanner in 1977 [9]. With this
achievement, PET was established as a general
methodology to non-invasively image and quan-
titatively measure physiological phenomena
in vivo. To fully exploit the potential of the new
methodology, dedicated positron-emitting radio-
pharmaceuticals were needed, as well as method-
ologies, to analyze and interpret the now truly
four-dimensional complex data sets, which then
consumed the performance of the most powerful
computer systems available at the time, a likable
feature nuclear medicine has retained to the pres-
ent day. Two handful of PET institutions in Japan,
Europe, and the USA developed into the drivers
of method development which attracted the most
talented, creatively thinking scientists from any
discipline and all over the world. Not surprisingly
most of these institutions were run by scientists,
mostly physicists and chemists, rather than phy-
sicians, who tend—often hindered by a wide-
spread professional conceit—to be less able to
create truly interdisciplinary teams at eye level.
Where until the 1990s nuclear medicine was
often condescendingly referred to as “Unclear
Medicine”, holistically thinking scientific vision-
aries like Terry Jones, Michael Welsh, Bengt
Langstrom, Jun Hatazawa, Adriaan Lammertsma,
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André Luxen, or Richard Baum have established
today’s perception of nuclear medicine as the
embodiment of precision medicine per se.

For imaging of physiology, radiolabeled tracer
molecules—rather than just elemental radionu-
clides such as “liodine, *xenon, “gallium, or
Dlthallium—were required. The basic methodol-
ogies to introduce radionuclides into organic
molecules, though, had yet to be developed.
Alfred P. Wolf at Brookhaven, together with his
co-workers Tatsuo Ido, Joanna Fowler, Michael
Welsh, and Gerhard Stocklin developed the first
methods to introduce “carbon [10], "'carbon [11]
and later '*fluorine into chemical syntheses [12],
which all of a sudden enabled covalent radiola-
beling of any organic molecule—at least
theoretically.

These methods were soon widely used, in
order to explore derivatives of simple biomole-
cules as potential tracers, to address the carbohy-
drate, the nucleic acid, and protein metabolism.
Ido, Fowler, and Wolf in 1976 first synthesized
BF-fluorodesoxy-glucose (FDG) [13], Hiroshi
Fukuda and Ren Iwata explored "¥F-fluorodesoxy-
mannose [14], Anthony Shields and John
Grierson explored !'8F-fluoro-thymidine [15],
while Stocklin [16] Kiichi Ishiwata, and others
explored amino acids, from which '®F-fluoroethyl-
tyrosine (FET) [17] and '3F-fluoro-DOPA [18]
made their way into clinical medicine.

On the other side, the possibility to label phar-
macologically active substances, in order to study
drug biodistribution, metabolism, and more
importantly, receptor occupancy in vivo was soon
perceived. Marieannik and Bernard Maziere in
Orsay, Henry N. Wagner, J. James Frost, and
Robert Dannels in Baltimore, Philipp Elsinga and
Aren van Waarde in Groningen, Joanna Fowler,
Nora Volkow, and Stephen Dewie in Brookhaven,
Lars Farde, Christer Halldin, and Bengt
Langstrom in Sweden, Kazuhiko Yanai and
Tatsuhaki Watanabe in Sendai or Olof Solin in
Turku all deserve credit for having developed and
introduced the basic methodologies for PET
in vivo pharmacology.

The analysis of four-dimensional functional
imaging data required new methods. The neuro-
scientist Albert Gjedde and the mathematician

Clifford Patlak developed independently (1981
and 1983) graphical methods to analyze the phar-
macokinetics of tracers involving irreversible
uptake, such as FDG, now known as Gjedde-
Patlak [19, 20] plot. For tracers binding revers-
ibly to receptors and enzymes — as most
pharmacologically active substances do — Jean
Logan from Joanna Fowler’s group found in 1990
a graphical method to estimate the distribution
volume from plasma activity curves, which
allows to determine receptor occupancy. This
method is now referred to as the Logan plot [21].

In order to comprehensively characterize the
biological behavior of a physiological substrate
or a drug, not only the binding characteristics to
their receptors in vivo, i.e., binding constants, are
of interest, but also pharmacokinetic properties,
such as biodistribution, penetration of the blood-
brain barrier, plasma protein binding, the rela-
tionship of plasma concentration and receptor
occupancy, as well as kinetics and pattern of
metabolization and excretion. Once a positron-
emitter-labeled analog is available, all these
questions can be addressed in a single experi-
ment. Since in particular metabolic pathways
may differ considerably between animal models
and humans, it is of high interest to get early
information from the human target species.

Mats Bergstrom and Bengt Langstrom from
Uppsala were the first to suggest in 2003 the con-
cept of PET microdosing for the development of
new drugs [22]. Microdosing means the adminis-
tration of less than 100 pg or 30 nMol of a sub-
stance, which is generally assumed to be
pharmacologically inactive. As the mass dose of
PET tracers is nearly always below this margin,
new compounds can mostly be administered to
humans in the context of PET microdosing stud-
ies, also referred to as phase 0 studies, with a sig-
nificantly reduced toxicological characterization.
Such a method allows to verify expected sub-
stance properties, and on the other hand to recog-
nize possible development roadblocks, such as
unexpectedly high protein binding, fast metabo-
lization, or lacking brain uptake, early on during
the development process. Nowadays, many new
drug candidates intended for CNS indications
and beyond contain fluorine atoms, in order to
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allow a quantitative characterization of pharma-
cology in vivo using chemically identical
8F-analogs in PET microdosing studies.

In contrast, for routine diagnostics in clinical
medicine, a universal PET tracer is desirable,
which allows to detect physiological abnormali-
ties in the body, without the need for advanced
data processing. In other words, producing a
foolproof signal. Such a tracer is 'F-FDG. In
1976, the physician Abass Alavi was the first to
administer '"8F-FDG, synthesized by Joanna
Fowler, to two healthy human volunteers, which
were scanned on the UCLA scanner [23].

Today, 8F-FDG is the by far most frequently
used PET radiopharmaceutical, accounting for
more than 90% of an estimated more than four
million PET scans conducted around the world
annually. This broad clinical adoption of PET
imaging would not have been possible without a
remarkable industrialization of all aspects of pro-
duction and distribution for the very short-lived
PET radiopharmaceuticals.

Introducing a robust stereospecific, high-yield
radiosynthesis for carrier-free FDG, Kurt
Hamacher in 1986 laid the ground for this devel-
opment. The method—using an aminopolyether,
the legendary Kryptofix 222, as phase transfer
catalyst for '¥F—has revolutionized the prepara-
tion of '®F-labeled tracers in general, and laid the
ground for commercial high-volume routine
preparation of PET radiopharmaceuticals [24].
The high radiation exposure associated with the
handling of positron-emitters had early on stimu-
lated the automated production of PET radio-
pharmaceuticals. In 1986, JW Brodack, Michael
Kilbourn, and Michael Welsh were the first to use
an adapted commercial lab automation system
for the preparation of a PET radiopharmaceutical
[25]. In the 1990s, Bruno Nebeling, Jean-Luc
Morelle, and later Vincent Tadino designed the
first dedicated automated synthesizer modules
for 18F- and !'C-labeling reactions, and commer-
cialized these successfully. In parallel, new com-
mercial players were created to make available
materials for isotope production, pharmaceutical
grade chemicals for GMP radiosynthesis, as well
as radiopharmacy networks, able to provide reli-
able manufacturing and distribution of PET

radiopharmaceuticals, opening the possibility to
operate clinical PET imaging sites without an
own radiopharmacy. Today manufacturing PET
radiopharmaceuticals is a several hundred-
million-euro business, with strong competition,
which has led to a remarkably complete geo-
graphical coverage of tracer supply in the devel-
oped countries.

The production of the required positron-
emitting radionuclides does—in contrast to most
single photon emitters—not require a nuclear
reactor as neutron or proton beam source, which
involves always a massive investment, typically
only amenable to governments or large monopo-
listic utility companies, but is possible using
smaller scale particle accelerators, the
cyclotrons.

The basic design of the cyclotron was con-
ceived by Leo Szilard already in 1929 [26], and
reduced to practice independently by Ernest
Lawrence in 1931 in Berkeley [27], who in 1939
received a Nobel prize for it, 1935 by Nishina
and Nishikawa in Japan, 1937 by George Gamov
and Igor Kurtchatov in Russia, and 1943 by
Walther Bothe and Wolfgang Gentner in
Germany. The times and the names indicate that
the primary motivation for their research was not
at all medical in nature. Nevertheless, having
experienced the non-medical applications of their
work, most of these brilliant physicists, many of
which Nobel laureates, became driving forces to
establish peaceful applications of radioactivity.

In this spirit, the Brookhaven National
Laboratory (BNL) was founded in 1947, which
stimulated the establishment of similar nuclear
research institutions in many countries around
the world, and initially educated many of their
leading scientists. At the international level, the
TIAEA with its mission “atoms for peace” was
created in 1957.

With the increasing installation of PET scan-
ners in academia, the need for positron-emitting
radionuclides ideally produced in the vicinity of
the scanner, grew. Rather than large-scale
research installations, small self-shielded cyclo-
trons, amenable to medical institutions, were
needed. Newly created companies, started by
academic physicists active in the field served this
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need. In 1983 Michael Phelps, together with
Ronald Nutt, and Terry Douglass founded CTI,
which—besides cyclotrons — later also
manufactured PET scanners, and considerably
contributed to the clinical establishment of the
methodology. CTI was acquired by SIEMENS in
2005. In 1986, Yves Jongen of Louvain founded
IBA, which remains a leading independent man-
ufacturer of medical cyclotrons.

To the present day, however, the mainstay of
diagnostic procedures in nuclear medicine is
being conducted using *™Technetium as a radio-
label. From an estimated 40 million annual diag-
nostic procedures globally, approximately 85%
involve  %"Tc-labeled radiopharmaceuticals.
Ironically, the development of this radionuclide
was only by chance.

When Walt Tucker and Margaret Greene,
chemists at BNL, tried in the late 1950s to chro-
matographically isolate '**odine — which they
believed might be favorable for diagnostic proce-
dures in view of a 2-h short half-life — from
132Tellurium out of reactor fission products, they
found it to be contaminated with *Molybdenum,
which decayed to *™Technetium. Due to the
chemical similarity of the 1**Te/'*I and Mo/ Tc
nuclide pairs, they could recycle their methodol-
ogy to create the first Mo/*"Tc generator,
which they nicknamed a “moly cow”, since the
mother nuclide Mo stays immobilized on the
alumina generator column, from which pure
%mTc can be eluted by physiological saline for
further use [28]. When trying to apply for a pat-
ent, the patent office replied visionarily, “We are
not aware of a potential market for *"Tc great
enough to encourage one to undertake the risk of
patenting”.

Powell “Jim” Richards, though, the head of
isotope production at BNL recognized, that ™ Tc
had—compared to all other accessible nuclides at
the time—by far the best physical properties for
medical imaging with the just invented Anger
camera. The photon emission of 140 keV had a
sufficient tissue penetration, and was at the same
time low enough, to allow efficient collimation
for “focusing”. The comparatively short half-life
minimized radiation exposure for the patient, and
in addition, the difference in half-lives between

parent and daughter nuclide (66 vs. 6 h) allowed
to ship the generator to hospitals, allowing to
generate the radionuclide for diagnostic practice
on the spot, which could create accessibility.

Richards and Suresh Srivastava, who later
substantially refined the generator technology
and technetium labeling [29], started lobbying
the medical and scientific community for the
nuclide. Richards first presented on *™Tc in 1960
at the seventh Electronic and Nuclear Symposium
in Rome. On his way, he met Paul V. Harper,
from the newly founded Argonne Cancer
Research Hospital in Chicago, who ordered in
1961 the first ®Mo/*™Tc generator from BNL. He
introduced *"Tc for blood flow measurements of
liver and kidney. In the same year Harper could
also demonstrate the use of *"Tc for imaging
thyroid and brain tumors, a more than welcome
alternative to pneumoencephalography in the
pre-CT era [30]. His methods—obviously satis-
fying an unmet need—were soon widely adopted.
By 1967 BNL had to transfer the production of
the *Mo/*"Tc generator to commercial provid-
ers, able to industrially scale manufacturing, in
order to keep up with the rising clinical demand.
Today, the key role of the trio *™Tc, Richards,
and Harper for establishing nuclear medicine as a
medical specialty in its own right is widely
recognized.

In order to extend the use of the physically
favorable *™Technetium to biological targets, not
addressable by virtue of perfusion or their avidity
for the iodine-like properties of the element,
Richards started in the mid-1960s his search for
ways to use technetium *™Tc as a radiolabel for
more complex tracers. As metals do not form
covalent bonds, complexation agents were
required, allowing to bind the radiometal to phar-
macophores, intended to bind to a biological tar-
get. However, the chemistry proved to be tricky.
Only in 1970 William Eckelman and Richards
succeeded to identify DTPA as a universal com-
plexing agent for "Technetium, which was sub-
sequently used to radiolabel not only multiple
pharmacophores with *"™Technetium, but also
with other radiometals such as "'"Indium [31].

The general possibility to label pharmacoph-
ores with radiometals stimulated the research to
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enable internal radiotherapy with beta-emitting
radiometals, extending the principles of
BlT-radioiodine therapy, to targets not address-
able with elemental "*'1.

Donald Hnatowich, as well as Sally and
Gerald DeNardo in the 1980s, were among the
first to consider *Yttrium as an alternative to '
for labeling pharmacophores for therapeutic pur-
poses [32]. After initial dissatisfactory attempts
with DTPA, which produced unstable complexes,
Shrikant Deshpande and Sally Denardo in 1989
finally identified DOTA as a suitable chelator for
Y [33].

DOTA offered for the first time the possibility
to form stable complexes not only with *°Y, but
also with other tri-valent radiometals such as
"TLutetium, a beta-emitter with shorter particle
path length in tissue, featuring an imageable
gamma emission, alpha-emitters such as
25 Actinium, and at the same time diagnostic
nuclides for SPECT and PET, like '''Indium,
%Gallium, or **Copper.

Only with the introduction of DOTA, as a
multivalent chelator suitable to complex diagnos-
tic and therapeutic nuclides alike, nuclear medi-
cine finally became technically able to unfold its
full theranostic potential. Pharmacophores as
diverse as monoclonal antibodies, peptides, small
molecules, or nanobodies have since been labeled
for PET and SPECT imaging, as well as for ther-
apeutic administration with either beta- or alpha-
emitters. Theoretically, any given pharmacophore
can—by exchange of the radiolabel—be multiply
used as a targeting agent to diagnostically iden-
tify target expression, to measure target engage-
ment, and then to plan and administer a
therapeutic intervention, using a therapeutic
payload.

The general access to today’s most popular
theranostic nuclide pair ®*Ga and '"’Lu, both effi-
ciently complexed by DOTA, was paved by Frank
Rosch and Konstantin Zhernosekov from Mainz,
who translated what Tucker and Green had done
for ™T¢ into the PET world, making available
the %Ge/**Ga generator [34], allowing on-site
production of positron-labeled tracers without a
cyclotron, and devising — together with Nicolai
A. Lebedev from Dubna—an efficient and reli-

able way to produce carrier-free '”’Lu, today’s
standard therapy radionuclide [35].

David Goldenberg is credited to have first
used antibodies as targeting agents in 1977 [36].
It took until the late 1990s that peptide ligands
were explored for diagnosis and treatment by
many groups. The somatostatin receptor system,
well known from established peptide therapeu-
tics for neuroendocrine tumors, served as a model
to pave the way for many other receptor systems,
today addressed by most diverse peptide thera-
peutics under development. Claude Reubi,
Helmut Maecke, and Marion de Jong paved the
way for pharmacology and chemistry. Jan Miiller-
Brand in Basel, Dik Kwekkeboom and Eric
Krenning in Rotterdam, as well as Richard Baum
in Bad Berka were among the earliest clinical
adopters of the method [37-39], and later contin-
ued the development of this new therapy modal-
ity in academia for the benefit of their patients on
their own, in the absence of any industrial interest
for many years.

Thanks to important progress in instrumenta-
tion, it is now possible to also quantitatively
reconstruct SPECT, yielding information in
terms of Bq/mL tissue, which is a prerequisite
for accurate detection and dosimetry of thera-
peutic nuclides in vivo, most of which are single
photon emitters. Bruce Hasegawa is credited for
having first suggested to combine SPECT and
CT imaging to acquire simultaneous SPECT/
CT, allowing for voxel-based scatter and attenu-
ation correction [40]. Hidehiro Iida from Osaka
[41], as well as Dale Bailey from Sydney [42]
practically implemented the absolute quantifica-
tion of SPECT images (“QSPECT”) in the years
2000, with which it is now possible not only to
image and localize, but also to quantitatively
measure the radiation absorbed dose, conveyed
by a therapeutic radiopharmaceutical to a tumor
in Gray (Gy), as established in external field
radiation therapy. It took until the years 2010,
though, that the major camera manufacturers
started implementing this methodology into
their SPECT scanners, as they feared, their PET
camera business—much higher priced in reason
of the possibility to quantify the image data—
might suffer.
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With these achievements the basic technical
toolbox of nuclear medicine as a universal diag-
nostic and therapeutic  discipline was
complete.

Nevertheless, PET instrumentation has since
seen quantum leaps in sensitivity and resolution.
The introduction of simultaneous PET/CT by
Thomas Beyer and David Townsend in 2000 has
increased the sensitivity of PET by a factor of 40
compared to the initial UCLA instrument [43].
Time-of-flight detection further improved the
signal-to-noise ratio of the PET images [44]. The
development of a total body PET scanner, driven
by Simon Cherry and colleagues, now allows to
further increase the sensitivity of PET by a factor
of 100, allowing to reduce activity doses of diag-
nostic radiopharmaceuticals accordingly, without
any loss in image quality [45]. Provided, how-
ever, that the budgets involved in health care—
not only for instrumentation—will not prohibit a
wider adoption.

Last but not least: PET/MRI. Its development
has been much more of a technical challenge than
the PET/CT, considering the need to harmonize
mutually incompatible magnetic and scintillation
detector systems in a very small space, and to
come up with attenuation correction methods
based on an MRI, rather than a CT image, to
which Bernd Pichler from Tiibingen provided
key contributions. Now, after years of enthusias-
tic search by the scientific community for the
“killer application”, with series of own symposia
conducted in the pre-pandemic era, the unique
clinical value of PET/MRI becomes increasingly
clear in situations, where a detailed morphologi-
cal or perfusion information are needed in addi-
tion to molecular information [46].

With the complete methodology of nuclear
medicine available today, we have become able
to read the book of life, at least its physiological
basis. We may need artificial intelligence to mas-
ter the flood of information and to decipher its
meaning in the future, but we will always need
academic teachers, and great humans, able to
welcome new members to the community, and
spread the flame of curiosity.

Thank you, Richard.
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Working

at Isotopentherapiestation D3:

20

A Daily Challenge or Adventure

Never Stops

Coline Lehmann

My first day of work as a resident in the Dept. of
Nuclear Medicine—Center for PET/CT in Bad
Berka was on 01.08.2008. I applied for this job in
springtime that year and shortly thereafter I had
the job interview with Prof. Dr. med. Richard
Baum. I remember we were sitting together in a
very unspectacularly room, beside this I had a
very nice talk with him and expressed my wish to
become a nuclear medicine and that I’d love to
have the opportunity to work in his department.
Of course I previously got some information
about working there and I was more than willing
to overcome the daily travel of 150 km. After
gaining experience in internal medicine by work-
ing as a student for years on several internal
wards as well as doing the doctoral thesis in
endocrinology together with my great motivation
I got the job in the end. Before my job interview,
in the beginning of May 2008 the “10 Years
Anniversary PET and Nuclear Medicine Bad
Berka (1998-2008) International Symposium -
Molecular Diagnosis and Therapy of Cancer in
Nuclear Medicine” took place in Bad Berka. So I
got the chance already to get a first real impres-
sion in this exciting discipline of medicine and
also get to know some of my future colleagues.

The Radio-Isotopentherapiestation became
my workplace from the first day on.

C. Lehmann (D<)
Institute for Diagnostic and Interventional Radiology,
SRH Wald-Klinikum Gera GmbH, Gera, Germany
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The Klinik fiir Molekulare Radiotherapie in
Bad Berka offers 22 beds after reconstruction and
expansion for patients who will be treated with
all possible nuclear medicine therapies with
nuclides. This patient-friendly ward has modern
2-bedroom and 2 1-bedroom facilities. You also
find friendly and highly specialized nursing staff
caring for their patients.

The focus of treatments is on the therapy of
thyroid diseases as well as neuroendocrine
tumors (NET) or metastasized castration-resistant
prostate  cancer since  February  2013.
Radioimmunotherapy (e.g., in lymphomas and
colorectal cancers) is also part of the treatment
spectrum. With in total 6248 realized peptide
receptor radionuclide therapies (PRRT) with (90)
Y- and/or (177)Lu-labeled peptides since
16.2.1997 and 1312 therapies since 18.06.2013 in
prostate cancer under the direction of Prof. Dr.
med. R.P. Baum, The Klinik fiir Molekulare
Radiotherapie in Bad Berka is a worldwide lead-
ing center and offers an excellent expertise in this
field. In our opinion for example PRRT should
only be performed at specialized centers, as NET
patients need highly individualized interdisci-
plinary treatment and long-term care.

As a new resident I had to work in the thyroid
ambulance as well as at the ward. In the morning
I'had to learn all about the pitfalls of thyroid diag-
nostics and therapy and in the afternoon the focus
was on neuroendocrine tumors and their
treatment.

197

V. Prasad (ed.), Beyond Becquerel and Biology to Precision Radiomolecular Oncology: Festschrift
in Honor of Richard P. Baum, https://doi.org/10.1007/978-3-031-33533-4_20


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-33533-4_20&domain=pdf
https://doi.org/10.1007/978-3-031-33533-4_20

198

C.Lehmann

A small, well-organized, and experienced
team of doctors is taking care of the well-
regulated processes and the realization of the
treatments.

During their internship all new doctors have
the daily clinical routine with the patients’ admin-
istration and detailed case histories with a focus
on the classification of the sometimes rare case
histories and the multimorbidity of the patients.

One key aspect which I want to emphasize is
the treatment of international patients. The per-
centage of foreign patients (more than 50 differ-
ent nationalities) was increasing month after
month during the last years. Due to this fact many
logistical and organizational problems have
occurred. In 2012 the Kommission fiir
Krankenhaushygiene und Infektionspriavention
(KRINKO) updated the hygiene measurements
concerning infection and colonization with mul-
tiresistant gram-negative rods. They recom-
mended a pre-emptive isolation of patients
coming out of countries with higher prevalence
to avoid a 4-MRGN-infection. After careful con-
sideration only a few exceptions were tolerated in
very limited cases. This was leading several times
into acute occupancy problems at the ward. As
being the physician responsible for hygiene mat-
ters, a very close collaboration with the depart-
ment for labor and hygiene was often really
helpful and led to efficient solutions in all
hygienic relevant questions. Furthermore, this
collaboration was also very important concerning
another big issue in dealing with our patients.

In the context of realization of Lutetium-177
(Lu)-labeled prostate-specific membrane antigen
radioligand therapy (Lu-PRLT) for patients with
metastatic castration-resistant prostate cancer
(mCRPC), the patients more frequently exhibit a
worsening in clinical status as well as a labor
constellation which lead into a direct need to
apply red blood cell concentrate. The clinical
indication for giving a red blood cell infusion is
depending on several facts like age, gender, case
history and clinical state of the patient as well as
sort and cause of the anemia. It is also addicted to
previous treatments and so the need for transfu-
sion was increasing. Prescribed by law, all medi-

cal facilities which use blood products have to
name a lead consultant for transfusion who is
responsible for all tasks concerning transfusion.
In the bigger centers you have to name also a
transfusion practitioner, who is taking care of all
procedures which are announced from the lead
consultant for transfusion or the transfusion
panel.

When you look at the increasing numbers of
transfusion and also want to secure a constant
high quality in these procedures it was just a logi-
cal step to become the transfusion practitioner of
the department.

In the context of the function as a radiation
safety officer, you’re not only the direct contact
person for all instructions and briefings, you are
also responsible for the different questions from
patients and their family. Most of the patients
never had any contact to nuclear medicine or only
limited experience to diagnostics in nuclear med-
icine and are completely inexperienced to how to
behave at an isotopentherapiestation.

This generates an extensive
clarification.

Even when you’re really careful and cautious,
you can have unwanted contaminations in extreme
rare cases. Also here, the radiation safety officer is
an advisor as well as a coordinator. Some years
ago we had a case of a bigger contamination
which required the attention of the complete staff
and all our physicians to clear up the situation in
forensic detail. Presumably several small contam-
inations occurred during work in the ward with
Lu-177, some were found at the floor, one at the
top of the nurse and supposably there was also a
contamination on the printed label of the nuclide
which is in the patient files. With the result that
the hands of the doctors and the nurses had been
contaminated as well. In the end the contamina-
tion was recognized but you could detect small
amounts of radioactivity all over the ward, in the
hot labor, on hands, shoes, even in the patient
files. Due to not identified new contaminated
sources you got repeatedly new starting points of
measurable activity. The complete staff and all
radiation safety officers had to take measures with
decontamination procedures for 2 days.

need of
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As a result of the radioligand therapy with
Lu-177 labeled PSMA antagonists for patients
with prostate cancer in 2013 another therapy
option was established, the so-called alpha ther-
apy with Bismut-213 in December 2016 which
switched to Actinium-225 in February 2018.

The establishment of new treatments is always
a big challenge for all people involved. You have
to plan, analyze, and calculate all logistical prob-
lems into detail to avoid problems later. With a
high amount of calculation and preparation work
done by our physicians, you try to anticipate
future outcomes and once established you get
trained on the theory. Starting at the point of
delivery of the radioisotope and ending in the
radioactive waste management, you have to dis-
cuss all topics related. You also need to train your
staff, generate new SOPs, clarify administrative
problems like text modules, for example, for let-
ters, etc. and of course every detail has to be clear
before the new nuklid is ready to be used in a
suitable patient. Due to the increasing use of
Actinium-225 as a single treatment as well as the
so-called Tandem therapy (when you administer
two different radiopeptides in one session) in
combination with Lu-177, we saw also more
severe clinical cases with multimorbidity.

The number of patients coming to us for ther-
apy was again rising.

My personal treatment record for 1 day was
18 treatments in 9 patients, which were per-
formed as Tandem therapy in patients suffering
from metastasized prostate cancer.

This achievement is only possible when you
are part of such a highly skilled and motivated
team. It is also very important to have regular
multidisciplinary meetings (with the radiophar-
macy, the technical assistants, the secretaries,
study nurses, etc.).

Another focus is especially regarding the
dosimetry scans, performed after the therapies
which are of the utmost significance for the
patients, you always have to ensure a very close
teamwork of all people involved to make the
whole procedure possible. To achieve these
results, you’re on the phone for a big part of the
day, coordinating the workflow. It needs all hands

on deck to reach
treatments.

When I think back to my work since 2008 till
2019, many situations have impressed me. As a
new resident I was full of respect of the diversity
of tumor diseases of these patients, their often
long life of suffering and their thankfulness that
we could help them. This was especially thanks
to the Bad Berka system. Over so many years a
complex procedure evolved. It needed month
after month of job training to understand this sys-
tem. So many different staff members took care
of such a big amount of things, everything had to
run like clockwork, so in the end another happy
patient could leave the ward. Thanks to the
extremely high motivation on a daily base of the
staff members we were able to achieve these
results.

Until my very last day there my personal high-
lights which fascinated me the most were the
ward rounds with Prof. Dr. med. Baum. It is
really amazing how somebody could have such a
memory, he caught every detail, was able to build
interactions which not everybody is able to do,
seeing facts which most people would miss out.

Every ward round with him was a big lesson
for me. Even when you were overloaded with
work you dropped everything and joined him for
rounds as this was such a big opportunity to learn
from him!

There was never enough time to do every-
thing. There was always a very high standard of
care and although our goal was to do everything
perfect, it was almost impossible. We worked
very long days and often left the clinic late in the
evening.

And after becoming a specialist you had to do
on-call duties on top of the daily work and as a
senior physician you had to be on call half of the
month. For a while we had to admit patients on
Saturdays because of the workload during the
week. The Mondays were too full to admit
patients because of the scheduled therapies and
administration.

Nevertheless, my personal motivation has
always been very high. I was proud to be a mem-
ber of this team and to have the ability to make a

such high numbers of
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contribution to this work and to learn in reverse The whole team can be proud of their individ-
so many things. When you compare it with a uni- ual contribution so we were able to reach these
versity institution, we as a relatively small hospi- milestones!
tal reached so many milestones. An expertise, which is really unique.

With this approach the Klinik fiir Molekulare
Radiotherapie is able to look back to 7560 thera-
pies in 2059 patients in total over the last 22 years.
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Theranostics in Australia:
The Importance of Vision

21

and Training, and the Power
of Collaboration

Nat Lenzo

Nuclear medicine began as a therapeutic onco-
logical specialty over 75 years ago principally on
the back of the discovery, and then widespread
adoption, of lodine-131 as an effective and safe
treatment for differentiated thyroid cancer [1].
With a half-life of just over 8 days, this physical
attribute meant that Iodine-131 could be centrally
produced by neutron bombardment of tellerium
in a reactor and then distributed widely to
patients. Thus, dissemination of this therapy
occurred over the ensuing years throughout the
world, including into Australia.

In Australia, the first nuclear reactor was con-
structed, in the late 1950s, at Lucas Heights in the
outskirts of Sydney [2], and following its com-
missioning, began producing not only lodine-131
for therapeutic nuclear medicine, but also other
neutron-rich radioisotopes such as technetium-
99m for diagnostic nuclear medicine. In the
1960s through to the 1980s, nuclear medicine in
Australia transitioned into a predominantly diag-
nostic specialty heavily focused on technetium-
99m, and to a lesser degree, the imported
cyclotron produced radioisotopes gallium-67 and
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thallium-201. Almost 50 years after the initial
reactor, a replacement nuclear (OPAL—Open
Pool Australian Lightwater) reactor was commis-
sioned at Lucas Heights in 2007.

The first national medical cyclotron was estab-
lished in Camperdown, Sydney, in the early 1990s
[2]. This cyclotron was situated across the road
from one of the first PET scanners in Australia at
the Royal Prince Alfred Hospital in Sydney.
Smaller cyclotrons were subsequently set up in the
1990s at the Austin Hospital and then at the Peter
MacCallum Cancer Institute in Melbourne. With
the introduction of this technology came the early
foray into positron emission tomography utilising
cyclotron-produced radioisotopes, predominantly
Fluorine-18. These developments expanded the
diagnostic capability of nuclear medicine. By the
end of the 1990s, there were over 160 nuclear
medicine sites with over 300 gamma cameras in
public institutions, private hospitals and suburban
practices in Australia. Only three PET cameras
were in operation at the end of the 1990s. By 2020,
however, PET had grown to over 80 centres across
Australia with cyclotrons now present in every
state and territory apart from Tasmania and the
Australian Capital Territory.

With the development of nuclear medicine
practice, the Australian and New Zealand
Association of Nuclear Medicine (ANZSNM) was
founded in 1969, and around the same time, the
Australian and New Zealand Association of
Physicians in Nuclear Medicine (ANZAPNM),
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more recently known as the Australasian
Association of Nuclear Medicine Specialists, also
came into existence. Over the 1970s and 1980s,
training in nuclear medicine for medical graduates
developed into structured programmes under the
direction and supervision of the Royal Colleges of
both radiology and medicine (Royal Australian
and New Zealand College of Radiologists—
RANZCR; Royal Australasian College of
Physicians—RACP). The structure evolved such
that training could be obtained either as part of a
4 + 2 year programme within the postgraduate
radiology training programme or part of the 6 year
postgraduate physician (internal medicine) train-
ing programme. As part of the 6-year radiology
training programme, nuclear medicine comprised
the last 2 years of training after completing 4 core
years in radiology training. This allowed such
trained practitioners to be dual qualified in both
general radiology and in nuclear medicine.
Positron Emission Tomography (PET) accredita-
tion was incorporated into core nuclear medicine
training in Australia in the early 2000s. Advanced
training in nuclear medicine is supervised by a
joint committee made up from representatives
from the RANZCR and the RACP. There are now
over 40 accredited training sites for nuclear medi-
cine and PET sites around Australia in both public
and private practice settings.

Within the physician stream, advanced train-
ing in nuclear medicine comprised of a minimum
of 2 core years of nuclear medicine +1 elective
year. Advanced training in nuclear medicine
commenced after completing a minimum of
3 years of basic physician training post-intern
year and passing the rigorous basic physician
written and clinical exams. It is possible also in
the physician training stream to specialise in two
subspecialities of internal medicine by complet-
ing a minimum of 2 core years of nuclear medi-
cine training and then an additional 2 core
training years in a separate medical specialty
(e.g. medical oncology, respiratory medicine,
cardiology, endocrinology). This pathway allows
physicians to become dual qualified in two sub-
specialties, a pathway very relevant to current
and future theranostic practice.

Since the 1990s, there has been a resurgence
in interest in therapeutic nuclear oncology and

the development of significant expertise in this
area in Australia. This has occurred for several
reasons. Australia still has a relatively large num-
ber of nuclear physicians trained via the physi-
cian route under the clinical internal medicine
model. These nuclear physicians have tradition-
ally gravitated more to academic institutions and
academic endeavours rather than the dual-trained
radiologist/nuclear physicians who, due to their
breadth of diagnostic capabilities and expertise,
are highly sought after for private radiology prac-
tice. The length and rigour of training, the empha-
sis on research and evidence-based medicine in
an academic teaching hospital environment and
the hands-on clinical nature of internal medicine
physician training subsequently led to a number
of Australian nuclear physicians developing fur-
ther subspecialty interest in therapeutic nuclear
oncology. Dual-trained radiologists/nuclear phy-
sicians by and large were more comfortable and
interested in the imaging aspects of nuclear med-
icine practice, rather the clinical, hands-on-
patient, therapeutic practice.

The well-equipped and well-funded public
Australian teaching hospitals working closely
with excellent partnering tertiary universities
allowed new techniques and radioisotope-based
therapies to be developed such as Yttrium-90 SIR
(Selective Internal Radiation) spheres at Royal
Perth Hospital (Prof Bruce Gray, University of
Western Australia) [3—-6] and Iodine-131 ritux-
imab at Fremantle Hospital (Prof Harvey Turner,
University of Western Australia) [7-10]. The
Australian Therapeutic Goods Administration
Special Access Scheme allowed (and continues
to allow) for compassionate use of in-hospital
radiopharmacy-produced agents thus facilitating
early use and adoption of both diagnostic and
therapeutic agents long before formal regulatory
approval occurred (e.g. Gallium-68 DOTATATE
and Lutetium-177 DOTATATE for imaging and
treating neuroendocrine tumours) [11-16].
Through this mechanism, a number of
investigator-initiated single and multiple site
studies could be and were performed. This cou-
pled with the vision, drive and passion of a num-
ber of key individuals such as Prof Rod Hicks,
Prof Andrew Scott and Prof Paul Donnelly meant
that over the last 25 years institutions, such as the
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Peter MacCallum Cancer Institute and the
University of Melbourne, have driven discovery
of new agents and have evolved to become world-
class centres of translational research and clinical
excellence in the fields of diagnostic and thera-
peutic nuclear oncology.

In the early 2000s, the introduction of PET in
Australia necessitated, for the first time, the
development of a collaborative multi-site, inter-
state approach towards data capture and data
management in Australian nuclear medicine
practice. This programme, called the Australian
prospective multicentre PET data collection proj-
ect, was mandated by the Australian federal gov-
ernment as they pursued objective data for
justification for the introduction and reimburse-
ment of PET into the national medical system.
This programme utilised a change of manage-
ment measure (developed by Prof Rod Hicks at
the Peter MacCallum) [16] to determine the clini-
cal impact of the new diagnostic modality of
PET. The Australian PET data collection project
[17] collected a large amount of high-quality data
on multiple cancer types which confirmed the
clinical utility of PET. The project led to multiple
publications [18-22] and eventually the wide-
spread reimbursement of PET by the Australian
Federal government from 2004. This programme,
| believe, was the nidus for what we are now see-
ing with the collaborative networks that have
started in the last few years in both the public and
private sectors. The Australian PET data collec-
tion project brought different institutions together
for a common aim, and despite some initial dif-
ficulties and some latter controversy [23], over-
all, the programme proved the power of the
collective, collaborative network.

Apart from physician resources, university-
trained nuclear medicine technologist, physicist,
radiochemist and radiopharmacy services have
been available at all teaching hospital nuclear
medicine departments since the 1980s. This has
been critical to foster high-quality clinical and
research work. Interest in peptide, chelation and
metal chemistry at a number of universities, but
in particular the University of Melbourne, has
been critical for the development of novel ther-
anostic agents such as sartate [24, 25] now
licenced to Clarity Pharmaceuticals (Sydney,

Australia). The government-funded Australian
Nuclear Science and Technology Organisation
(ANSTO) has also supported therapeutic nuclear
oncology, most notably in recent years with the
licencing of technology from Germany allowing
for local production of Lutetium-177 in the
replacement OPAL reactor. The premier
government-backed scientific research organisa-
tion within Australia (CSIRO) has also commit-
ted, in the last 5 years, to research endeavours in
this area developing a theranostics division
within the organisation. The Australian
Government itself has recognized the importance
in supporting and developing the field of ther-
anostics and through Australian Research Council
and the Modern Manufacturing Initiative has
committed tens of millions of dollars in the last
2-3 years to develop collaborative inititatives
between public and private institutions in
Australia in the areas of alpha particle therapy
and novel radiometal PET pharmaceuticals.
Within the public and academic sector,
ARTNET (Australasian Radiopharmaceutical
Trials Network) was developed in 2014 as a joint
initiative of the AANMS and the ANZSNM to
address the need for a formal research network in
Australia for collaborative multicentre clinical
trials using radiopharmaceuticals for imaging
and therapy. ARTNET provides advice on appro-
priate facilities for clinical trials, helps with pro-
tocol design if required, provides equipment and
site validation and facilitates large-scale data col-
lection. ARTNET has an executive committee
which is responsible for overall governance, stra-
tegic planning and financial management of
ARTNET and a scientific committee with wide
representation from around Australia that over-
sees the scientific research activities of the net-
work and reports to the committee. A similar
network has recently been developed by the ini-
tially Australian, but now multinational, com-
pany GenesisCare. GenesisCare is one of the
largest private oncology service provider in the
world with over 150 cancer clinics throughout
Australia, the UK and Spain. The GenesisCare
network has a number of sites that provide imag-
ing and therapy infrastructure for clinical trials as
well as routine care of patients. This network dif-
fers from ARTNET in that GenesisCare also
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incorporates trial sites outside of Australia, has
its own site research management within each
jurisdiction (state or country) and has an over-
arching global contract research organisation
liaising with pharma to facilitate efficient execu-
tion of mainly pharma-sponsored trials both
within and outside of the GenesisCare trial net-
work, thus linking both private and public institu-
tions to achieve the aim of providing responsive
high-quality research output. The network also
works with external contract research organisa-
tions bringing pharma sponsored trials to the net-
work. Due to the cost effectiveness of performing
trial work in Australia, the high quality of
research performed and the research and devel-
opment tax incentives for overseas sponsors pro-
vided by the Australian government, there has
been much interest from pharmaceutical compa-
nies to use this network as well as other Australian
institutions, to perform, in particular, first-in-
human, phase I and phase II theranostic trials in
Australia.

Ultimately the aims of these networks, both in
the public and private domains, are to obtain
high-quality clinical trial evidence as quickly as
possible to make the case for, or against, new
theranostic agents. An additional benefit of a
clinical network of sites utilising standardised
protocols across the network is the ability to
obtain high-quality real-world registry data as
well as become an effective means to pursue
post-marketing (phase 1V) drug surveillance
when the new theranostic agents are eventually
approved and come into more widespread clini-
cal use. This network registry approach has
already yielded clinically significant findings for
compassionate Lutetium-177 PSMA use in the
Australian setting [26-29].

The success of this network approach is dem-
onstrated in the speed of recruitment to trials, the
high-quality, robust data collected, and the impact
of the publications stemming from the data. The
Pro-PSMA Study [30] and Thera-P study [31]
looking at Gallium-68 PSMA and Lutetium-177
PSMA-617, respectively, are testament to this
approach. This has had the consequence of fur-
ther trial funding being successfully obtained for
the newly initiated, Novartis-sponsored, ENZA-P

and Upfront trials. An added benefit of the net-
work is by providing exposure in a controlled set-
ting; this allows for the development of
familiarity, experience and expertise across the
whole nuclear medicine department, not only in
running clinical trials but more importantly, in
learning how to safely manage oncology patients.
Thus, expertise in clinical decision-making and
symptom management is developed on the back
of the clinical trial. This will place the physicians
and the departments involved in a position of
knowledge and heightened clinical expertise for
when these agents eventually become reimbursed
and more freely available. Ultimately, this bodes
well for the profession as it ensures patient safety
and solidifies trust in the nuclear oncologist and
the nuclear medicine department treating the
patient.

In this chapter, I have hoped to guide you
through the multiple reasons why Australia, like
Germany, is currently one of the leaders in provi-
sion of cutting-edge techniques and new research
in the areas of diagnostic and therapeutic nuclear
medicine. A well-trained, academically focused
work force, well-equipped facilities, attractive
regulatory framework, supportive government
nuclear and research science organisations and a
strong commitment by practitioners in the field to
develop well-organised collaborative networks
with the aim of obtaining high-quality and robust
data in a timely fashion are the combination of
factors that have led to Australian nuclear medi-
cine’s current position in the world of theranos-
tics and therapeutic nuclear oncology.

Potential Conflicts of Interest Dr. Lenzo is an employee
and minority shareholder of GenesisCare. Dr Lenzo is
also the founder and major shareholder in Cyclowest.
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22.1 Introduction

Advances in molecular biology and basic cancer
research have documented the expression of
“footprint” biomolecules on the surface of tumor
cells, as for example antigens, peptide receptors,
or enzymes [1-3]. This finding offers the oppor-
tunity to direct the respective radionuclide carri-
ers to these biomolecular targets on cancer sites
after injection to patients. Accordingly, radiola-
beled antibodies, peptides or enzyme inhibitors
will deliver gamma (e.g., **"Tc, "'In) or positron
emitters (e.g., ®®Ga, *Cu) to tumor sites with a
high specificity for SPECT and PET imaging,
respectively. Molecular imaging consequently
represents a powerful tool for initial diagnosis,
assessment of disease spread and patient stratifi-
cation for the step which may follow next,
namely, radionuclide therapy. The latter is
accomplished by applying the same molecular
probe which this time will deliver cytotoxic pay-
loads to tumor sites by means of particle-emitting
radionuclides, such as Auger electron (!''In), beta
("Lu, *°’Cu), or alpha (*"*Bi, **Ac) emitters.
Again, molecular imaging with the respective
diagnostic counterpart will be instrumental not
only for the preceding dosimetry and therapy
planning but most importantly for monitoring
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therapeutic responses and disease progression.
Hence, diagnosis and therapy—theranostics—
may be elegantly combined in the management
of cancer patients allowing for a personalized
approach with maximized benefits. Furthermore,
molecular imaging is essential for sparing
patients from ineffective and toxic therapies
which will only deteriorate quality of life without
offering any tangible benefits [4—10].

All abovementioned classes of compounds
have shown successful application paradigms in
clinical nuclear medicine, but in the current chap-
ter we shall focus on radiolabeled peptide analogs
[3]. Peptides are native substances regulating a
plethora of functions in the human body via spe-
cific interaction with protein receptors located on
the cell membrane of target cells. Peptide recep-
tors belong to the superfamily of G-protein cou-
pled receptors (GPCRs) characterized by seven
transmembrane domains and are essential for the
transduction of extracellular messages within the
cell [11, 12]. Most drugs of classical pharmacol-
ogy are directed against GPCRs. Thus, native
peptides as well as synthetic anti-GPCR drugs
(peptidic or not) represent an abundant source of
chemical entities that may serve as motifs for the
development of radionuclide peptide-like carriers
directed to GPCRs on tumors [13-15].

Amongst the attractive features of peptides for
clinical application, one can cite their low immu-
nogenicity, fast reaching the target after injection,
rapid clearance from the body, most often prefer-

207

V. Prasad (ed.), Beyond Becquerel and Biology to Precision Radiomolecular Oncology: Festschrift
in Honor of Richard P. Baum, https://doi.org/10.1007/978-3-031-33533-4_22


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-33533-4_22&domain=pdf
https://doi.org/10.1007/978-3-031-33533-4_22

208

B. A.Nock and T. Maina

Fig. 22.1 Radiolabeled bioconjugate comprising the
peptide part (A), the linker (B), and the chelator (C) stably
binding the radiometal (D); the radiopeptide localizes on

ably via the kidneys and the urinary system.
Moreover, peptides have turned out to be resilient
during chemical and radiochemical manipula-
tions, and can be synthesized and modified with
relative ease, as compared with other vectors, as
for example antibodies. A major problem in their
use is associated with their notorious propensity
to proteolytic degradation mainly by a class of
enzymes hydrolyzing peptide bonds, that is, pep-
tidases (vide infra). Further concerns during the
development of peptide analogs for use in nuclear
medicine are the high-density expression of the
GPCR target in physiological tissues and organs
of the body as well as the adverse effects elicited
in patients after injection of peptide agonists and
activation of their cognate receptor [3, 15, 16].
Peptide-based radionuclide carriers used in
nuclear medicine usually comprise the following
major segments (Fig. 22.1): the peptide fragment
(A), recognizing and interacting with the cognate
GPCR target on cancer cells, the metal chelator (C)
binding the radiometal of choice (D) while coupled
to the peptide chain either directly or via the linker or
spacer (B), keeping the metal-chelate and the pep-
tide segments apart from each other and often serv-
ing as a pharmacokinetic modifier [8, 15, 17, 18].

22.2 Peptides and GPCR Targets
on Tumors

The rationale behind the clinical success of ther-
anostic radiopeptides in the management of
human tumors relies one hand on the high density
and high incidence expression of the cognate

tumor sites through specific interaction with the GPCR
target residing on tumor cells

GPCR target on tumor cells and on the other on
the lack or minimal expression of the target in
healthy surrounding tissue [3]. The list of
Table 22.1 includes major peptide families used
as motifs in the development of theranostic radio-
peptides and the tumor classes where they are
overexpressed.

Thus far, the research activities of Molecular
Radiopharmacy at NCSR  “Demokritos”
(MR-NCSRD) have been directed toward the
development and preclinical screening of radio-
peptides from the somatostatin, bombesin (BBN)/
gastrin-releasing peptide (GRP), cholecystokinin
(CCK)/gastrin and neurotensin (NT) peptide
families (Table 22.1), for eventual clinical assess-
ment in patients. The problems and difficulties
during this effort will be briefly discussed in indi-
vidual sections in this chapter.

Although the GPCR targets of the above-
mentioned peptide families are abundantly pres-
ent in the tumors indicated in the table, they are
also physiologically expressed in certain tissues
and organs of the body complicating the applica-
tion of diagnosis and therapy. Thus, the soma-
tostatin subtype 2 receptor (SST,R) [19-23] and
the gastrin-releasing peptide receptor (GRPR)
[24-31] are expressed in high numbers in the
human pancreas, the cholecystokinin subtype 2
receptors (CCK,Rs) [32-38] are abundantly
found in the gastric mucosa and neurotensin sub-
type 1 receptors (NTSRs) [39—44] in the intes-
tines. Moreover, radiopeptide excretion via the
kidneys may be delayed in some cases due to
tubular reabsorption mechanisms, imposing dosi-
metric restrictions for radionuclide therapy [45].
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Table 22.1 Peptides and target receptors on tumors; the
clinically relevant subtypes are marked in bold

Peptide Receptor Tumor expression
Somatostatin | SST R, NET, NHL,
SST,R, melanoma, BC, MTC,
SSTiR, SCLC
SST.R,
SSTsR
Bombesin/ BB R/ PC, BC, SCLC,
GRP NMBR, colorectal cancer,
BB,R/ glioblastoma,
GRPR, gastrinoma, GIST
BB;R
CCK/gastrin | CCK|R, MTC, SCLC,
CCK,R astrocytoma, stromal
ovarian cancer, GIST
Neurotensin | NTS,R, SCLC, PDAC, Ewing
NTS,R, sarcoma, meningioma,
NTS;R astrocytoma
Substance P NK|R, Glioblastoma,
NK,R, astrocytoma, SCLC,
NK;R MTC, BC
NPY NPY,R, PC, renal cell
NPY,R, carcinoma, ovarian
NPY,R, adenocarcinoma,
NPYsR neuroblastoma,
paraganglioma, GIST
VIP VPACR, SCLC, colorectal
VPAC,R cancer, BC,
gastrinoma, PC
o«-MSH MC_sR Melanoma

NET neuroendocrine tumor, NHL non-Hodgkin’s lym-
phoma, BC breast cancer, MTC medullary thyroid carci-
noma, SCLC small cell lung cancer, GRP gastrin-releasing
peptide, PC prostate cancer, GIST gastrointestinal stromal
tumors, PDAC pancreatic ductal adenocarcinoma, LHRH
luteinizing hormone-releasing hormone, NPY neuropep-
tide Y, VIP vasoactive intestinal peptide, a-MSH
a-melanocyte-stimulating hormone

These handicaps may be addressed by struc-
tural modifications of the peptide chain and/or
the linker. Other approaches have been adopted
as well. For example, faster washout of BBN-like
radiopeptide agonists from physiological GRPR-
rich organs, such as the pancreas, can be achieved
by the application of GRPR-antagonists instead
[46, 47]. Such a switch from agonist- to
antagonist-based radiopeptides offers the addi-
tional advantage of circumventing the problem of
adverse effects elicited after GRPR activation.
Finally, reduction of renal accumulation can be
effectively tackled by applying kidney protection
regimens. For example, infusion of the plasma

expander gelofusine alone or in combination
with basic amino acid cocktails has been shown
to significantly reduce the renal uptake of anti-
SST,R theranostic radiopeptides [45, 48, 49].

22.3 Radiometals and Their
Chelators in Cancer
Theranostics

A list of the most clinically relevant radiometals
employed in cancer theranostics with the aid of
radiopeptides is provided in Table 22.2, including
subgroups of radiometals for SPECT, PET and
for radionuclide therapy, along with their nuclear
characteristics and modes of production [17, 18,
50]. Radiometals used in MR-NCSRD facilities
are: "Tc, !'In and '""Lu; for the development of
%8Ga-radiopeptides for PET, we have used the
7Ga surrogates (f,,: 78.3 h, decay: EC/100%—
887.7, 393.5, 184.6, 93.3/keV, cyclotron
produced).

The pre-eminent diagnostic radionuclide in
nuclear medicine has been and still is *™Tc,
owing to its excellent nuclear properties, wide
and cost-effective availability in high specific
activity and high purity via commercial
PMo/*Tc generators [51-53]. The versatile
coordination chemistry of **Tc, seen often both
as a blessing and a curse, offers exciting options
for the development of new chelating systems
and for “revisiting” existing ones for molecular
imaging applications. The *™Tc-based peptide
radioligands developed at MR-NCSRD for diag-
nosis of human tumors with SPECT and SPECT/
CT have involved acyclic tetraamines for binding
of the radiometal. Such tetraamine donor arrange-
ments have been shown to form monocationic
octahedral trans-dioxo-Tc-chelates, which are
hydrophilic and in vivo robust (Fig. 22.2) [54,
55]. Several somatostatin, BBN, gastrin and NT
analogs have been coupled to 6-R-1,4,8,11-
tetraazaundecane (R: a bifunctional anchor, such
as a carboxylic group) and labeled with *"Tc.
During biological evaluation in preclinical mod-
els a few analogs displayed excellent profiles
qualifying for further clinical testing as well. It
should be noted that due to the “lanthanide con-



B. A.Nock and T. Maina

210

A310u9 0 777 ‘A310U9 ¢ ”7 ‘K310u Uojoyd ”7 ‘UOTISIOAUOD [RUIAIUL D]

‘armded uonod[e D

JI01RID[900Y 0LS (%001) ¢ yg19 Dy
UOIO[IAD 10108l I0JRIOURT OV ;- /U Leze ge6s (%001) © P 0T6'6 Ve
101010008 1€, (2/9V czz 07£8 0065 00SS (%TT) 0 (%8'L6) -¢ urw 9 Gy 161
JOJBIOUST X /IS s 0LTe (%001) ¢ Y19 Kos
103080y L6V ‘S8E “6¥T “bLI (%120) A “(%6L) -¢ PLY Yy, Aderayg,
uonopAy 96¢ (9%LL) D8 “(%€0) +d U 8L 1Zes
101089y €59 (%) OH “(%6€) g (%81) +¢ ULzl 0Dy
I0JRIOUAT BD)ge/0D)g, G681 ‘0T8 (%01) D4 “(%06) +d um 8°/9 BDgy Lad
uonopA) LVT TL (9%001) OF -0 130y uzL9 ug
I0JBIOUDT O Luge/ONgs 71 (9%001) DI ‘A 4209 O Luwigs LDHdS
uonoNpoIg (A "22/7 (%) apowr ke J-JIEH oprPNUOIpEY Anepo

Adexay opronuorper 10y pue SurSewr [DHJS pue LA 10J s[elowopey g'ze d|qel



22 Theranostic Radiopeptides in Nuclear Oncology: Design, Preclinical Screening, and Clinical Translation 211

NH,

H N

acyclic tetraamine
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DOTA DOTA-GA
HOQC_\H _—COH
I
LCOzH
NOTA

Fig. 22.2 Bifunctional chelators used for labeling pep-
tides with *"Tc (acyclic tetraamines) and the trivalent
metals '"In, '"Lu and ¢7%Ga at MR-NCSRD (the

traction” the atomic radii of technetium and its
third row congener rhenium are almost identical
and their compounds exhibit similar physico-
chemical and structural characteristics [56].
Rhenium, besides serving as a surrogate for tech-
netium during chemical investigations, is of spe-
cial relevance to nuclear medicine by means of
two important therapeutic radionuclides, '8‘Re
(t12: 90.6 h, decay: p~ 2120 keV/y 155 keV, reac-
tor produced) and '®Re (f;,: 17 h, decay:
EC/100% - 887.7, 393.5, 184.6, 93.3 /keV,
188W/!88Re generator) [57]. This fact provides the
exciting prospect of routine preparations of

COzH
p-NH,-Bn-DOTA

HO,C— H _—COH

NODA-GA

polyamino-polycarboxylic-macrocycles DOTA, NOTA
and their bifunctional versions)

matched  *"Tc/diagnostic—'%¢%8Re/therapeutic
radiopharmaceutical pairs in hospital radiophar-
macy departments.

The trivalent radionuclides listed in Table 22.2
form stable complexes with the polyamino-
polycarboxylic-macrocycles DOTA (1,4,7,10-tet
raazacyclododecane-1,4,7,10-tetraacetic ~ acid),
NOTA (1,4,7-triazacyclononane-N,N’,N"-
triacetic acid) and their bifunctional versions
(Fig. 22.2) [17, 18, 50]. The majority of the pep-
tide analogs developed at MR-NCSRD have been
derivatized with the so called universal chelator
DOTA, because it provides the unique option of
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labeling peptides with ¢”8Ga (for PET), !"'In (for
SPECT) and '""Lu (for radionuclide therapy)
without the need for developing analogs carrying
a different chelator for each application. It should
be noted however that, owing to the differences
in the coordination chemistries across these
radiometals, the forming radiopeptides may dif-
fer in their charge, lipophilicity and other physi-
cochemical features. As a result, significant
differences may be observed in several biological
responses, including receptor affinity, metabolic
stability and pharmacokinetics [58—60]. The use
of theranostic radionuclides (e.g., ®Cu) [61, 62],
or theranostic radioisotopes of the same element
(e.g., WIBSUISSNOITY o #“#7Sc) [63-65] represents
an attractive alternative in this respect. Selection
of the appropriate radionuclide for each applica-
tion depends on several important factors, such as
advantageous nuclear characteristics, availability
and cost [50].

22.4 Metabolic Stability
of Radiopeptides: The Pep-
Protect Concept

A major hurdle in the development of peptide
drugs, including peptide radiopharmaceuticals, is
their susceptibility to enzymes hydrolyzing the
peptide bond, known as peptidases [13, 14].
Peptidases are abundantly present in the biologi-
cal milieu and are found in the blood solute, the
extracellular matrix, within cells, as well as
anchored on epithelial cell membranes in many
organs and tissues of the body. Omnipresent pep-
tidases are actually orchestrating the action of
native peptides, cooperating with other enzymes
to release the active peptide from precursor mol-
ecules and degrading it thereafter to biologically
inert fragments [66]. In nuclear medicine appli-
cations, the peptide radiopharmaceutical is intra-
venously injected to patients and rapidly—within
minutes—reaches the GPCR-targets on tumor
sites owing to its small size. The integrity of the
radiopeptide within this time window is very
essential for its “safe” arrival to tumor sites and
subsequent uptake by cancer cells. Such integrity
may be seriously challenged by peptidases

encountered by the radiopeptide on the way to
the target, which may act quite fast and devastat-
ingly (Fig. 22.3) [67].

In fact, several studies using in vitro incuba-
tion of radiopeptides in plasma or serum have
shown the swift action of peptidases found in the
blood solute, such as angiotensin-converting
enzyme (ACE) [66, 68, 69]. Recently, the leading
role of neprilysin (NEP) in the rapid in vivo deg-
radation of radioligands originating from numer-
ous peptide families has been revealed by
chromatographic analysis of blood samples col-
lected after injection in the living organism [67].
Interestingly, the above-mentioned central role of
NEP had been largely disregarded, because its
presence in plasma or serum is minimal. Instead,
NEP is anchored on vasculature walls and epithe-
lial cell membranes of several tissues and organs
of the body, such as lungs, intestines and kidneys,
in high local concentrations [70, 71]. The fast
degrading action of NEP, ACE and/or other pro-
teases, encountered by the radiopeptide after
entering the circulation allows only a small por-
tion of the intact analog to reach and eventually
interact with the GPCR target on tumor sites.
Hence, tumor uptake is compromised, directly
impairing image quality and/or therapeutic index.

One way to address the problem of metabolic
instability is via structural modifications of the
peptide sequence, such as replacements of key
amino acids by their D- or beta-congeners or by
other synthetic residues, cyclization, reduction or
methylation of known cleavage sites, or even
substitution of peptide bonds by their
1,2,3-triazole isosteres [13, 14, 72]. All these
methods are time- and resources-intensive. At the
same time, improvements of metabolic stability
by structural interventions very often occur at the
cost of other biological characteristics, important
for the optimal performance of radiopeptide ana-
logs, such as receptor affinity, internalization rate
and pharmacokinetics.

We have recently proposed the
administration of a single or twin protease inhibi-
tor with the radiopeptide to “protect” it from the
attacking proteases (NEP and/or ACE) and
“serve” for safer delivery at tumor sites, the so-
called pep-protect concept (Fig. 22.3) [67]. We

CO-
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Intact
Radiopeptide

Cleaved
Radiopeptide

Fig. 22.3 (a) Upon entry into the blood stream, a biode-
gradable radiopeptide is attacked by peptidases, such as
wall-anchored neprilysin (green) and/or angiotensin-
converting enzyme in the solute (yellow). Thus, only a
few intact radiopeptide molecules are delivered to tumor
sites, compromising tumor uptake. (b) Coinjection of suit-
able peptidase(s)-inhibitor(s), such as phosphoramidon,

have shown that administration of a NEP-
inhibitor (or a precursor thereof), such as phos-
phoramidon [73], thiorphan [70], or sacubitrilat
[74], can stabilize biodegradable radiopeptides
from the somatostatin [67], BBN [60, 72, 75-80],
gastrin [66, 81-84] and NT [69] families, trans-
lating into notable increases of tumor targeting in
experimental animal models. In a few cases,
combination of a NEP and an ACE-inhibitor,
such as lisinopril, is required for maximum effect
[69, 82, 83]. This simple and elegant concept
warrants further validation in the clinic. The
availability of registered and over-the-counter
NEP [70, 74] and ACE [85] inhibitors that have
been used for years for a series of medical condi-
tions is a valuable asset in this respect. It should
be noted that the first promising results on the
efficacy and safety of the pep-protect approach
have been very recently reported for radiolabeled

Peptidase in
solute

Peptidase
inhibitorsA & B

Anchored
peptidase

or thiorphan (pink) and/or lisinopril (turquoise), leads to
an increase of the number of intact radiopeptide mole-
cules that will be delivered to tumor sites, enhancing the
localization of the radiolabel to malignant lesions. This
will eventually translate into improved imaging quality
and/or therapeutic index

gastrin in a small number of medullary thyroid
carcinoma patients (MTC) [86]. These results
will pave the way for broader application of the
pep-protect concept in nuclear oncology.

22,5 Radiopeptide Agonists
and Antagonists

The first peptide motifs used for the develop-
ment of peptide radiopharmaceuticals were
native peptides, acting as agonists at their cog-
nate receptors on target cells and thereby regu-
lating several functions of the body. Accordingly,
the synthetic cyclic octapeptide somatostatin
analog octreotide and its derivatives targeting
the SST,R on neuroendocrine tumor (NET) cells
preserve the ability of the parent hormone to
induce the SST,R internalization after binding
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and to transduce pharmacological responses fur-
ther within the cell [87]. The ability of radioago-
nists to internalize has long been considered as
an essential prerequisite for high uptake and pro-
longed retention of radiopeptides on tumor sites,
enhancing diagnostic signal and therapeutic
responses [88]. Surprisingly though, radiola-
beled SST,R-antagonists showed significantly
higher in vitro uptake in target cells and in
experimental tumors in animal models [89, 90].
It was shown that these analogs were able to bind
to a significant larger SST,R population (both in
active and inactive state) on target cells remain-
ing bound on the cell surface for long periods of
time. Another unexpected feature of SST,R
radioantagonists was their notably faster clear-
ance from physiological tissues compared to
agonists. All above-mentioned clinically attrac-
tive qualities were subsequently demonstrated in
patients as well [47].

Unlike somatostatin which exerts inhibitory
effects on target cells, other native peptides after
binding and activation of their cognate receptor
elicit potent pharmacological responses mainly
in the gut and the nervous system [91-93].
Accordingly, intravenous administration of even
small amounts of such peptides and their analogs
may turn out to be very unpleasant and even dan-
gerous to patients. For example, during clinical
testing of BBN-like radioligands in prostate can-
cer patients, severe effects from the gastrointesti-
nal system were recorded raising serious
biosafety concerns in the nuclear medicine com-
munity [94]. It should be added that several
GPCR agonists in addition exert proliferative
action on cancer cells. Consequently, large librar-
ies of synthetic GPCR antagonists have been
developed in previous decades as anticancer
drugs [95]. This plethora of well-established
motifs represents an invaluable asset to radio-
pharmacists engaged in the design of antagonist-
based radiopeptides. Usually, truncation of
C-terminal residues and other chemical manipu-
lations, like alkylamidation or esterification of
the C-terminal carboxylic group, has proven to
be an efficient means to generate receptor-
antagonists from agonist precursors.

In recent years, a wide range of radiolabeled
GRPR antagonists have been introduced as
potential theranostic agents in the management
of prostate and breast cancers with relative suc-
cess [46]. In most cases, prolonged tumor reten-
tion and rapid background clearance could be
established both in animal models and in humans.
None of the adverse effects elicited by the admin-
istration of BBN-like radioligands was observed,
further favoring the application of antagonists in
the clinic. It should be noted that antagonists dis-
play better metabolic stability and are more sub-
type selective compared to agonists too. A list of
the major GPCR-radioagonists and antagonists
developed at MR-NCSRD is shown in Table 22.3,
divided by receptor target [46, 77, 82, 84,
96-136].

It is interesting to mention as well recent
experience at MR-NCSRD from the gastrin and
NT radioligands. Gastrin analogs elicit adverse
effects after intravenous injection to patients,
which have been well-known to clinicians from
the broadly applied provocative pentagastrin test
[91]. Nevertheless, a wide range of radiolabeled
CCK,R-radiotracers have been developed over
the years, a few of which have been clinically
tested [115-117]. A non-peptidic CCK,R-
radioantagonist, " Tc-DGA1 has been recently
introduced by us in a head-to-head comparison
with the clinically tested agonist *™Tc-
Demogastrin 2, showing promising qualities for
targeting CCK,R-positive lesions in MTC
patients [123]. Further studies with peptide—/
peptidomimetic-based CCK,R-radioantagonists
will reveal potential benefits of their use com-
pared to agonists. Several efforts have also been
directed toward the development of NT-based
radiopeptides to target NTS;R-positive tumors,
such as pancreatic ductal adenocarcinoma
(PDAC), or small-cell lung cancer (SCLC), with
very moderate success thus far. A major handicap
of NTS,R-directed radiopeptides is related to the
very poor metabolic stability of NT and its ana-
logs in vivo, the loss of internalization capability
of structurally modified analogs thereof with
enhanced stability and the often high kidney
retention. We have shown first promising results
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for clinical translation by the application of a
#mTc-labeled NT(8-13) analog in combination
with the pep-protect concept [118—122]. By min-
imal structural interventions and protease-
inhibition regimens, we could observe
preservation of full internalization capacity of the
radiotracer in NTS;R-positive cells and stabiliza-
tion in peripheral mice blood, translating into
high uptake in experimental NTS;R-positive
tumors and rapid background clearance in mice
[69]. Recently, a non-peptidic NTS;R-antagonist
has been used as a motif for the generation of a
library of radiolabeled analogs for cancer ther-
anostics. Surprisingly, these agents displayed
high internalization rates in target cells despite
their antagonistic profile during functional
assays, such as Ca?*-mobilization. The clinical
value of this class of compounds remains to be
confirmed [124-126].

22.6 Radiopeptide Candidates
for Clinical Translation

The preclinical evaluation of new radiopeptides
in cell and animal models is an essential step to
identify best candidates for translation in patients
[127]. Proof-of-principle studies are indeed very
crucial to verify that the promising profile of a
peptide radioligand acquired in mice can accu-
rately depict its actual performance in cancer
patients. Discrepancies may occur from interspe-
cies differences at both the molecular and the
macroscopic levels [128, 129]. For example,
newly developed radioligands may be able to dis-
tinguish between the mouse and the human
receptor target and thus, uptake and clearance
from tissues physiologically expressing the
receptor may differ. On the other hand, tumor
induction, localization and propagation in mice
models are distinctly different than spontaneous
carcinogenesis events occurring in patients.
Furthermore, the rate of several physiological
functions vary between mice and men, partly due
to differences of body weight, eventually affect-

ing bioavailability, tumor uptake and background
clearance. Accordingly, results from proof-of-
principle studies in a small number of patients are
necessary for first assessments of a new agent’s
clinical value, qualifying or disqualifying it for
broader clinical validation and potentially for
subsequent radiopharmaceutical development
[130]. The last step is expected to last for years,
is highly costly and requires considerable mana-
gerial and regulatory expertise which is usually
provided by pharmaceutical industry. Hence,
pilot studies are invaluable in cutting down costs,
time and efforts to the minimum, by addressing
translational concerns and further narrowing
down choices to justifiable candidates.

Until recently, license for performing pilot
translational studies with diagnostic peptide-
radioligands required approval by the clinical
center’s ethical committee after submission of a
summary of the compound specifications. The
latter included information on the synthesis and
radiolabeling of the new agent, along with data
on its efficacy during preclinical testing in cells
and mice models expressing the GPCR target.
Information on biosafety practically comprised
acute single dose toxicity study in one animal
species, usually mice. At a later stage, approval
of the clinical protocol was additionally requested
from national authorities. Under the latter status,
we were able to get official clearance and per-
form first translational studies of the somatostatin-
based "Tc-Demotate 1 in NET patients and the
neurotensin-based **"Tc-Demotensin 6 in pan-
creatic, lung and other type cancer patients in
cooperation with the University Clinics,
Innsbruck, Austria [112, 113, 118]. Likewise,
pilot studies have been conducted for the gastrin-
based *™Tc-Demogastrin 2 applying SPECT/CT
initially at the University Clinics Marburg in
Germany [117] and subsequently at Erasmus
MC, Rotterdam, The Netherlands (Table 22.3)
[115, 116]. Soon thereafter in an increasing num-
ber of EU countries, starting with the UK, approv-
als required much more detailed and thorough
information on new compounds of GMP grade,
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as for example more extended toxicology studies.
We had the opportunity to follow the newly
imposed regulations during a pilot study on the
BBN-like radiotracer *™Tc-Demobesin 4 in a
small number of prostate cancer patients in St.
Bartholomew’s Hospital, London, UK [99]. The
compilation of all necessary efficacy and safety
data as well as the availability of sufficient
amounts of GMP-grade tracer required strong
support from a sponsor, in this case “Cancer
Research UK.”

Clearly, in most EU countries, regulations for
clinical studies have been becoming stricter over
recent years, requiring license not only from ethi-
cal committees of clinical centers, but also from
national or even from European authorities, such
as European Medicines Agency (EMEA), espe-
cially in case of multicenter clinical trials.
Consequently, both high-quality GMP-grade
radiotracers and extensive efficacy and safety doc-
umentation have become mandatory [130-132].
At the same time, in a few EU countries, it is still
possible to carry out pilot studies with new com-
pounds locally in a small number of patients,
under certain provisions. For example, in Germany,
the decision to conduct a diagnostic peptide-radio-
ligand proof-of-principle study can be based on
the opinion of the referring oncologist as the best
choice for the patients’ respective clinical condi-
tions. The new agent should be administered in
compliance with the German Medicinal Products
Act (section 13, subsection 2b), the 1964
Declaration of Helsinki, and the responsible regu-
latory body and under the compassionate-use
clause of the German Medicinal Products Act
(Federal Institute for Drugs and Medical Devices,
“Compassionate use” programs, http://www.
bfarm.de/EN/Drugs/licensing/clinical Trials/com-
pUse/_node). Following this pathway, we have
recently performed such clinical studies in Bad
Berka with two promising diagnostic ®Ga-labeled
GRPR-antagonists, %Ga-SB3 [46] and
%Ga-NeoBOMBI1 [133], and PET/CT in a small
number of prostate and breast cancer patients with

very positive outcomes. Accordingly, ®Ga-SB3 is
further evaluated in Erasmus MC, Rotterdam, The
Netherlands, in early stage therapy naive prostate
cancer patients [134]. It should be noted that posi-
tive results on ®Ga-NeoBOMBI in prostate can-
cer patients are being further acquired in Erasmus
MC, Rotterdam, The Netherlands, as well as in
gastrointestinal stromal tumor (GIST) patients at
Innsbruck University Hospital, Austria [135].
These results have attracted the interest of the pri-
vate sector, currently supporting the performance
of multi-center clinical studies aiming at radio-
pharmaceutical development and registration
[136].
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Terbium “Sisters”: More Than just
a“Swiss Army Knife”
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Cristina Muller and Nicholas P. van der Meulen

23.1 Introduction

Currently, the concept of radiotheragnotics—
referring to therapy and diagnosis—is well
implemented at many nuclear medicine entities
worldwide [1]. In this context, various tumor-
targeting agents, labeled with diagnostic and
therapeutic radionuclides, are currently being
used for nuclear imaging and radionuclide ther-
apy, respectively. Since PET has become the
imaging methodology of choice, ®*Ga has become
the most important radiometal for imaging pur-
poses, whereas radionuclide therapy is mostly
performed with '"Lu, a medium-energy
~-particle emitter [2]. The co-emission of a low
percentage of y-radiation also enables its use for
pre-therapeutic dosimetry purposes.

While the concept of  %Ga/'"Lu-
radiotheragnostics using somatostatin receptor-
targeted peptides has shown promise for the
treatment of neuroendocrine tumors [3], more
recently, PSMA-targeted small molecules have
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been extensively investigated with this pair of
radionuclides for patients suffering from meta-
static  castration-resistant ~ prostate  cancer
(mCRPC) [4, 5].

At Paul Scherrer Institute (PSI), we have
focused on the concept of using radionuclides of
the same element (i.e., radioisotopes) with the
aim to prepare chemically identical radiopharma-
ceuticals for both imaging and therapy. In this
regard, we have performed extensive work with
the scandium family and set up the production of
scandium-44 using the research cyclotron at PSI
[6]. Prof. Richard Baum’s group was the first
worldwide to use the cyclotron-produced scan-
dium-44 for a patient scan with [*Sc]Sc-
DOTATOC [7]. This was the start of our fruitful
collaboration with Prof. Baum and colleagues at
Zentralklinik Bad Berka, Germany.

A major focus of our work at PSI over the last
decade has been the production and investigation
of the terbium “sisters.” Terbium comprises four
radioisotopes of interest for nuclear imaging,
using single photon emission computed tomogra-
phy (SPECT; terbium-155) and positron emis-
sion  tomography  (PET;  terbium-152),
respectively, as well as for a-particle (terbium-
149) and p~-particle-based (terbium-161) radio-
nuclide therapy [8]. The production and a
preliminary preclinical application of all four ter-
bium sisters was demonstrated in a collaborative
study between the Paul Scherrer Institute (PSI)
and ISOLDE/CERN, Geneva, Switzerland, and
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Fig. 23.1 Terbium represented by “PSI’s Swiss Army
Knife”—one tool for multiple functions of the terbium
sisters in nuclear medicine

published in 2012 [9]. Terbium-161 was pro-
duced at PSI according to the method previously
published by Lehenberger et al. [10], while the
three other terbium sisters were obtained by
spallation reaction and subsequent online mass
separation at CERN, followed by chemical sepa-
ration at PSI [9]. The activity obtained was low;
however, it was possible to perform proof-of-
concept SPECT and PET imaging experiments
and a- and P -radionuclide therapy in a small
number of mice [9]. The unique feature of ter-
bium raised the idea of calling it a “Swiss Army
Knife” (originated from Prof. R. Schibli, head of
Center of Radiopharmaceutical Sciences at PSI),
as it combines all functions of nuclear medicine
in just one element like a Swiss army knife—a
multifunctional device. In order to specify the
origin of the quadruplet of terbium radioisotopes
for nuclear medicine applications more precisely,
the term has been modified to “PSI’s Swiss Army
Knife” (Fig. 23.1).

Each of the four terbium sisters was investi-
gated more in depth by our research groups at
PSI and in collaboration with internal and exter-
nal partners. In this chapter, we briefly summa-
rize the achievements in the field of research with
the four terbium sisters.

23.2 The PET Sister: Terbium-152

PET is the preferred imaging modality over
SPECT due to the higher resolution and increased
sensitivity as demonstrated by the high-quality
PET scans obtained with %Ga-labeled somatosta-
tin analogues, which has basically replaced the
use of "In-octreotide for SPECT [11, 12].
Terbium-152 is the only radiolanthanide that
emits p*-particles useful for PET imaging with-
out co-emission of a- or f-particles. Although
the p*-energy is quite high (Ef*,, = 1140 keV,
1=20.3%) and the decay accompanied by several
y-ray emissions, it was our goal to demonstrate
the concept of “bench-to-bedside” with this par-
ticular terbium sister (Scheme 23.1).

Terbium-152 was used to label to DOTANOC
and the radiopeptide was employed in a proof-of-
concept PET imaging study in AR42J tumor-
bearing mice [13]. In collaboration with the
university hospital of Lausanne (CHUYV),
Switzerland, a microPET-based dosimetry study
was performed in tumor-bearing mice using a
52Th-labeled antibody fragment (['>*Tb]Tb-
CHX-DTPA-scFv78-Fc) [14]. Finally, [**Tb]Tb-
PSMA-617 was also employed for PET imaging
of a prostate cancer mouse model for comparison
of the distribution with its ""Lu-labeled counter-
part (Fig. 23.2) [15].

Terbium-152 was the first of all four terbium
sisters to be used for a clinical application in a
patient [15, 16]. [*>Tb]Tb-DOTATOC, prepared
at Zentralklinik Bad Berka, Germany, was
administered to a 67-year-old patient with meta-
static well-differentiated functional neuroendo-
crine neoplasm of the ileum, presented for
restaging 8 years after the sixth cycle of peptide
receptor radionuclide therapy (PRRT) [16]. PET
images visualized even the smaller metastases,
with increased tumor-to-background contrast
over time. The relatively long half-life of ter-
bium-152 (T, = 17.5 h) made it feasible to scan
the patient over an extended period, a feature
which would be useful for dosimetry purposes
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Scheme 23.1 The
terbium-152 sister’s
personality. (Figurine
©Ekaterina
Zimodro/123RF)

Fig. 23.2 Nuclear images shown as maximum intensity
projections of PC-3 PIP/flu tumor-bearing mice at 2 h and
15 h post injection of the radioligand. (a) PET/CT scans
of a mouse injected with ['**Tb]Tb-PSMA-617 and (b)
SPECT/CT scan of a mouse injected with [7’Lu]Lu-

PET

Characteristics

= She is shy, but very pretty.

= She hasn't traveled a lot, but she has already met with
Prof. R. Baum.

= She is proud, as she was the first of the terbium
sisters to have worked in a hospital.

= She is not very popular, but the work with Prof. R.
Baum has made her famous.

[""7Lu]Lu-PSMA-617

PSMA-617. PSMA+ PSMA-positive PC-3 PIP tumor,
PSMA—- PSMA-negative PC-3 flu tumor, B/ urinary blad-
der. (This figure was reproduced from Miiller et al. 2019
EJINMMI Res [15])
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Fig. 23.3 PET/CT scans, shown as transversal slices
through the upper abdomen at the level of the liver and
spleen, obtained over time. (a) PET/CT scan acquired at
50 min, (b) 2.0 h, (c¢) 18.5 h, and (d) 25 h, respectively,
after injection of 140 MBq ['*’Tb]Tb-PSMA-617. The

prior to radiolanthanide-based radionuclide ther-
apy [16]. In a subsequent attempt to demonstrate
the potential of performing clinical PET, ter-
bium-152 was shipped to Zentralklinik Bad
Berka, Germany, where it was used for the label-
ing of PSMA-617 [15]. [*Tb]Tb-PSMA-617
was administered to a patient suffering from
mCRPC, and the resultant PET scans were of
diagnostic quality (Fig. 23.3). In particular, the
images obtained at late time points enabled the
visualization of the same metastatic lesions and
of the local recurrent tumor as previously
detected by [%Ga]Ga-PSMA-11 [15].

The production of this radionuclide is chal-
lenging and, hence, the chances to make it avail-
able in large quantities in the near future rather
small. Nevertheless, the clinical application of
terbium-152 conducted by Prof. Richard Baum
and his team paved the way towards translating
terbium sisters to clinical application [15, 16].

23.3 The SPECT Sister:
Terbium-155

SPECT imaging is still the most commonly used
nuclear imaging technology, because of the
established technetium-™ kits and imaging pro-
tocols for multiple applications [17]. '''In has
served as a diagnostic match to yttrium-90 and

images clearly demonstrated a PSMA-avid bone metasta-
sis in the ventrolateral part of the left seventh rib (red
arrow), where maximum uptake was determined at 18.5 h
and 25 h post injection. (This figure was reproduced from
Miiller et al. 2019 EINMMI Res [15])

lutetium-177 for many years [18]. Although PET
imaging using gallium-68 has become the pre-
ferred technology for diagnostic imaging using
tumor-targeted peptides and small molecules,
there are still many nuclear medicine sites world-
wide without PET scanners. Importantly, the
technology of SPECT has improved over the
years, enabling the generation of SPECT images
of decent quality [19]. In this context, ter-
bium-155 (Ey = 86 keV [ = 32%; 105 keV,
I = 25%) may have a role to play in future, as
another diagnostic lanthanide match to therapeu-
tic radiolanthanides (Scheme 23.2). Due to its
long half-life (T}, = 5.32 days), it may be useful
for pre-therapeutic dosimetry and/or have a role
to play for labeling of long-circulating tumor-
targeting agents including albumin-binding small
molecules and antibodies.

The excellent imaging capability of this novel
SPECT nuclide has been demonstrated preclini-
cally with a series of biomolecules of interest at
PSI [20]. It included an albumin-binding DOTA-
folate ligand, a minigastrin analogue and a
L1-CAM-targeting antibody, as well as the clini-
cally employed DOTATOC. Current investiga-
tions at PSI are focused on the production of
terbium-155 via various nuclear reactions using a
cyclotron as a potential option to make it more
freely available and in sufficient quantities for
future clinical application.
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Scheme 23.2 The
terbium-155 sister’s
personality. (Figurine
©Ekaterina
Zimodro/123RF)
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23.4 The AlphaTherapy Sister:
Terbium-149

Targeted a-radionuclide therapy (TAT) has garnered
interest due to the promising results recently obtained
with 2Ac-based radioligand therapy (RLT) of
mCRPC patients [21-24]. An open question refers
to potential long-term undesired side effects to the
kidneys and other radiosensitive organs and tissue,
in which the (o- and p™-particle-emitting) daughter
nuclides of actinium-225 may accumulate. On the
other hand, it was found to be superior over the use
of bismuth-213 with regard to the therapeutic index
for the treatment of mCRPC patients [25].
Terbium-149 may be an alternative a-particle emit-
ter to the currently employed actinium-225 and bis-
muth-213, respectively (Scheme 23.3).
Terbium-149’s half-life of 4.1 h lies between those
of bismuth-213 (T}, = 45 min) and actinium-225
(T1, = 9.9 days). Importantly, the daughter nuclides
do not emit a-particles, which may be advantageous
with regard to the safety profile of this radionuclide.
Even though several production routes were pro-
posed [26], the preparation of substantial quantities
of this radionuclide remains a major challenge and
would require the construction of dedicated facili-
ties, including mass separation, required to avoid the
production of a mixture of terbium radioisotopes.
From an application perspective, there are a
limited number of preclinical studies with

She has lots of potential, but is not yet well
experienced in research.

She has not traveled a lot, even though she would be
strong enough to do so.

She likes her terbium-161 sister, but is jealous of her
terbium-152 sister.

terbium-149 reported in the literature [27, 28].
Beyer et al. performed preclinical experiments, in
which *Tb-labeled rituximab was applied to ster-
ilize single circulating cancer cells in a leukemia
mouse model [27]. The treatment led to almost
complete remission of mice over a period of
4 months, while untreated control mice developed
tumor disease and had to be euthanized as a conse-
quence [27]. At PSI, we have investigated ter-
bium-149 in a proof-of-concept study using a
DOTA-folate conjugate in a small number of KB
tumor-bearing mice [28]. A dose-dependent inhi-
bition of the tumor growth was observed and, as a
consequence, an increased survival time of treated
mice as compared to untreated controls [28]. More
recently, we were able to conduct a study to inves-
tigate ['“Tb]Tb-PSMA-617 with several groups
of PC-3 PIP tumor-bearing mice [29]. The result-
ing tumor growth curves revealed a favorable
effect of two injections (2 x 3 MBq) as compared
to only one injection (1 x 6 MBq). The study indi-
cated the need for more frequent injections, which
would most likely also be the case in a clinical set-
ting. Terbium-149 is particularly attractive due to
the emission of p*-particles (Ef*yere = 730 keV,
I ="17.1%), which enables PET imaging and would
allow the monitoring of applied a-therapy [29].
This has been exemplified using [“Tb]
Tb-DOTANOC and a mouse model of somatosta-
tin-expressing tumors (Fig. 23.4) [30].
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Scheme 23.3 The
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Fig. 23.4 PET/CT images of an AR42J tumor-bearing
mouse 2 h after injection of ['**Tb]Tb-DOTANOC
(7 MBq). (a, b) Maximal intensity projections (MIP)
showing distinct accumulation of radioactivity in tumor

C. Miller and N. P. van der Meulen

Alpha Therapy

Characteristics

= She is red-haired and the strongest of all the terbium
sisters.

= She Is curious, yet shy and retiring and prefers staying
close to where she was born, since traveling weakens
her.

= She is increasing in popularity, because of her
outstanding capabilities which make her particularly
attractive.

xenografts (Tu) and residual radioactivity in kidneys (Ki)
and urinary bladder (Bl). (This figure was reproduced
from Miiller et al. 2016 EJNMMI Radiopharm Chem
(30D
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23.5 The Beta Therapy®s Sister
(B~/Conversion/Auger-e’):
Terbium-161

Lutetium-177 is an almost ideal P -particle-
emitting radionuclide for targeted radionuclide
therapy [2]. While it was initially employed with
receptor-targeted peptides such as somatostatin
analogues [31], it has recently found widespread
application in combination with small-molecular-
weight PSMA targeting agents [32-34]. The
medium energy p-particles (EB yeraee = 134 ke'V;
Ty, = 6.65 days) was determined to be favorable
for the treatment of smaller metastases, while
preventing  radionephrotoxicity ~ previously
observed when using yttrium-90, which emits
high-energy p-particles [35]. Moreover, the co-
emission of y-radiation (Ey = 113 keV, I = 6.2%
and 208 keV, I = 10.4%) enables visualization of
the radioligand’s tissue distribution using SPECT.

The concept of using terbium-161 may be
seen as a beta therapy®™ S approach: this implies
that terbium-161 shares largely all the character-
istics of lutetium-177; however, it provides addi-
tional features which may make it more effective
in cancer therapy (Scheme 23.4).

More specifically, the decay properties of ter-
bium-161 are almost identical to those of lutetium-
177 in terms of the B™-energy (Efene = 154 keV)
and half-life (T, = 6.953 days, recently determined
by Duran et al. [36]). Like lutetium-177, ter-

Scheme 23.4 The

terbium-161 sister’s - %
personality. (Figurine
©Ekaterina
Zimodro/123RF)
[atal
Tb 161
6.90 d
B0.5;0.6..
T 26; 49, 75...
e

bium-161 also emits y-radiation useful for SPECT
imaging. Terbium-161 may, however, have signifi-
cant advantages with regard to the emission of low-
energy electrons. It emits a substantial number of
conversion and Auger electrons, which may be of
particular value regarding the absorbed dose to
single tumor cells. According to published calcula-
tions, the mean absorbed dose to small spheres
(diameter: 10-20 pm) would increase approxi-
mately three to fourfold when using terbium-161
instead of lutetium-177 [37-40].

The comparison between the effects of ter-
bium-161 and lutetium-177 was performed for
the first time in a study using a DOTA-folate
ligand [41]. More recently, another comparison
was also performed with PSMA-617. It was
experimentally demonstrated that [''Tb]Tb-
PSMA-617 was more effective in the killing of
tumor cells in vitro compared to ['’Lu]Lu-
PSMA-617 (Fig. 23.5) [42].

Extensive investigations were performed with
human phantoms by Prof. Peter Bernhardt,
University of Gothenburg, Sweden, in order to
develop a reconstruction code which enables the
preparation of high-quality images based on the
y-radiation emitted by terbium-161 (unpublished
data). The first SPECT scan using [''Tb]Tb-
DOTATOC in a patient with neuroendocrine can-
cer was performed recently by Prof. Baum at
Zentralklinik Bad Berka (unpublished data).

Beta TherapyPLYs

Characteristics

She is the most mature and experienced in research
among all terbium sisters.

She has fraveled to several sites and met with
physicists, chemists and biologists, and also met with
Prof. R. Baum.

She is very strong, curious and hard-working.

She has become popular in recent years and many
people are interested in working with her.
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Fig. 23.5 Results of an
in vitro study
demonstrating the

Prostate Cancer Cell Viability

favorable effect of -
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represent the percentage 5\_‘_’; [ 1
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In contrast to the other three terbium sisters,
terbium-161 can be produced in large quantities
using the 'Gd(n,y)'®'Gd — '*'Tb nuclear reac-
tion in analogy to the no-carrier-added lutetium-
177, as reported by Lehenberger et al. [10]. At
PSI, we have developed the production method
further over the years to make the radionuclide
available at excellent quality that enables label-
ing of DOTA-functionalized biomolecules at
molar activities >100 MBg/nmol [43]. The quan-
tity that can be produced is limited to 20 GBq by
the current restriction of the international air
transport agency (IATA); however, this restric-
tion is expected to be lifted soon. The current
situation regarding the production opportunities
is most promising in view of the feasibility to
make the radionuclide available for clinical stud-
ies in the near future.

Radioactivity concentration

(MBg/mL)

B '%'TH-PSMA-617
=3 "7 y-PSMA-617

23.6 Conclusion and Outlook

Having focused on the investigation of “PSI’s
Swiss Army Knife” over the last decade, we have
been approached with increased interest from
researchers and physicians worldwide over the
years. We have performed a number of preclini-
cal studies with the terbium sisters at PSI in col-
laboration with external partners in Switzerland
and abroad. These endeavors enabled the
improvement of procedures and results on each
level: (1) The production, including targetry and
chemical separation, was optimized; (2) radiola-
beling of biomolecules was achieved at high
molar activities; (3) more detailed preclinical
in vitro and in vivo investigations were performed
with relevant quantities of activity; (4) human
phantom studies were performed with terbium-
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Fig. 23.6 “PSI’s Swiss Army Knife” has become a
“European Terbium Knife”—one tool for multiple func-
tions of the terbium sisters in nuclear medicine

161 and (5) finally also proof-of-concept clinical
applications were achieved with terbium-152 and
terbium-161. Thanks to our collaborators in sev-
eral countries throughout Europe, most promi-
nently, Prof. Richard Baum, the “PSI’s Swiss
Army Knife” is becoming a tool of international
interest beyond Switzerland and Europe, hence a
“United Nations’ Army Knife” (Fig. 23.6).
Researchers and clinicians from all other conti-
nents including North and South America, Africa,
Asia and Australia are interested in using the ter-
bium sisters for nuclear medicine applications.
Based on the results we have achieved over
the last decade investigating terbium sisters and
according to numerous discussions with research-
ers and physicians from different fields, it is
likely that terbium-161 will be translated to clini-
cal application in the near future. This radionu-
clide may be also the first to be produced in large
quantities for a worldwide application, as is cur-
rently the case for lutetium-177. While physicists
were the first to propose terbium-161 as a valid
alternative to lutetium-177, radiochemists devel-
oped the production routes and (radio)pharma-
cists and biologists experimentally demonstrated
the superiority of this radionuclide in preclinical
settings. Now, it is time for the nuclear medicine
physicians and oncologists to demonstrate the
benefit of low-energy electrons in the treatment
of disseminated disease by means of clinical

studies. Since the production methods for the
other three terbium sisters are more challenging
and not yet established for large-scale produc-
tion, success with regard to clinical translation
will critically depend on the investment in pro-
duction facilities.

Finally, it remains to be said that the terbium
sisters owe their current popularity in the medi-
cal community to Prof. Richard Baum’s efforts
to support the translation from bench to
bedside.

Our terbium sisters have just started their
career in the community. They are still young
and, consequently, full of dreams and desires for
their future lives in the interdisciplinary environ-
ment of research and medical activities. We will
continue educating and supporting them to make
their future bright and successful and wish them
all the best on their future career journey.
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The Zentralklinik Bad Berka is a privately
financed hospital, and it is not a university hospi-
tal. Since it is not located in the immediate vicin-
ity of a large city, one could assume that it is
rather an unspectacular clinic on the edge of a
forest. Nevertheless, for many years, this hospital
has been generating high-quality scientific publi-
cations [1-7].

Since the establishment of nuclear medicine
in this hospital, thousands of patients have been
treated with innovative radiopharmaceuticals.
One has to ask oneself how such a hospital can
examine so many patients with innovative radio-
pharmaceuticals that so many different scientific
results are generated and published?

To answer these questions, one should look at
the starting point of every nuclear medical exam-
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ination or therapy: the production of drugs in a
radiopharmacy.

If you look at the job descriptions for the posi-
tion of radiochemists/pharmacists, often one
finds a fully packed field of activity. Additionally,
a wide range of radiotracers and its production is
desired (Fig. 24.1).

It can partly be seen that neither the hot cells
for the radiopharmaceutical production, nor the
synthesis modules and analytical equipment, and
also no budget is available. Only a few lead
shields and shielded syringes. One asks again
oneself how these tasks are to be fulfilled?

Very often both the personnel requirements,
the financial and technical necessities are com-
pletely underestimated.

For example, the cost of synthesis of a new
radiopharmaceutical is often incorrectly calcu-
lated, since the descriptions of the radiolabeling
in the scientific papers are usually reduced to the
essentials. A short sentence in the experimental
part of the publication can therefore conceal an
equipment requirement of more than 100,000
euros. A misinterpretation of these data leads
very quickly to the failure of the project.

As an example, Fig. 24.2 lists the personnel
requirements for routine production of innovative
drugs. The more technology is required, the more
personnel is required to maintain the technology.

Since the last decades, the role of nuclear
medicine in precision oncology has been grow-
ing. More and more radiolabeled target-seeking
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A Natural Scientist in a Department of
Nuclear Medicine

??7?

* Head of Production

* Head of Quality Control

* Qualified Person

* GMP- documentation

* Quality Assurance

* Radiation Safety Officer

* Medical Physicist

* Technical assistant for PET,
SPECT, y-cameras, animal-
PET

* Order of radiopharmaceuticals

« Contact person for all technical
guestions

* Microbiological monitoring

* Environmental monitoring

» “"Te-radiopharmaceuticals
» %Ga-PSMA

» 8Ga-DOTATOC

» 7Lyu-PSMA

« 77 u-DOTATOC

+ 9Y-DOTATOC

* BFFET

* BE-FEMISO

* 25Ac-PSMA

* 25Ac-DOTATOC...

Fig.24.1 Job descriptions for scientists in nuclear medicine flooded with tasks

Fig. 24.2 Personal
requirements for the
radiopharmaceutical
production of innovative

Production of innovative radiopharmaceuticals

Personnel and financial costs are often underestimated

radiotracers Head of Production 1
Head of Quality Control 1
Qualified Person 1)
GMP-documentation
Quiality Assurance 1

drugs are basically available for use in clinical
practice. The requirements for this is that a cor-
responding radiopharmacy can provide these
innovative radiotracers. Thus, the radiopharmacy
plays an important role in the application of mod-
ern radiopharmaceuticals to patients.

Let us get back to the question why so many
innovative tracers can be routinely used in our
hospital?

It is thanks to the farsightedness, the vision
and understanding of the clinic management and

Radiation Safety Officer

Medical Physicist

Technical assistant for PET, SPECT, y-cameras, animal-PET
Order of radiopharmaceuticals

Contact person for all technical questions 1
Microbiological monitoring 1)
Environmental monitoring

-3

above all to the Director of Nuclear Medicine,
Professor Richard Baum, that the basic require-
ments for the production of radiopharmaceuticals
were consistently created both technically and in
terms of personnel.

This can be illustrated with a historical review.
The radiopharmacy was completed in 1998.

The laboratory was equipped with 11 MeV
Cyclotron, six hot cells, analytical equipment
(analytical HPLCs, GC), and synthesis modules
(Fig. 24.3).
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Fig. 24.3 Technical equipment in the Bad Berka Radiopharmacy (1998-2017)

In 1999, 8F-FDG production and distribution
started. Starting from 2000 'SF-FDG was pro-
duced with a manufacturing authorization, and
since 2003, "8F-FDG was produced regularly dur-
ing the night shift. At this time, two engineers,
two chemists, and three medical technical assis-
tants were working in our radiopharmacy. In
2004, the production of ®*Ga-DOTA-peptides and
7Lu-DOTA-peptides started.

Figure 24.4 shows the production bench for
the manual routine synthesis of ®Ga-DOTA-
peptides. The manual module has been slightly
modified to reduce the radiation exposure of the
hands of our staff.

The %Ga-labeling was carried out using the
acetone-based labeling procedure which was cre-
ated by Professor Frank Rosch, Dr. Tschernosekov
et al. This method was the workhorse at this time
[8].

In 2010, two synthesis runs were performed
daily to care for our patients.

During this time, some synthesis processes
have been developed and optimized.

Examples are:

e The combined cationic/anionic purification
and labeling procedure for the labeling of
fragile compounds with %Ga [9].

e The one-pot synthesis of *F-FEC [10].

e The cartridge-based purification of F-FET
[11].

In 2011, the NaCl-based **Ga-labeling method
was discovered in our radiopharmacy and was
subsequently used for the routine production of
%8Ga-labeled tracers as well as for the labeling of
experimental peptides and other compounds.
These results have been also published [12]. The
%8Ga-labeling procedure is shown schematically
in Fig. 24.5. This scheme shows also the anionic
labeling and the acetone-based ®*Ga-labeling
procedure.

Furthermore, this method was immediately
transferred to various automatic synthesis mod-
ules and was used for thousands of synthesis runs
in our hospital for the radiopharmaceutical
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2004
8Ga-DOTATOC — First Routine Production

Fig. 24.4 Manual synthesis module for the production of ®Ga-labeled DOTA-peptides

Fig.24.5 Scheme of
different ®*Ga-labeling
procedures

tar labeling

2011 Development
of the NaCl based
labeling method

production of %¥Ga-DOTA-TOC and ®*Ga-PSMA
[13] (Fig. 24.6).

Table 24.1 exemplarily shows an overview of
some innovative radiotracers produced in the
radiopharmacy for application to patients.

With this list of experimental tracers, the
authors would like to highlight the outstanding
pioneering work that Professor Richard Baum
has done for the Nuclear Medicine Society.

The new radiopharmacy was built between
2014 and 2017. A new cyclotron with a solid tar-

get, an alpha laboratory, and new analytical
equipment has been installed (Fig. 24.7).

At the same time, the routine production of
alpha-emitting therapeutics in our radiophar-
macy, the ?»Ac-labeled peptides, began.
Additionally, first results from experimental data
on the cyclotron-based production of ®Ga could
be collected and has been presented in 2019.

One of the most important topics is the fibro-
blast activation protein FAP which is expressed
on cancer-associated fibroblasts. The concentra-



24 High-Performance Radiopharmacy: The Base for Precision Oncology 241

NaCl based labeling procedure used for the
production of ®Ga labeled petides - Adapted
to different synthesis modules

Eckert & Ziegler /0o 2

éatt Scinton_h'ics

GRP Module

" Modular-Lab PharmTracer S St da

Eckert & Ziegler
Modular-Lab éazy

Fig.24.6 Different automated synthesis modules for the production of ®Ga compounds using the NaCl-based labeling
procedure. This procedure was developed at the hospital Bad Berka by the author Dirk Miiller

Table 24.1 A selection of experimentally applied radio-
tracers, which were used in the context of compassionate

trials in the Zentralklinik Bad Berka

%Ga-Affibody

%Ga-MG-11

%Ga-Sarabesin

n-affibody

%Ga-Demobesin

"In-PSMA-Minibody

%Ga-neurotensin

#Sc-DOTATOC

%Ga-JR-10 152Th-DOTATOC
%Ga-JR-11 132Th-PSMA
%Ga-RGD "Lu-PSMA-Minibody
%Ga-TRAP-RGD 17TLu-Sabesin
%Ga-MSH 7Lu-JR-11
8Ga-MAA """Lu-neurotensin
%Ga-Exendin-4 7Lu-LM-3
%Ga-LM-3 17"Lu-BPAMD
%Ga-PSMA-ALB6 7Lu-DOTA-M-ZOL
%Ga-BPAMD ""Lu-PSMA-ALB6
%Ga-FAP 7"Lu-FAP

tion in normal tissue is usually low. FAP is there-
fore a highly interesting target for radio-molecular
imaging and therapy, and this could be a mile-
stone in the history of nuclear medicine. A few
quinoline-based PET tracers have been devel-
oped which act as FAP inhibitors (FAPIs). The

study of the biodistribution of %*Ga-labeled FAPIs
showed an uptake which is comparable with ®F-
FDG but also a significant washout effect between
1-3 h after injection [14].

Another approach, namely, the use of FAP-
affine peptides such as the peptide FAP-2286,
opens the opportunity for radio-molecular ther-
apy due to significantly longer residence times.
Furthermore, the PET tracers based on FAP-2286
seem to show a higher tumor uptake compared to
BE-FDG. FAP-2286 is a new and innovative
compound of the company 3B-Pharma.

The following Figs. 24.8 and 24.9 show some
HPLC results of the radiolabeling and synthesis
of the radiopharmaceutical production of FAP
tracers for the diagnosis and therapy for patients
with different tumor diseases. Fig. 24.8 shows the
HPLCs of the compound FAP-2286 labeled with
%Ga, immediately after the labeling and 2 h later.
Figure 24.9 shows the HPLCs of the '""Lu-labeled
peptide FAP-2286, again immediately after the
labeling and after 2 and 24 h.

Finally the authors would like to thank Professor
Baum for many, many years of close cooperation.
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2014 - 2017

New Radiopharmacy

Fig. 24.7 The new radiopharmacy was built between 2014 and 2017

Fig. 24.8 Stability of
%Ga-FAP-2286: HPLC
of the final product,
immediately after the
labeling and after 2 h

Fig. 24.9 Stability of
""Lu-FAP-2286: HPLC
of the final product,
immediately after the
labeling, after 2 and 24 h
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Hirsch index, a bibliometric index
measuring both productivity and
citation impact suggested in 2005
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PET positron emission tomography

PRRT peptide  receptor radionuclide
therapy

PSMA prostate  specific  membrane
antigen

PubMed® Free search engine accessible at
https://pubmed.ncbi.nlm.nih.gov/

RCR relative citation ratio

25.1 Introduction

In this work, we try to capture the footprint of
Richard P. Baum in the scientific literature
throughout his whole career, ranging from his
first publication up to the time of this analysis
(March 28, 2021). Since his scientific output
encompasses many cited works, we limited our
search to the Web of Science Database “Core
Collection.”

25.2 Material and Methods

We searched the Web of Science Database “Core
Collection” to export the abstract and full refer-
ence list of all articles using the search term
“Richard P. Baum” as author. Results were
exported in CSV format and imported in the
VOSviewer version 1.6.16 [1] (Leiden University,
Leiden, Netherlands). VOSviewer has been
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developed to visualize bibliometric networks and
has already been used in over 500 articles cited in
the literature [2, 3]. For the Relative citation
Ratio (RCR) we used the iCite Database, which
contains 26,482,789 articles in PubMed as of
March 8, 2021 and which is freely available at
https://icite.od.nih.gov, applying the methodol-
ogy described by Hutchins et al. [4].

25.3 Results

The Web of Science search returned 715 publica-
tion records for Richard P. Baum as an author as of
March 28, 2021 (https://www.webofscience.com/
wos/woscc/general-summary?q=W3siZil6IkRYT
kciLCJO0LjoiMjMyOCJ9XQ). This results in a
h-index of 51 for a sum of times cited totaling
11,247 (10,641 without self-citations) and 8020
citing articles (7837 without self-citations). The
evaluation of the sum of times cited per year met-
rics is presented in Fig. 25.1, and the overall aver-
age citation per item is 15.73. In terms of number
of publications per year, there has always been a
sustained scientific production, with a steady
increase during the last 20 years and an almost
doubled publication output during the last decade
(Fig. 25.1). In all these records, Richard P. Baum
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Fig.25.1 Bar chart of the sum of times cited per year and
the number of publications per year of Richard P. Baum
over the 1981-2020 interval

was cited most often as last author (41%) and as
first author (13%). Furthermore, he was corre-
sponding author in 8% of the records. When exam-
ining the publication types, meeting abstracts,
articles, and editorials constitute the majority of
the records with 59%, 30%, and 4%, respectively,
followed by reviews, proceeding papers, and
review articles (each 4%, respectively).

Overall, eight articles were found to be highly
cited in the field, as listed in Table 25.1. Alone,
these eight articles are responsible for 3155 cita-
tion (28% of the total times cited) for an impress-
ing average of 394.28 citation par article.

When all these 715 publications are grouped
in five most frequent subject categories, most of
the records were in Radiology and Nuclear
Medicine Medical Imaging (n =471 or 65%) and
Oncology (n=131 or 18%) as shown in Fig. 25.2.
The country of origin of the publication records
is shown in Fig. 25.3 for the seven most frequent
countries.

The VOSviewer was used to display a co-
occurrence network of terms extracted from the
titles and abstracts of the selected publications as
previously described [3]. The result is displayed
in Fig. 25.4. The size of the circles displays the
number of times the term was found in the title or
the abstract. Furthermore, the terms that co-occur
are located close to each other in the visualiza-
tion. All terms were also grouped in three clusters
of significant size. The details are given in the
legend of Fig. 25.4. Using the same data, cluster
density visualization was performed and allowed
to better examine the co-occurrence terms with
the weight of the color depending on the number
of items belonging to that cluster (Fig. 25.5).

When examining the scientific themes devel-
opment of Richard P. Baum over time, one can
see that it started with monoclonal antibodies
around year 2000, then moved to PET diagnosis
around 2005 before evolving to peptide receptor
radionuclide therapy of neuroendocrine tumors
and its efficacy (2010) before moving on to
PSMA therapy starting in 2015, as shown in the
overlay visualization of Fig. 25.6. Finally, the last
overlay visualization of Fig. 25.7 shows the num-
ber of average citations per co-occurrence term,
demonstrating variation of up to fourfold among
co-occurrence terms.
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Table 25.1 Highly cited articles from Richard P. Baum totaling 3155 citation (3151 without self-citations) for an aver-
age of 394.28 citation par article

Total Average per
Year Title Reference | Citations Year RCR
2017 Phase 3 trial of Lu-177-Dotatate for midgut [5] 913 182.6 76.41
neuroendocrine tumors
2010 FDG PET and PET/CT: EANM procedure [6] 866 72.17 29.56
guidelines for tumour PET imaging: Version 1.0
2013 The joint IAEA, EANM, and SNMMI practical [7] 344 38.22 -

guidance on peptide receptor radionuclide
therapy (PRRNT) in neuroendocrine tumours
2017 German multicenter study investigating [8] 318 63.6 25.03
Lu-177-PSMA-617 Radioligand therapy in
advanced prostate cancer patients

2016 Lu-177-1abeled prostate-specific membrane [9] 232 38.67 6.79
antigen Radioligand therapy of metastatic
castration-resistant prostate cancer: Safety and
efficacy

2015 Ga-68- and Lu-177-labeled PSMA 1&T: [10] 227 32.43 12.67
Optimization of a PSMA-targeted Theranostic
concept and first proof-of-concept human studies
2015 Long-term tolerability of PRRT in 807 patients [11] 174 24.86 10.31
with neuroendocrine tumours: The value and
limitations of clinical factors

2018 Health-related quality of life in patients with [12] 81 20.25 9.89
progressive midgut neuroendocrine tumors
treated with Lu-177-Dotatate in the phase III
NETTER-1 trial

ONCOLOGY
131

ENDOCRINOLOGY | GASTROENTEROLOGY
RADIOLOGY NUCLEAR MEDICINE METABOLISM HEPATOLOGY
471 60 24

Fig. 25.2 Treemap visualization of Richard P. Baum 715 publication records grouped in five Web of Science
categories
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Fig.25.3 Treemap visualization of Richard P. Baum articles grouped in seven countries of 715 records
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Fig. 25.4 Co-occurrence network of terms using the
VOSviewer visualization software of terms extracted
from the titles and abstracts of the selected 715 publica-
tions of Richard P. Baum. The size of the circles displays
the number of times the term was found in the title or the
abstract. The 85 terms that co-occur are located close to

each other and grouped in three clusters of significant size
(in green peptide receptor radionuclide therapy of neuro-
endocrine tumors, in blue efficacy and PSMA therapy and
in red PET and detection). The 1000 strongest links are
represented
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Fig.25.5 Using the same data as in Fig. 25.4, this cluster
density visualization displays the co-occurrence terms
with weight of the color depending on the number of
items belonging to that cluster (in green peptide receptor

To round off this analysis of Richard P. Baum’s
footprint in science, we were interested in one of
the latest academic metrics available, the so-
called Relative Citation Ratio (RCR), which is a
different bibliometric assessment of scientific
productivity as compared to the usual ones (jour-
nal’s impact factor, h-index) to assess publica-
tions. With the RCR, the number of citations is
compared to an expected citation rate of all arti-
cles derived from the same field [4]. Lately, this
new metrics has been advocated as a more valid
practice to identify influential papers across all
disciplines. When applying this easy analysis in
iCite (Fig. 25.8), one discovers that the median

radionuclide therapy of neuroendocrine tumors, in blue
efficacy and PSMA therapy and in red PET and
detection)

RCR of Richard P. Baum was 1.46 with a range
from 0-76.41 (Fig. 25.8). This is above the 80th
percentile of all articles in iCite with a RCR above
0 (19,859,778 publications as of March 8, 2021).
Furthermore, most of his articles contained in
PubMed and listed in iCites are above the 50th
percentile of all the publications with a RCR
above 0, which would correspond to a 50th per-
centile RCR of 0.37. Finally, Richard P. Baum has
ten publications with a RCR above the 99th per-
centile of all PubMed articles (RCR > 7.98) and
three above the 99.9th percentile (RCR > 23.62)
with a maximum at 76.41. The RCR for the eight
highly cited articles is also presented in Table 25.1.
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Fig. 25.6 Overlay visualization of the same co-
occurrence cluster data showing the development over
average citation year of Richard P. Baum publications,
starting with monoclonal antibodies (around year 2000),

then PET diagnosis (2005), peptide receptor radionuclide
therapy of neuroendocrine tumors and its efficacy (2010)
PSMA (starting 2015). The 1000 strongest links are
represented
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25.4 Discussion

The publication record of Richard P. Baum is
truly impressive as outlined in the results section,
leading to over 11,000 citations and 725 records
in the Web of Science Database. Not only are his
standard bibliometric metrics such as his A-index
or the journal’s impact factors excellent, but the
latest more valid metrics of scientific productiv-
ity as the relative Citation ratio (RCR) is equally
impressive with most of his articles being cited
more often than half of the articles with a RCR in
PubMed, with ten of his articles being even cited
more often than 99% of all PubMed articles.

The results presented here constitute only a
bibliometric analysis of the work of Richard
P. Baum and is forcedly reducing his work to
mere citations. On a personal note, one should
say that knowing Richard is clearly superior to
reading his work, as anyone who has interacted
with him will agree that he has impressive inter-
personal skills, making encounters with Richard
highly memorable. With his presence, energy,
positivism and eagerness to pragmatically solve
the next scientific problems, he has always been
one of the outstanding characters in our field —
and it maybe not even be saying too much when
characterizing him as a “Rockstar in Nuclear
Medicine,” also characterized by coming too late
to a session and leaving early when getting bored.
This honesty and clarity made him an excellent
dinner conversation partner. His openness for
exploiting novel routes and methods, which have
led him to be oftentimes the first one (sometimes
only one) to bring novel radiopharmaceuticals
and radionuclides to his patients, cannot be cap-
tured appropriately with bibliometric metrics,
showing us its limitations. Life is about stories,
not about numbers.

As a limitation to our analysis, one should
mention that the profile of Richard P. Baum in the
Web of Science and PubMed databases was algo-
rithmically generated, which means Richard
P. Baum himself did not verify all founds records.
Furthermore, as these databases are continuously
updated, the number of citations in this chapter
was found as of March 28, 2021 and will keep on
increasing daily and forever, as long as new arti-
cles will cite the work of Richard P. Baum.

25.5 Conclusion

The present analysis outlined the scientific publi-
cation footprint of Richard P. Baum over the last
four decades in the domain of nuclear medicine
and therapy. He helped to shape the field of neu-
roendocrine tumors diagnosis and therapy, as
well as prostate cancer radionuclide therapy. His
scientific productivity was constant since 1980
and even doubled during the last decade. His
works have been cited over 11,000 times in the
literature and even when using the latest metrics
of scientific productivity such as the relative cita-
tion rate, his bibliometric achievements remain
outstanding and are only matched by very few
authors among the many with a similarly long
scientific career.

Acknowledgments/Conflict of Interest The authors
declare that no conflict of interest exist.

References

1. VOSviewer Visualizing scientific landscapes: Leiden
University. 2021. www.vosviewer.com/. Accessed 21
Mar 2021.

2. van Eck NJ, Waltman L. Software survey: VOSviewer,
a computer program for bibliometric mapping.
Scientometrics. 2010;84(2):523-38.

3. van Eck NJ, Waltman L. Visualizing bibliometric net-
works. In: Ding Y, Rousseau R, Wolfram D, editors.
Measuring scholarly impact: methods and practice.
Cham: Springer; 2014. p. 285-320.

4. Hutchins BI, Yuan X, Anderson JM, Santangelo
GM. Relative citation ratio (RCR): a new metric that
uses citation rates to measure influence at the article
level. PLoS Biol. 2016;14(9):e1002541.

5. Strosberg J, El-Haddad G, Wolin E, Hendifar A, Yao
J, Chasen B, et al. Phase 3 trial of Lu-177-Dotatate
for midgut neuroendocrine tumors. N Engl J Med.
2017;376(2):125-35.

6. Boellaard R, O'Doherty MJ, Weber WA, Mottaghy
FM, Lonsdale MN, Stroobants SG, et al. FDG PET
and PET/CT: EANM procedure guidelines for tumour
PET imaging: version 1.0. Eur J Nucl Med Mol
Imaging. 2010;37(1):181-200.

7. Zaknun JJ, Bodei L, Mueller-Brand J, Pavel ME,
Baum RP, Horsch D, et al. The joint IAEA, EANM,
and SNMMI practical guidance on peptide recep-
tor radionuclide therapy (PRRNT) in neuroen-
docrine tumours. Eur J Nucl Med Mol Imaging.
2013;40(5):800-16.

8. Rahbar K, Ahmadzadehfar H, Kratochwil C,
Haberkorn U, Schafers M, Essler M, et al. German


http://www.vosviewer.com/

25 Analyzing the Science Footprint of Richard P. Baum

253

multicenter study investigating Lu-177-PSMA-617  11. Bodei L, Kidd M, Paganelli G, Grana CM, Drozdov I,

Radioligand therapy in advanced prostate cancer Cremonesi M, et al. Long-term tolerability of PRRT

patients. J Nucl Med. 2017;58(1):85-90. in 807 patients with neuroendocrine tumours: the
. Baum RP, Kulkarni HR, Schuchardt C, Singh A, Wirtz value and limitations of clinical factors. Eur J Nucl

M, Wiessalla S, et al. Lu-177-labeled prostate-specific Med Mol Imaging. 2015;42(1):5-19.

membrane antigen Radioligand therapy of metastatic ~ 12. Strosberg J, Wolin E, Chasen B, Kulke M, Bushnell

castration-resistant prostate cancer: safety and effi-
cacy. J Nucl Med. 2016;57(7):1006-13.

D, Caplin M, et al. Health-related quality of life in
patients with progressive midgut neuroendocrine

10. Weineisen M, Schottelius M, Simecek J, Baum RP,
Yildiz A, Beykan S, et al. Ga-68- and Lu-177-labeled
PSMA I&T: optimization of a PSMA-targeted ther-
anostic concept and first proof-of-concept human
studies. J Nucl Med. 2015;56(8):1169-76.

tumors treated with Lu-177-Dotatate in the phase III
NETTER-1 trial. J Clin Oncol. 2018;36(25):2578.

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits use, sharing, adaptation, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's Creative Commons license,
unless indicated otherwise in a credit line to the material. If material is not included in the chapter's Creative Commons
license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder.


http://creativecommons.org/licenses/by/4.0/

®

Check for
updates

Therapy of Castration-Resistant
Prostate Cancer: Where Is the Place
of 225Ac-PSMA?

26

Ismaheel O. Lawal, Alfred Morgenstern,
Otto Knoesen, Mariza Vorster,
Frank Bruchertseifer, and Mike M. Sathekge

26.1 Introduction

Extensive application of these life-prolonging

Over the past decade and a half, many life-
prolonging therapy agents have been approved
for the treatment of metastatic castration-resistant
prostate cancer (mCRPC), the lethal form of
prostate cancer. These therapy agents fall into
four categories, including chemotherapy
(docetaxel and cabazitaxel), androgen-signaling-
targeted inhibitors (abiraterone and enzalu-
tamide), immunotherapy (Sipuleucel-T), and
bone-targeting agent for skeletal metastases
(radium-223  dichloride- ?*RaCl,) [1-6].

1. O. Lawal - M. Vorster - M. M. Sathekge (<))
Department of Nuclear Medicine, University of
Pretoria, Pretoria, South Africa

Nuclear Medicine Research Infrastructure (NuMeRI),
Steve Biko Academic Hospital, Pretoria, South Africa
e-mail: mike.sathekge @up.ac.za

A. Morgenstern
Department of Nuclear Medicine, University of
Pretoria, Pretoria, South Africa

European Commission, Joint Research Centre,
Directorate of Nuclear Safety and Security,
Karlsruhe, Germany

O. Knoesen
Nuclear Technology Products (NTP),
Pelindaba, South Africa

F. Bruchertseifer

European Commission, Joint Research Centre,
Directorate of Nuclear Safety and Security,
Karlsruhe, Germany

© The Author(s) 2024

agents has not translated into commensurate
reduction in mortality of patients with
mCRPC. Prostate cancer mortality has remained
stable or even increased in some countries of the
world [7]. The multitude of the available life-
prolonging agents for mCRPC has introduced a
new challenge of the sequence to apply them in
patients’ treatment. Longer survival advantage is
conferred when an agent is applied earlier in the
treatment cycle compared with its application
later in the sequence of treatment. It is, therefore,
not only necessary to select an agent that has sur-
vival benefit but also has tolerable side effects
without associated negative impact on the quality
of life earlier in the treatment sequence of
mCRPC.

Radionuclide therapy targeting prostate-
specific membrane antigen (PSMA), a trans-
membrane  glycoprotein  overexpressed on
prostate cancer cells, has emerged as an attractive
therapy option for men with mCRPC. PSMA
radioligand therapy (PRLT) is more commonly
applied using Lutetium-177-labeled PSMA
("Lu-PSMA) [8]. 2Ac-PSMA targeted therapy
is an alternative PRLT agent for targeted alpha
therapy (TAT), which is effective in the treatment
of mCRPC, including patients who failed treat-
ment with ’Lu-PSMA. In this chapter, we aim
to present an update on the evidence in support of
the use of *Ac-PSMA as a TAT agent for
mCRPC. We will review its effectiveness, safety
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profile, and its upfront application in the
chemotherapy-naive setting for the treatment of
mCRPC.

177Lu-PSMA Versus
225Ac-PSMA PRT in mCRPC

26.2

Many centers across the world now administer
"Lu-PSMA  therapy  for  PRLT  of
mCRPC. Consequently, several nuclear medicine
societies have published guidance documents for
safe application of '7"Lu-PSMA therapy as a last-
line therapy option in men who have exhausted,
refused, or do not qualify for therapy with the
life-prolonging therapy agents [9—12]. Following
the encouraging results from an early German
multicenter study which showed good efficacy
with minimal side effects [13], ""Lu-PSMA has
gained increasing acceptance as a viable treat-
ment option in mCRPC [14]. Many studies have
subsequently been published showing its efficacy
and safety in different populations of patients
with  mCRPC including in men who are
chemotherapy-naive [15], have single functional
kidney [16], have lymph node-predominant met-
astatic disease [17], and for rechallenge in
patients who progressed after an initial response
to 7Lu-PSMA therapy [18]. In a prospective
phase Il trial, 57% of heavily pretreated men with
mCRPC achieved a prostate-specific antigen
(PSA) decline of 50% or more with a median
progression-free survival (PFS) and overall sur-
vival (OS) of 7.6 months (95%CI: 6.3-9) and
13.5 months (95%CI: 10.4-22.7), respectively
[19]. The most common side effects seen in the
patients were hematologic toxicity and xerosto-
mia [19]. In a recent meta-analysis of 17 studies
of ""Lu-PSMA treatment in men with mCRPC,
45% of patients had a PSA decline greater than
50% while an average of 74% of patients had any
PSA decline [20].

It is evident from the preceding discussion
that a significant proportion of patients with
mCRPC may not respond to '""Lu-PSMA ther-
apy. Up to 37% of patients (95CI: 33.9-40.3)
who initially respond to treatment will experi-

ence PSA progression in the short term [20].
These nonresponders, as well as the relapsing
patients who may have exhausted or are unfit for
the available life-prolonging agents, need alter-
native treatment options. ”’Lu decays by beta
particle emission. Its beta particle can traverse
between 20 to 60 cells [8]. This long path length
of beta particles of "’Lu precludes its use in cer-
tain patterns of disease, particularly diffuse pros-
tate cancer metastasis to the bone marrow in a
superscan pattern, as this may result in severe
bone marrow toxicity in patients who may
already have a compromised bone marrow
reserve [21]. Also, the ability of beta emission
7TLu to cause cellular damage is dependent on its
penetration and the diameter of the tumor [22].
Dose deposited by '”7Lu beta emission decline
significantly as the diameter of lesion reduces,
making effective eradication of micrometastases
with 7Lu-PSMA an unrealizable goal [22, 23].
Actinium-225 (***Ac) decays with a physical
half-life of 9.9 days via a cascade of six short-
lived radionuclide daughters to  stable
Bismuth-209 generating four alpha particles of
energies ranging from 5.8 to 8.4 MeV and associ-
ated soft tissue range of 47 to 85 um [24]. Alpha
particles cause irreparable double-stranded DNA
damage making them particularly effective in
tumor kill. As they traverse the tumor, alpha par-
ticles deposit ionizing energy that is up to a thou-
sandth times higher than the energy deposited by
beta particles [25]. The short range in the tissue
of alpha particles ensures the deposition of high
energy within a small radius, about 110 KeV per
micron distance traveled compared with about
0.2-0.5 KeV per micron deposited by beta parti-
cles [25]. Alpha particles cause direct DNA dam-
age independent of free radical-induced indirect
DNA damage that heavily relies on adequate tis-
sue oxygen tension. 2Ac-PSMA delivers a
14-fold higher radiation absorbed dose to the
tumor compared with 2*RaCl, [26], another
alpha-emitting radionuclide which prolongs the
survival of patients with bone-predominant
mCRPC [6]. The ability of **Ac-PSMA to be
internalized by tumor cells [27], compared with
225RaCl,, which is adsorbed to areas of increased
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turnover surrounding the tumor deposit in the
bone makes **Ac-PSMA theoretically better in
causing an effective tumor killing than **RaCl,.

26.3 Efficacy of 22°Ac-PSMA
as a Last-Line Therapy
of mCRPC

The prospect of 2> Ac-PSMA for TAT of mCRPC
was first reported by Kratochwil et al. in two
patients who had exhausted available therapy
options [28]. One of these two patients had dif-
fuse skeletal metastases in the typical superscan
pattern that precluded therapy with 7’Lu-PSMA
while the other patients with visceral metastases
of prostate cancer showed no response to
"L u-PSMA. After treatment with >*Ac-PSMA,
PSA in both patients declined to below detectable
limits while imaging findings returned to normal.
No bone marrow toxicity was seen in either
patient, including the patient with diffuse skeletal
metastases. Xerostomia was the only treatment-
related side effect reported by both patients [28].
These first cases not only show the first evidence
supporting the efficacy of ?Ac-PSMA in
mCRPC but also lay the foundation of the type of
patient who may benefit from this type of therapy
as well as the efficacy of *Ac-PSMA in the
post~'""Lu-PSMA setting.

In a study to define the optimum activity of
25 Ac-PSMA-617 and the dose delivered to criti-
cal organs which included 14 patients with
mCRPC, Kratochwil and colleagues further
reported mean doses of 2.3 Sv, 0.7 Sv and 0.05 Sv
to salivary glands, kidneys, and red marrow,
respectively, per MBq of administered
25Ac-PSMA-617  assuming  radiobiological
effectiveness of five for the emitted alpha parti-
cles [29]. The corresponding mean doses to these
same organs from their previous study in Gy/
GBq of ""Lu-PSMA-617 were 1.38, 0.75, and
0.03, respectively [30]. In this dosimetry study,
patients received different activities of
25 Ac-PSMA-617, ranging from 50 to 200 kBq/
kg body weight. Only one patient who received
200 KBg/kg had treatment-induced grade 2

hematotoxicity. Xerostomia was seen in the
majority of patients treated with an activity of
>100 KBq/kg. Administered activity of 150 to
200 KBq/kg was associated with good antitumor
activity at the risk of increased treatment-induced
toxicities leading to treatment discontinuation or
de-escalation of administered activity. 100 KBg/
kg of ?>Ac-PSMA-617 provided a compromise
between effective antitumor activity and tolera-
ble treatment-induced toxicity, mainly Xerosto-
mia. In patients who received more than one
cycle of treatment, there was a progressive PSA
decline when treatment was repeated after every
2 months. In contrast, when there was a delay in
the administration of subsequent treatment cycles
after an initial response, resistance develops
without significant response to the subsequent
treatment cycles [29]. Taken together, this study
established xerostomia as the dose-limiting tox-
icity in TAT with *Ac-PSMA-617 showed the
impact of the administered activity on the dynam-
ics of antitumor activity and the appearance of
toxicities, and the impact of timing of treatment
cycles on PSA response [29].

In current routine medical practice, PRLT
with either "Lu or **Ac-labeled PSMA is
reserved for patients who have exhausted,
declined, or are unfit for the life-prolonging
approved therapy agents pending the availability
of results of ongoing clinical trials evaluating the
effectiveness and safety of PRLT in mCRPC and
its comparative effectiveness versus the current
standards of treatment. Treatment applied late in
the sequence of therapy of mCRPC performs less
well compared with the treatment given earlier in
the therapy sequence. In the absence of a head-to-
head comparison between *Ac-PSMA and the
life-prolonging therapy agents for mCRPC, the
Heidelberg group, in their most recent study on
this subject, used a Swimmer-Plot analysis to
compare the duration of tumor control by
25Ac-PSMA-617 versus the currently used
approved agents for mCRPC [31]. The median
duration for any first-, second, third-, or fourth-
line therapy, regardless of the drug, was 8.0, 7.0,
6.0, and 4.0 months, respectively. The median
duration of abiraterone, docetaxel, enzalutamide,
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cabazitaxel, and **RaCl,, regardless of the time
in the treatment sequence at which they were
applied, were 10.0, 6.5, 6.5, 6.0, and 4.0 months,
respectively. For 2>Ac-PSMA-617 applied as a
last-line agent after patients have failed the
approved agents, the median duration of tumor
control was 9.0 months [31]. These results show
the relative performance of TAT with > Ac-PSMA
in a group of heavily pretreated patients, and in
the absence of results from formal trials evaluat-
ing the comparative performance of *>Ac-PSMA
relative to the known life-prolonging agents, rep-
resent robust evidence in support of its use for
mCRPC treatment.

In the largest series to date of men with
mCRPC treated with 2Ac-PSMA-617, Sathekge
et al. reported a PSA decline of 50% or higher in
70% of patients treated after a median of three
treatment cycles [32]. Imaging findings returned
to normal in about 29% of patients. After a
median  follow-up period of 9 months
(range = 2-22), 18% patients had died while dis-
ease had progressed in 32% of patients given an
estimated PFS and OS of 15.2 months (95% CI:
13.1-17.4) and 18 months (95% CI: 16.2-19.9),
respectively. This study provides the first pub-
lished insight into the efficacy of *Ac-PSMA
therapy in patients who are status post~'7’Lu-
PSMA therapy for mCRPC. Prior "Lu-PSMA
therapy was associated with a shorter time to
PSA progression. Median PFS in patients with
prior ""Lu-PSMA therapy was 5.1 months (95%
CI: 3.8-6.5) compared with 16.5 months (95%
CI: 14.3-18.7) in patients without therapy [32].
The negative association of prior "Lu-PSMA
therapy with survival is especially significant,
and it calls for proper selection of patients to
either Lu-PSMA or *»Ac-PSMA therapy.
25Ac-PSMA therapy will be better suited for
patients with diffuse bone marrow metastasis or
patients with limited baseline bone marrow
reserve as the short range of the emitted alpha
particles will result in a lesser absorbed dose to
the limited red marrow compared with the longer-
ranged beta particles of '”’Lu. Since beta particles
of ""Lu are incapable of an effective eradication
of micrometastases due to the inverse relation-
ship between the size of micrometastases and the

energy deposited in it [23], ?Ac-PSMA may be
more suitable for the treatment of smaller lesions
especially if they are widespread compared with
"Lu-PSMA.

Some factors have been found to significantly
impact on survival of patients with mCRPC
treated with **Ac-PSMA. In the study by
Sathekge and colleagues, patients who had any
PSA decline, PSA decline of 50% or more, and
without prior history of chemotherapy had a sig-
nificantly longer OS [32]. Factors found to be
significantly associated with a longer PFS were
any PSA decline, PSA decline of 50% or more,
achieving an undetectable serum level following
treatment, normalization of ®*Ga-PSMA PET/CT
following treatment and absence of prior
Lu-PSMA therapy. Also, patients who do not
respond to 2>Ac-PSMA therapy despite adequate
expression of PSMA glycoprotein shown as
intense tracer uptake in prostate cancer metasta-
ses on %Ga-PSMA PET/CT imaging have been
reported to harbor mutations in genes responsible
for the repair of DNA damage [33]. While muta-
tions in DNA damage repair genes are generally
believed to be advantageous in cancer therapy
owing to the cell cycle arrest and apoptosis that is
triggered by the failure to repair DNA damage
[34], damage in some specific DNA repair path-
ways may, however, translate into radioresistant
which may account for the prevalence of these
mutations in patients who do not respond to
25Ac-PSMA [35]. This finding is exciting and
may justify combination therapy of *>Ac-PSMA
with radiosensitizers such as the inhibitors of
poly ADP ribose polymerase (PARP inhibitors)
in qualifying patients with mCRPC.

Sufficient expression of PSMA glycoprotein
on prostate cancer lesions is an essential prereq-
uisite to PRLT [10-12]. mCRPC lesions express
higher levels of PSMA compared with hormone-
sensitive prostate cancer lesions. In patients with
mCRPC, there is significant heterogeneity in the
expression of PSMA within and between lesions
[36]. In lesions with heterogeneous PSMA
expression, foci without PSMA expression may
be outside of a 2 mm radius from foci with high
expression of PSMA. The implication of this is
that even with the longer path length of beta par-
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ticles of '”Lu that can travel an average distance
of 2 mm in soft tissue, '""Lu-PSMA treatment of
such lesions will result in lack of radiation dose
delivery to regions of no PSMA expression lying
outside of the zone within which the “cross-fire
effect” may be effective. This heterogeneity in
target expression, even in lesions with intense
PSMA expression, is more problematic in TAT
where the path length of the alpha particle is
below 0.01 mm. Unfortunately, the limited reso-
lution of the PET system makes delineation of
the within-lesion heterogeneity of PSMA expres-
sion impossible. Combined "F-FDG PET and
%Ga-PSMA PET may be advantageous to fully
characterize tumor behavior and target expres-
sion before submitting patients to PRLT [37].
Low PSMA expression or discordance between
%8Ga-PSMA PET and "®F-FDG PET imaging por-
tends poor treatment outcome [38, 39].

26.4 Toxicities of 22°Ac-PSMA
for PRLT of mCRPC

The short path length of alpha particles ensures
that energy deposition is limited to within cancer
lesions with a relative sparing of surrounding
normal tissues. PSMA expression is not exclu-
sive to prostate cancer tissues. Normal tissues
such as the salivary gland, renal tubular cells,
lachrymal glands, and epithelial cells of the small
bowel express PSMA as well [29, 40]. Off-target
binding on radiolabeled PSMA ligand such as
25 Ac-PSMA is an important cause of treatment-
related side effects in PRLT.

Xerostomia is the most common toxicity
resulting from *Ac-PSMA therapy. Among all
normal tissues that express PSMA, the salivary
glands received the highest absorbed dose during
2B Ac-PSMA therapy [29]. There is an intense
accumulation of radiolabeled PSMA ligand in
the salivary gland due to specific and nonspecific
bindings [41]. The first symptoms of xerostomia
are seen within a few days after *>Ac-PSMA
infusion [29]. Partial recovery may occur in
patients who receive limited cycles of treatment.
More cycles of ?*Ac-PSMA therapy produce
additive salivary gland damage resulting in severe

xerostomia. In one series, 10% of patients dis-
continued further *>Ac-PSMA therapy due to
intolerable xerostomia [31]. Severe xerostomia
may sometimes be associated with dysgeusia
causing anorexia and consequently, weight loss,
fatigue, dyspepsia, and constipation [32]. Several
interventions for either preventing or reducing
the impact of xerostomia on patients’ quality of
life have been proposed [42]. These interventions
include external cooling of the salivary gland to
reduce dose delivery to them during therapy
administration [43, 44]; injection of botulinum
toxin into the salivary gland to induce vasospasm
and hence dose reduction to the glands [45]; and
sialendoscopy with dilatation, saline irrigation,
and steroid injection to reduce radiation-induced
inflammation in an attempt to prevent xerostomia
[46]. To date, none of these interventions has
been found sufficiently effective for noninvasive
application in routine clinical practice.

Other approaches have been explored in miti-
gating the impact of ?>Ac-PSMA therapy on sali-
vary gland function, mostly by reducing the
activity the radioligand administered for therapy
[22]. In the approach popularized by our group —
the dynamic de-escalation approach, 8 MBq of
25 Ac-PSMA is administered for the first cycle of
treatment. Response is evaluated by clinical eval-
uation, repeat ®*Ga-PSMA imaging findings, and
level of PSA decline. Administered activity is
reduced to 6 MBq in cycle 2 for responders. A
similar re-evaluation is done before cycle 3, and
administered activity is reduced to 4 MBq in
responders. In essence, the activity of the thera-
peutic agent between 4 and 8 MBq is titrated
against the volume of residual malignant disease
to reduce the tumor sink effect that causes intense
off-target radioligand uptake in normal tissues as
the volume of malignant disease reduces. Using
this approach, 85% of our most recent cohorts
reported grade I/II xerostomia [32]. No treated
patients had severe xerostomia (grade III), and no
patient declined further treatment due to xerosto-
mia. Other approaches to reducing the incidence
and severity of xerostomia complicating PRLT
include administering a cocktail of 4 GBq of
7Lu-PSMA and 4 MBq ?»Ac-PSMA and admin-
istration of lower activity of *>Ac-PSMA espe-
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cially since the severity of xerostomia is
proportional to the activity of the radioligand
administered for therapy.

Hematologic toxicity may be seen in patients
treated with 22>Ac-PSMA. No treatment-induced
grave IV hematologic toxicity has been reported.
In our series of 73 patients treated with a median
of three cycles of 2> Ac-PSMA, we found grade I
or II anemia, leucopenia and thrombocytopenia
in 22, 7, and 6 patients, respectively [32]. We
found grade III anemia, leucopenia, and throm-
bocytopenia in 5, 2, and 1 patient, respectively.
We found no grade IV hematologic toxicity. The
characteristics of the study population can
explain this level of hematological toxicity. Out
of 73 patients included, 28 (38%) of them had
diffuse bone metastases with a superscan pattern,
and 30 patients (41%) had a hemoglobin level of
10 g/dL or lower [32]. All patients who had any
form of grade III hematologic toxicity had an
abnormal hematologic profile at baseline assess-
ment, indicating that these patients already had
an impaired bone marrow function even before
they were submitted to *>>Ac-PSMA therapy.

The kidneys are exposed to radiation dose
from ?»Ac-PSMA due to the physiological
expression of PSMA in the renal tubular cells and
the renal route of excretion of the radioligand.
Intravenous isotonic fluids such as normal saline
(about 2 L of 0.9% NaCl) is coadministered with
the radioligand to enhance its urinary excretion.
A baseline " Tc-MAG3 dynamic renal scintigra-
phy is necessary in patients with suspected
obstructive uropathy who may benefit from ure-
teral stenting to relief obstruction prior to PRLT
[11]. Intravenous frusemide may be necessary in
addition to intravenous hydration in patients with
dilated renal collecting system not associated
with anatomic obstruction to enhance urinary
flow rate and hence absorbed dose to the kidneys
[11]. In our most recent series, any renal toxicity
was seen in 23 patients — 32% of all patients
(grade I or I1 =18, grade IIl = 3, and grade IV =2)
[32]. Again, all five patients who had either grade
IIT or IV renal toxicity had a grade II renal toxic-
ity at baseline assessment before therapy with
25 Ac-PSMA [32].

The lachrymal gland is another organ with
high PSMA expression and at risk of radiation
damage during PRLT. In our series, we reported
grade I or II xerophthalmia in 5% of patients
[32].

26.5 Upfront Application
of 22°Ac-PSMA for Therapy
of mCRPC in Chemotherapy-

Naive Patients

Docetaxel was the first agent to demonstrate a
survival benefit in the treatment of mCRPC [1].
Cabazitaxel was shown in 2010 to have a survival
benefit in men who progressed after docetaxel
and has since been one of the second-line agents
for the treatment of men with mCRPC [2].
Abiraterone and enzalutamide, two agents that
act on the androgen signaling pathway, are other
drugs with life-prolonging capabilities that are
commonly applied in patients with mCRPC [3,
4]. In real-world practice, docetaxel was the most
commonly used agent for first-line therapy of
mCRPC before 2010. Beyond 2010, non-
chemotherapeutic agents are increasingly used as
the first-line agent for mCRPC [47]. This shift in
the choice of agent is most probably related to the
better safety profile of the non-chemotherapeutic
agents acting on the androgen receptor/signaling
pathway. Elderly patients aged 75 years and older
also tend to have significantly more high-grade
and fatal treatment-related toxicities when treated
with docetaxel [48]. There is still no consensus
on the sequence to apply the currently available
agents for mCRPC treatment as a result of the
absence of head-to-head comparisons of these
agents in randomized clinical trials (RCTs).
Results from large observational studies and sys-
tematic reviews of published studies are emerg-
ing to define the better sequence of application of
the available agents for mCRPC [49, 50]. It is
crucial to determine the most effective treatment
sequence so that the most effective agent is
applied earlier in the therapy sequence since the
response to agents applied later in the sequence
are generally less remarkable. Safety is another
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critical factor to be considered in the sequencing
of therapy agents so that the most effective and,
equally important, the safest agent is applied ear-
lier to preserve and prolong quality life.

A randomized control trial (RCT) is required
to define the efficacy and the place of any therapy
intervention in medical practice. Results from
RCTs evaluating the efficacy, safety, and the
place PRLT either with '""Lu-PSMA or
ZBAc-PSMA are still being awaited. It is also
worth noting that a comparison of results from
different RCTs is difficult due to the differences
in the patient populations in the different trials.
Many insights can be gained from the published
retrospective observational studies that have
reported the safety and efficacy of 2> Ac-PSMA
in mCRPC treatment. In the absence of an RCT,
a Swimmer plot analysis is a useful pictorial rep-
resentation of the duration of tumor control in an
individual treated with different agents. In the
series by Kratochwil and colleagues, using a
Swimmer plot analysis, the authors show that
25 Ac-PSMA used as a last-line agent performed
better or similar to agents applied as the first-,
second-, and third-line treatments [31]. This sug-
gests that, perhaps, if applied earlier in the course
of the disease, >Ac-PSMA could have provided
a longer duration of disease control than the cur-
rently approved agents.

In a study of 2Ac-PSMA therapy in
chemotherapy-naive patients, Sathekge and col-
leagues reported a PSA decline of 90% or more
in 82% of patients and a PSA decline of >80%
seen in 71% of patients after the first cycle of
225Ac-PSMA administered for mCRPC [51]. In
41% of patients, PSA declined to undetectable
levels after two to three cycles of >Ac-PSMA
and remained undetectable for a median of
12 months posttreatment. Tolerable xerostomia
was seen in all patients treated, but no patients
withdrew from this treatment due to this side
effect. No statistically significant decline was
seen in the pretreatment versus posttreatment
leucocyte count, hemoglobin level, serum creati-
nine level, or serum albumin level [49]. Docetaxel
given in the same setting led to a PSA decline of
>50% in 45% to 48% of patients with a median
duration of PSA response of 7.7 to 8.2 months

[1]. Docetaxel is significantly associated with
neutropenia, alopecia, diarrhea, sensory neurop-
athy, dysgeusia, stomatitis, among other
treatment-related toxicities warranting discon-
tinuation of treatment in some patients [1].
Cabazitaxel is another chemotherapeutic agent
with a survival benefit in mCRPC in the post-
docetaxel setting. Used as a second-line agent in
the post-docetaxel setting, cabazitaxel led to
a > 50% PSA decline in 39.2% of patients with
a median time to PSA progression of 6.4 months
[2]. Like docetaxel, cabazitaxel caused signifi-
cant bone marrow toxicity causing any-grade
neutropenia and anemia in more than 90% of
patients treated. The severity of side effects led
to treatment discontinuation in 18% of patients
treated with cabazitaxel [2].

While the evidence from controlled trials in
support of the use of *Ac-PSMA in TAT of
mCRPC is being awaited, the available data are
already showing good efficacy and tolerability in
patients treated in critical clinical situations [28—
31, 52]. Here we make a case for the compassion-
ate consideration of the use of *>Ac-PSMA in
chemotherapy-naive patients who may be consid-
ered unfit or have refused chemotherapy because
of its potential side effects or other consideration,
especially if they have previously failed therapy
with the novel agents targeting the androgen
receptor/signaling pathway (Fig. 26.1). In this
setting, *>Ac-PSMA therapy is associated with
better PSA response, longer duration of tumor
control, better safety profile, and a survival
advantage when compared, in an intra-individual
fashion or with historical control, against the cur-
rently approved life-prolonging agents. While
not the subject of discussion in this review, it is
worthy to note that similar upfront application
7Lu-PSMA in the chemotherapy-naive setting is
associated with a better response than its applica-
tion post-taxane chemotherapy [15]. In the work
from Bad Berka, Barber and colleagues showed
that taxane-naive patients had significantly better
survival with a median PFS and OS of 8.8 months
and 27.1 months, respectively, compared with
taxane-pretreated patients whose corresponding
PFS and OS were 6.0 months and 10.7 months,
respectively [15].



262 I.O.Lawal et al.
March 2018 May 2018 July 2018
PSA=2337.96ng/mL PSA=31.52g/mL PSA<0.05g/mL

LA |

8MBg #5Ac-PSMA

Fig. 26.1 A 76-year-old male treated with two cycles of
25 Ac-PSMA-617 therapy in March and May 2018. He is
known with a large cystic mass in the right kidney. His
treatment history included androgen-deprivation therapy

26.6 Conclusion and Future
Perspectives

In recent times, many agents with the ability to
prolong life are now available for routine clinical
application in the treatment of men with
mCRPC. This widespread availability of
treatment options has not translated to consistent
more prolonged survival in all climes. More
agents, including immunotherapies, drugs target-
ing oncogenic and genomic pathways, and radio-
nuclide therapies, are being evaluated for their
efficacy and safety in mCRPC. Even with the
available agents, the sequence to apply drug
treatment for the most effective response and
most prolonged survival is still a subject of
research. TAT with *Ac-PSMA has shown
excellent PSA response, clinical symptom con-
trol, and tolerable side effects. It is believed that
this excellent performance may be confirmed in
controlled trials soon. The understanding of
tumor biology is broadening, especially in the
late-stage disease where genomic instability and
mutations in multiple DNA repair genes are prev-
alent and drive resistance to therapy. This broad-
ening understanding is providing insight that
may guide the future application of combination
therapies to attack multiple cancer targets reason-

6MBq **Ac-PSMA

and radiotherapy to the spine. He had a remarkable
response to **Ac-PSMA-617 and his serum PSA has
remained undetectable to date

ably and safely for effective therapy of mCRPC.
25 Ac-PSMA, currently applied as a last-line
agent, holds much promise to get a front-line
application in the future owing to its excellent
efficacy that compares with currently approved
agents and its tolerability. Efforts must continue
to address salivary gland toxicity. This may be in
the form of ligand modification to improve speci-
ficity for tumor target, reduce administered activ-
ity in combination therapy with other effective
agents, or effective pharmacologic salivary gland
protection.
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27.1 Introduction

The story of dosimetry for molecular radiother-
apy at the Zentralklinik Bad Berka starts in 2004.
At the department of nuclear medicine, Professor
Dr. R. P. Baum already performed peptide recep-
tor radionuclide therapy (PRRT) using Y-90
labeled DOTATATE since 1999. In August 2004,
the first PRRT using Lu-177 DOTATATE was
performed. It was the very first Lu-177 therapy
and also the very first dosimetric study.

This first patient was a 41-year old woman,
which presented with a sphenoidal meningioma
that affected the right optical nerve. The initial
diagnosis was in December 2003; after surgery,
the MRI still detected residual tumor and she had
increasing right-sided defect of field of view. Due
to the progressive visual field defect on the right
side, the ophthalmologist gave a prognosis of
rapidly progressive blindness of the right eye
within the next few months. The patient reported
increasing visual disturbances and feeling of
pressure behind the right eye as well as intermit-
tent headaches.

Before therapy, in order to confirm the SSTR
expression of the meningioma, at this time a
Tc-99 m EDDA Hynic Toc scintigraphy as well
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as SPECT was performed. In addition, Ga-68
DOTA-NOC PET/CT was acquired. All imaging
studies proved the high SSTR expression of the
meningioma (Fig. 27.1).

Because of the high SSTR expression, the
patient received 5300 MBq of Lu-177
DOTATATE. After the administration, serial pla-
nar whole body scans were performed to measure
the time-dependent biodistribution of the radio-
pharmaceutical (Fig. 27.2).

Based on these uptakes, mean absorbed organ
and tumor doses were estimated for the first time.
The whole body dose was 0.05Gy/GBq, the renal
mean absorbed dose was about 1 Gy/GBq, and
the dose to the meningioma was approximately
7Gy/GBq or 35Gy. In addition, the effective half-
life of the compound in organs and tumor was
also calculated, the longest half-life of 78 h was
found in the kidneys and a shorter half-life of
38 h for the tumor.

Three months after this first cycle, the patient
was treated again. Since then, just restaging was
done and until now the patient is doing fine, she
is free of any complaints and her visual field has
improved over time.

This success story was the starting shot for
dosimetry in molecular radiotherapy in Bad
Berka.
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Fig. 27.2 First Lu-177 PRRT patient in Bad Berka: (a) first PRRT anterior whole-body scintigraphy; (b) correspond-

ing time-activity curves

27.2 Bad Berka Dose Protocol

Dosimetry in Bad Berka was always carried out
using an in-house developed dose protocol, the
so-called Bad Berka dose protocol (BBDP),
which is constantly being further improved.

The BBDP is a so-called hybrid method com-
bining planar and SPECT imaging for dose esti-
mation. The dose estimation requires an accurate
determination of the time-dependent activity
curve of the organs and tumors to be analyzed.
Thus, most important is the correct evaluation of
the distribution and the kinetics of the adminis-
tered radiopharmaceutical [1, 2]. We developed a

practically convenient procedure by adapting the
calculation model to our particular conditions.
The main objective was to create a method which
is practicable in daily clinical routine and to make
dosimetry available for all patients. The dosimet-
ric approach is based on the MIRD scheme, and
mean absorbed doses are estimated using the
OLINDA 2.0 software [3—-6]. The workflow of
the BBDP is shown in Fig. 27.3.

At least five serial planar whole-body scintig-
raphies and one regional SPECT/CT were
acquired per patient. For planar whole-body
(WB) imaging, the following gamma camera set-
tings were implemented: MEDISO spirit DH-V
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Fig. 27.3 Workflow Bad Berka Dose Protocol

dual-headed gamma camera (Medical Imaging
Systems, Budapest, Hungary), MEGP collimator,
15% energy window, peak at 208 keV, scan speed
15 cm/min. WB scintigraphies were acquired at
following time points post injection (p.i.): from
0.5 h p.i. (immediately after administration of
therapeutic activity and before bladder voiding)
up to 68 h p.i.. Additionally, post-therapy imag-
ing using SPECT/CT of kidneys and/or tumor-
involving regions of the body was performed at
24, 48, or 72 h p.i. using a Siemens Symbia T
camera system (Siemens Healthcare GmbH,
Erlangen, Germany) and the following settings:
MELP collimator, peak at 113 keV and 208 keV
(15% energy windows and 20% upper and lower
scatter window), 128x128 matrix, 32 projections
with 30 s per step, body contour.

Since the patients were not allowed to empty
the bladder before the first scan, the total body
counts acquired immediately after the injection
were defined to be 100% of the administered

activity. Total body counts on the subsequent
scans were expressed as fractions of injected
activity (%IA). Regions of interest (ROI) were
drawn manually over the source regions over the
acquired scintigraphy images, which were then
analyzed using the software of the HERMES sys-
tem (Hermes Medical Solutions, Stockholm,
Sweden). Source regions were defined as organs
and metastases showing significant specific
uptake, which could be clearly delineated on
each post-therapy scan. ROIs were always drawn
by a physicist in collaboration with a nuclear
medicine physician, who selected the suitable
lesions for dosimetry (i.e., lesions with the high-
est uptake in the respective organ). The biodistri-
bution and kinetics of whole body and source
organs were determined based on this ROI analy-
sis. The SPECT/CT scans were reconstructed and
quantified using the HERMES SUV SPECT soft-
ware (HERMES Medical Solutions, Stockholm,
Sweden). After segmentation, the SPECT activ-
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ity of source regions was used to scale the time-
activity curves obtained from planar imaging. In
the next step, these time-activity curves were fit-
ted to mono- or bi-exponential functions in order
to calculate effective half-lives and the time-
integrated activity coefficient. Mean absorbed
organ and tumor doses were finally estimated
using OLINDA 2.0. The ICRP 89 adult model
and the spheres model were used for normal
organs and tumor lesions, respectively (both
included in OLINDA 2.0). Volumes of normal
organs and tumor lesions were obtained by the
latest CT of the patient in order to adopt the
model to individual organ and tumor volumes.
Organs showing tumor involvement were
excluded from dosimetric evaluation.

27.3 Dosimetry in Daily Clinical
Routine

The BBDP is a hybrid method which is used in
daily clinical routine, with some advantages but
also disadvantages. Planar dosimetry represents
whole body dosimetry including all organs and
metastases, but it is limited by organ superimpo-
sition and inaccurate attenuation and scatter cor-
rection. Hybrid dosimetry on the other side is
using 3D imaging with improved accuracy, but
the segmentation is challenging and depending
on the number of SPECT/CTs or the field of
view, hybrid dosimetry cannot characterize
whole body biodistribution. Thus, there are some
limitations of the dose estimation:

e Physical/technical:

Number of time points.

Availability of late scan.

— Quantification and volumetric analysis.

— Dose estimation based on models
(OLINDA).
e Medical:

— Patient’s condition.
¢ Time effort for:

— Patient.
Technologist.
— Physician.
Physicist.

All cycles
1576

"ILu PRRT
1180

Number of dosimetry cycles
- 388888 EEE

Lu PRLT

f -

004 2006 2008 2010 2002 2014 2006 2018

Fig.27.4 Number of dosimetry cycles performed in Bad
Berka for PRRT and PRLT

Consequently, dosimetry is still a dose estima-
tion, an approximation of the mean absorbed
dose. The challenge for the clinical use is to find
an optimal practical method to enable individual
dosimetry for each patient and each therapy cycle
(e.g., in comparison to external radiation ther-
apy). The solution is a compromise between the
theoretical model and daily circumstances by
adapting the MIRD scheme to the special condi-
tions at the department. The BBDP represents the
optimal dosimetry procedure for the clinical rou-
tine at the nuclear medicine ward of the
Zentralklinik Bad Berka.

Until December 2019, dosimetry was per-
formed using the BBDP for 1180 Lu-177 PRRT
cycles, and another 289 for Lu-177 PRLT; in
total, dosimetry was analyzed for more than 1500
therapy cycles. Figure 27.4 shows the number of
dosimetry studies over time as well as the num-
ber of studies using different (commonly used)
tracers. In the following, some particular exam-
ples for the use of dosimetry and the role of
dosimetry results will be given.

27.4 Dosimetry for PRRT

Already in 2007 we published first results of
dosimetry in PRRT. The comparison of Lu-177
DOTATATE and Lu-177 DOTANOC revealed a
higher uptake of DOTANOC for whole body and
normal tissue as well as a higher tumor uptake for
DOTATATE. The resulting mean absorbed kid-
ney and spleen doses were comparable for both
ligands, and the mean absorbed tumor doses
tended to be higher for DOTATATE. Based on
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these dosimetry results, we showed that
DOTATATE has characteristics which are more
favorable for PRRT of patients with neuroendo-
crine tumors [7].

In another large patient cohort, we compared
DOTATATE, HA-DOTATATE and
DOTATOC. We found the lowest renal uptake as
well as the lowest renal absorbed dose for
DOTATOC. These examples emphasize how
dosimetry can help to evaluate the therapy and to
find the optimal peptide for PRRT (Fig. 27.5).

A high interpatient variability was found for
all dosimetry results. This is not unexpected since
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heterogeneous groups of patients, having varying
receptor densities and tumor burden, were ana-
lyzed. In addition, the results showed a high
intra-patient variability in the undergoing several
cycles of therapy with different peptides. The
dosimetry results stored in the database also give
the possibility to analyze several therapy cycles
of a single patient.

Figure 27.6 shows serial whole body scintig-
raphies of a patient which presented with a NEN
of the pancreas and hepatic, lymph node as well
as bone metastases. He received multiple cycles
of PRRT over time; the first three cycles were

Renal mean absorbeddose

DOTATATE
346 patients
0.6 Gy/GBq
HA-DOTATATE
0.9 Gy/GBq 25 patients
DOTATOC

1.4 Gy/GBq 247 patients

101" YT
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Fig. 27.5 Comparison of renal dosimetry in PRRT using different peptides: (a) renal uptake; (b) renal mean absorbed

dose
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Fig.27.6 Anterior whole body scintigraphy of serial PRRT cycles over a long period of time in the same patient
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Fig. 27.7 Intra-patient variability of multiple PRRT cycles in the same patient: (a) whole body and renal uptake; (b)
whole body mean absorbed dose; (¢) renal mean absorbed dose

done using DOTATATE followed by four cycles
of DOTATOC. Dosimetry results are shown in
Fig. 27.7.

The whole body uptake as well as the renal
uptake shows some differences between the
dosimetry cycles. Also the resulting mean
absorbed doses show some variation over time. If
the first whole body dose is considered to be
100%, the whole body dose of consecutive thera-
pies varies from —3 to 60%. The same is true for
the renal absorbed dose. Interestingly, the renal
doses were less from the fourth therapy on. This
could be due to the changing tumor burden, or
other therapies in between. The patient received
DOTATOC in these cases, so these results could
also indicate a lower renal dose when DOTATOC
is used.

27.5 PRRT Antagonists

Since over two decades, somatostatin receptor
(SSTR) agonists are being used for molecular
imaging of SSTR-expressing tumors. Clinical
studies with SSTR antagonist-based PET/CT
have shown a higher tumor detection rate in
SSTR expressing tumors than PET/CT applying
the SSTR agonist [8—10]. Consequently, we used
dosimetry in order to compare the kinetics and
absorbed doses in patients undergoing peptide

receptor radionuclide therapy (PRRT) using the
Lu-177 labeled antagonist DOTA-LM3.

Analyzed were biodistribution, effective
half-life and mean absorbed organ and tumor
doses. Very intense uptake in the tumor lesions
as well as significant uptake in the kidneys,
spleen and liver was observed in all patients. A
rapid clearance of tracer from whole body was
also found, whereas the longest effective half-
life was obtained for metastases. The dosime-
try of Lu-177 antagonists revealed relatively
high absorbed tumor and organ doses, where
the spleen had the highest absorbed dose of the
analyzed normal organs. Additionally, tumor
lesions were grouped in bone and liver metas-
tases. A higher uptake, longer effective half-
life and higher mean absorbed doses were
found for liver metastases compared to bone
metastases.

In accordance with imaging studies, we found
higher tumor uptake, longer effective half-life
and higher mean absorbed organ and tumor doses
for the antagonist compared to the agonist
DOTATOC (Fig. 27.8).

These first results showed a high accumula-
tion of the antagonist DOTA-LM3 in metastases.
Despite the also high mean absorbed organ doses,
we concluded that PRRT using DOTA-LM3
appears to be promising, as significantly high
tumor doses are achieved.
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27.6 Dosimetry for PSMA
Radioligand Therapy

Besides dosimetry for PRRT, dosimetry for
PSMA radioligand therapy (PRLT) is very valu-
able. The most frequently applied ligands at our
center are PSMA I&T (since April 2013) and
PSMA-617 [11, 12].

Of particular interest is the variation of dosim-
etry parameters in correlation with the serum
PSA level, as shown by Fig. 27.9. In this study,
19 patients were included. The percentage differ-
ences of the tumor and renal absorbed dose
during the second PRLT cycle compared to the
first one were analyzed. 63% of the patients
showed a decrease of absorbed tumor dose and
increased renal dose at the second therapy cycle.
Additionally these patients also had a lower PSA
level after two PRLT cycles. These results indi-

cate a correlation of tumor response and change
in PSA level.

An inter-cycle variation in the absorbed tumor
and kidney doses was found, which correlates
with the change in PSA after PRLT. A decrease in
serum PSA, indicative of therapy response in
tumors, is therefore associated with a decrease in
the absorbed tumor dose during subsequent
PRLT cycle and vice versa. A decrease in tumor
burden results in an increase in the absorbed
renal dose in the next therapy cycle. We con-
cluded finally that the administration of a higher
amount of radioactivity in the first cycle seems to
be reasonable, since the tumor doses tend to
decrease in the subsequent cycles due to therapy
response. The results of this study show the direct
influence of dosimetry on clinical decision-
making and prove the importance of dosimetry in
radionuclide therapy.
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Fig. 27.9 Correlation of dosimetry results and change in PSA

27.7 Conclusions

What is the “best dosimetry?” Historically, in
radionuclide therapy, a standardized amount of a
radionuclide is administered, neglecting patient
size, tumor burden, disease progression and intra-
lesional heterogeneity. External beam radiother-
apy on the other hand is highly individualized to
maximize the dose to target whilst minimizing
radiation dose delivered to normal tissues.

Treatment planning is to deliver what is
believed to be the dose of radiation to target to
attempt to effect local control and to limit the
radiation exposure of dose-limiting organs. There
might be some limits, for example, imaging
modalities, patient conditions, time effort.
However, the following compromise situation
may succeed: Start a course with a dose based on
the experience of physicians and physicists and
acquire necessary data to individualize subse-
quent treatments — even though intraindividual
differences between consecutive therapy cycles
are well known.

In summary, we hope that the importance of
dosimetry could be pointed out. Using protocols
like the BBDP makes it practicable in daily clini-
cal routine within acceptable time and affordable
effort. Dosimetry helps to identify optimal
ligands, for PRRT as well as for PSMA RLT. It
helps to plan the individual treatment.
Additionally, dosimetry is important for the eval-
uation of the therapy: concerning response, ben-
efit and toxicity. Beside PRRT and PRLT, the
BBDP can be used to do dose estimations for all

kinds of different tracer, labelled with Lu-177 or
even labelled with other nuclides [13-15].

The title of this article is: “Sola Dosis Facit
Venenum,” which means that the dose makes the
poison. Consequently, if one wants to do therapy
in nuclear medicine, dosimetry is mandatory.
Dosimetry adds a lot of important information to
clinical and medical facts in order to find the
optimal therapeutic path for each individual
patient. But a nuclear medicine department also
needs one important prerequisite: the physician
who believes in dosimetry. This cannot be taken
for granted; sometimes, it is a challenge to make
the physician believe in physics, even in nuclear
medicine where physics is the base of “practi-
cally everything.”

Professor Dr. R. P. Baum is such a physician,
he always believed in dosimetry results and sup-
ported the team all the time. He always encour-
aged to stay tuned, to use the latest methods to
provide the important dosimetry results — always
with the aim of finding the best possible therapy
for the individual patient.

The author wants to thank Prof Baum for this
encouragement and steady support during all the
years in Bad Berka. It was an eventful time and a
great collaboration between medicine and physics.
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for 203212pp Image-Guided
Alpha-Particle Therapy for Cancer

Stephen Graves, Mengshi Li, Dongyoul Lee,

and Michael K. Schultz

28.1 Introduction

Emerging evidence suggests that receptor-
targeted radionuclide therapy for cancer has the
potential to be transformative for cancer patient
care [1-15]. Alpha-particle radionuclide therapy
(-RT), in particular, is receiving considerable
attention given the potential advantages of a-RT
relative to (beta) B-RT. [1, 3, 5, 6, 16] Of these
advantages (relative to B-emitters), higher linear-
energy transfer (LET) (100 keV/pm) and result-
ing increases in primary and secondary
ionizations along a relatively short path length in
tissue is considered a primary advantage [3, 5,
11, 12, 15, 17]. The major underlying reason for
this is that high LET radiation deposition over
this short path length results in an increase in
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double-strand DNA breaks, which is thought to
improve cytotoxicity via an improved relative
biological effectiveness (RBE) when compared
to B-RT. [18-21, 5, 16, 18-36] Of the radionu-
clides under investigation for a-RT, **Ac, 2!'At,
212pp, 212Bj, and *"*Bi have generated consider-
able enthusiasm [5, 16-36]. Of these, the only
available elementally identical radionuclide pair
for image-guided radionuclide therapy for cancer
is 29Pb/??Pb, where gamma-emitting radionu-
clide 2Pb can be used for single photon emission
computed tomography (SPECT) and 2'?Pb repre-
sents a potentially ideal radionuclide for specific
classes of radiopharmaceuticals for delivering
alpha particles to cancer cells.
Generator-produced >'?Pb (t;, = 10.6 h; 100%
{3 decay to alpha emitters 2'’Bi and ?'*Po) is rec-
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Fig. 28.1 Decay series for the production and use of
212Pp for image-guided radionuclide therapy for cancer

ognized as a promising radionuclide for receptor-
targeted o-RT (Fig. 28.1) [10, 33, 37-39].
However, a-decay cannot be used directly for
molecular imaging. Therefore, a surrogate
imaging radionuclide is required to perform
complementary diagnostic imaging. The pri-
mary rationale for use of an elementally matched
pair of radionuclides for this application is high-
lighted by recent comparisons of tumor and nor-
mal organ uptake of ®Ga- and *°Y-labeled small
peptides in which measurable differences in
pharmacokinetics were observed in in vivo bio-
distribution studies in mice [40]. Thus, for ?'*Pb
o-RT, the cyclotron-produced gamma(y)-
emitting radionuclide 2*Pb can be used as an
elementally identical imaging surrogate [10, 33,
37, 38]. To wit, it can be expected that isotopes
of the same element will have identical chemical
and biochemical behaviors, adding confidence to
predictions of 2'?Pb a-RT outcomes using ***Pb
SPECT and SPECT/CT. However, in this con-
text, uncertainties arise in these assumptions
given the relationship between a-RT and imag-
ing that must be considered in evaluation of 2**Pb
SPECT. Stability of the *'*Pb-ligand complex
and the potential for biological redistribution of
daughter progeny gives rise to a potentially sig-
nificant uncertainty in the use of 2*Pb SPECT

for 2?Pb o-RT dosimetry. Here, we discuss fac-
tors relating to the introduction of these isotopes
for image-guided radionuclide therapy for
cancer.

28.2 2%Pb SPECT/CT Imaging

in Advance of 2'2Pb «-RT

One of the potential advantages of *'?’Pb-based
alpha-emitting radiopharmaceuticals is the
potential for using quantitative imaging by single
photon emission computed tomography (SPECT)
and computed tomography (CT) with 2°Pb-based
surrogates to perform patient-specific dosimetry
prior to therapy. It is anticipated that this could be
most beneficial early in development process of
new radiopharmaceuticals, such as in the preclin-
ical setting and in early clinical trials (e.g., where
organ doses can be monitored to develop under-
standing of the potential for other organ toxici-
ties). SPECT imaging utilizes parallel hole
collimation or pinhole collimation to obtain two-
dimensional projections of the activity distribu-
tion within a patient. From these projected images
and density information from CT imaging, a
quantitative three-dimensional distribution of the
radioactivity can be generated. Each quantitative
image describes the activity distribution at a par-
ticular point in time, so multiple imaging time
points are typically required to characterize the
spatiotemporal characteristics of the radiophar-
maceutical following administration.
Patient-specific pharmacokinetic data
obtained through quantitation can be used to
develop understanding by performing retrospec-
tive calculations regarding the absorbed dose to
tumors and normal tissues. Dosimetry can enable
patient-specific treatment optimization by deliv-
ering the maximum possible radiation dose to
tumors without exceeding normal organ dose
limits, which has the potential to improve the
overall safety and efficacy of radiopharmaceuti-
cal therapies [41, 42]. Without dosimetric guid-
ance, dose to normal tissues has been reported to
vary by up to a factor of 5 per administered activ-
ity [43]. Based on these findings and observa-
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tions, a dosimetrically informed therapy planning
paradigm may be advantageous vs a “fixed activ-
ity” treatment strategy.

In some cases, dosimetry can be performed by
administering a relatively low amount of the ther-
apeutic radiopharmaceutical prior to treatment.
This has been extensively demonstrated in the
setting of radioiodine treatment for thyroid can-
cer—and this approach is now also the standard
practice prior to treatment with iodine-131
labeled metaiodoguanidine ('3'I-MIBG) for
pheochromocytoma or paraganglioma [44, 45].
In other cases, a surrogate radiopharmaceutical is
used to predict the biodistribution and pharmaco-
kinetics of the therapeutic radiopharmaceutical.
Use of ®™Tc-labeled macroaggregated albumin
(*"Tc-MAA) to predict the distribution of
Y-microspheres is a prominent example,
although it is known that the biodistribution of
these two radiopharmaceuticals is somewhat dis-
similar [46]. In the case of fractionated delivery
of radiopharmaceutical therapy (routinely per-
formed with '"Lu-DOTATATE; 7.4 GBq per
fraction for a total of 29.6 GBq), dosimetry can
be performed directly following each treatment
via SPECT CT imaging and medical physics
analysis. This retrospective dosimetry approach
allows for modification of subsequent adminis-
trations to target a specific cuamulative dose. In all
cases, it is important to note that the dose per
administered activity can vary within a given
subject based on differing metabolic states at the
time of administration, or due to radiation-
induced changes in patient physiology over the
course of treatment. These observations suggest
that a pretreatment dosimetric assessment
repeated prior to each therapeutic fraction may
be optimal.

In the case of image-guided radionuclide
therapy using 2’Pb, an elementally identical
gamma-emitting radionuclide (i.e., 2*Pb) can be
employed for patient dosimetry. Practical con-
siderations for quantitative SPECT imaging
with 2Pb are likely to parallel methods that
have been developed for SPECT/CT following
therapy with '"Lu-based agents [47, 48].

Specific considerations include the collimator
selection, the number of SPECT projections, the
camera orbit trajectory, scatter window selec-
tion, dead time correction, attenuation correc-
tion, collimator detector response modeling,
number of iterative updates during the recon-
struction, and partial volume correction. One
notable difference compared with methods
developed for '"Lu is that a high-energy colli-
mator will likely be needed for use with 2%Pb
due to the higher energy (279 keV vs 208 keV).
In addition, it is possible that the size and
makeup of scintillator crystals of the SPECT
system may impact the efficiency of detection
due the higher energy of the 2*Pb emission. A
representative  small  animal image of
203Ph-DOTATOC demonstrates the potential for
203pp-based SPECT CT (Fig. 28.2).

Fig. 28.2 *“Pb-DOTATOC SPECT/CT in healthy ICR
mice (HE pinhole collimator; Siemens Inveon)
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28.3 Prediction of 2'?Pb
Dosimetry Based on 2Pb
Imaging

An elementally identical imaging surrogate (i.e.,
203Pb as a surrogate for 2'?Pb) is potentially advan-
tageous because the chemistry (and biochemis-
try) of nuclides of the same element are the same.
However, potential uncertainties arise in the
approach due to the subsequent nuclear
transformations that generate 2?Pb radionuclide
progeny in the 2!2Pb decay series (Fig. 28.1). This
scenario is common to other radiometals cur-
rently employed and under investigation for
receptor-targeted alpha-particle therapy, includ-
ing Ac and **'Th. A key distinguishing physical
characteristic of these two radionuclides (i.e., dif-
ference from 21°Pb) is that their primary decay is
directly by alpha-particle emission, while the
212Pb nuclear transformation to radionuclide
progeny 2?Bi occurs by beta-particle emission.
This is important because the alpha-particle
energy of the Ac and ??’Th decay is undoubt-
edly sufficient to break the chemical bonds of the
chelator-radiometal coupling of the daughter
nuclei (i.e., *’Ac—*'Fr and ?*’Th-?*Ra). This
phenomenon creates an immediate separation of
the entire decay-series progeny from the site of
the parent radionuclide (i.e., the chelator-ligand
complex) that cannot be overcome. This phenom-
enon is potentially lessened in the case of 2!?Pb,
because the recoil energy imparted to the trans-
forming nucleus is relatively small compared to
alpha-particle-induced recoil energy [49].
Nonetheless, a critical parameter in assessing the
uncertainty of modeling 2'?Pb-based radionuclide
therapy using 2%Pb imaging surrogates is an
understanding of the potential for migration of
212Pp decay series radionuclides from the site of
2I2Pp decay. Within this context, the half-lives of
212Pg (t,,, 300 psec.) and 2Tl (t,, 3 min.) are suf-
ficiently short such that understanding of the
potential for >'?Bi to migrate from the site of *1?Pb
decay is considered sufficient information to
inform the uncertainty in using **Pb as a model
for predicting 2!?Pb alpha-particle dosimetry.
Within this context, one key parameter that
remains in question is the kinetic stability of !?Bi

generated by the decay of ?'?Pb within the chela-
tor moieties employed for binding the radionu-
clides to the receptor-targeted ligands employed
for delivering radiation to the tumor microenvi-
ronment. Extensive studies of the potential for
differences in biodistribution of 2!?Pb and 2!’Bi
(using the various chelator-ligand combinations
for 22Pb chelation and tumor delivery) have not
been reported. The limited studies that have been
reported explored the Kinetic stability of 2"’Bi
generated by 2'?Pb in the in vitro or in vivo set-
ting. One study examined **Pb(II) and 2*Bi(III)
chelate stability using a tetracarboxy chemical
form of the chelator DOTA with no peptide
ligand attached. This investigation showed that
the chemical exchange of both Pb and Bi com-
plexes with DOTA occur rather slowly in aque-
ous solution at physiologically relevant pH
(pH 4-10). However, this study revealed that in
the case of this tetra-carboxy DOTA derivative
(free chelator without a peptide attached),
approximately 30% of 2?Pb beta decays can
result in the release of daughter 2'?Bi from the
chelator coupling, representing a potentially sig-
nificant uncertainty that could be introduced with
respect to pretreatment dosimetry that employs a
203pb-labeled agent as a surrogate for 2'?Pb [50—
52]. Further studies are required to develop a
more detailed understanding of the chelator cou-
pling with 2?Bi created by 2'?Pb decay and it is
anticipated that the stability of the 2'?Pb-chelator
complexes will be chelator-specific. An examina-
tion of this type for specific chelator-modified
peptide conjugates will be needed to develop a
more empirical understanding for individual
radiopharmaceuticals.

A majority of energy released during the *'*Pb
decay chain arises via alpha emissions of 2’Bi
(ty» 61 min) and that of the short-lived 2'’Bi
daughter, 212Po (t,,,: 0.3 ps). The radioactive half-
life of 2'2Bi may be long enough to redistribute
within the body according to its own pharmaco-
kinetics depending on the tissue type—and
depending on whether the bismuth atom is
released within a cell or in the extracellular envi-
ronment. Reported pharmacokinetic data pro-
vides some information regarding the biological
fate of radioactive bismuth ions in humans. As is
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the case for numerous other elements, the
International Commission on Radiological
Protection (ICRP) has created a pharmacokinetic
model for bismuth based on human data from
accidental or intentional exposures to radiobis-
muth [53]. This model is reproduced in Fig. 28.3
with transfer rate constants specified in
Table 28.1. Most forms of bismuth (those prone
to ionic dissociation) clear rapidly from the blood
with significant accumulation in the kidneys and
liver. With consideration given toward bismuth
released within tumors, activity that is released
into extracellular fluid (represented by the rapid
turnover compartment in Fig. 28.3) will clear
quickly (k = 66 d!) into the plasma, and subse-
quently into the liver (k = 30 d-!) and renal struc-
tures (k = 36 d"). For this reason, dose to tumors
may be overestimated by 2*Pb imaging, and dose
to other normal tissues may be underestimated.
The potential for new chelator technologies to be
introduced that protect the integrity of the
daughter-chelator coupling post-decay of 2'°Pb
has the potential to mitigate this uncertainty and
more research in this area is needed.

In order to estimate the degree of systematic
error from 2%Pb-based predictions of 2?Pb bio-
distribution, the  pharmacokinetic =~ model
described by Fig. 28.3 and Table 28.1 was imple-

mented in a MatLab script. Bismuth ions were
assumed to be generated in various sub-
compartments (soft tissue, kidneys, liver, blood),
and the fate of ions at the time of radioactive
decay were tallied. Organ-specific time activity
curves for the case where ions are released within
the tumor extracellular compartment is shown in
Fig. 28.4. Transfer of activity from the extracel-
lular soft tissue space to the plasma occurs rap-
idly, followed by localization in the kidneys and
liver within approximately 1 h. Integration of
these time activity curves reveals that 50% of
released bismuth ions would decay prior to leav-
ing the soft tissue compartment, while the blood,
liver, and kidneys receive 8%, 13%, and 15% of
decays, respectively. In the case of bismuth
released while the radiopharmaceutical is in the
blood, only 10% of 2!?Bi decays occur prior to
clearance from the blood, while the liver, kid-
neys, and other soft tissues receive 17%, 19% and
37% of decays, respectively. Other combinations
of “source” and ‘“target” organs are listed in
Table 28.2. Data generated from this pharmaco-
kinetic modeling, combined with information
regarding the fraction of ?'?Bi daughters that are
released from a particular chelator, allows for
improved accuracy when extrapolating from
293P imaging.

Fig. 28.3 Pharmacoki-

netic model of bismuth Other Intermediate Rapid Slow
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Table 28.1 Transfer coefficients for bismuth pharmaco-
kinetic model. Reproduced with permission from ICRP

137 [53]

Transfer

From To coefficient (d7")

Plasma Urinary bladder |20
contents

Plasma Right colon 4
contents

Plasma RBC 0.5

Plasma STO 300

Plasma ST1 4.2

Plasma ST2 1.3

Plasma Liver 1 30

Plasma Urinary path 30
(kidneys)

Plasma Other kidney 5
tissue

Plasma Cortical bone 2.5
surface

Plasma Trabecular bone | 2.5
surface

RBC Plasma 0.173

STO Plasma 66

ST1 Plasma 0.0347

ST2 Plasma 0.00116

Liver 1 Small intestine 0.208
contents

Liver 1 Liver 2 0.139

Liver 2 Plasma 0.0693

Urinary path Urinary bladder | 0.693

(kidneys) contents

Other kidney Plasma 0.139

tissues

Cortical bone Plasma 0.0347

surface

Trabecular bone | Plasma 0.0347

surface

If the fraction of bismuth ions released (f) is
known, a generalized formalism can be devised
to account for this redistribution effect by cor-
recting 2%*Pb-derived time-integrated activities:

A7) =(1 1) A (1) 5 A ()0 (7 < 1)

In this formalism, Aww(r) is the time-
integrated activity for a given organ (r;) without
correcting for the redistribution effect, and A(rl.)

(= —— Soft Tissue
] — Blood
4 — Liver

soft tissue (STO) at t=0

Fraction of activity released in rapidly-exchanging

ll TTT lY TrT I Trrr I Trrr | Trrr I T I.l T '[ TrT
0 1 2 3 4 5 6
Time (h)

Fig. 28.4 Time-activity curves following a release of
free '?Bi within the extracellular soft tissue space, such as
what would be observed with non-internalized tumor
uptake of a radiopharmaceutical

is the corrected time-integrated activity for that
organ. The fractional transfer of time-integrated
activity from a given source organ (r,) to the
organ of interest (r;) is represented by the product
of fand y(r; < r,) (Table 28.2), where y(r; « r,)
describes the probability of a given bismuth ion
decaying in r; when it was released from r,. More
sophisticated microdosimetric correction factors
could potentially be developed if sub-organ phar-
macokinetic models were utilized in a similar
fashion to what has been described here. Once
A(r,,) is determined for each tissue type, patient-
specific dosimetry can proceed according to
MIRD methods [54]. It is worth noting that
within this formalism the release of activity
within tumors should be treated separately from
other soft tissues~ in the body, and that the additive

correction—Y_ Aww (1, )y (7; < r, )—should dis-

tribute time-irrftegrated activity uniformly over all
soft tissues, including tumors. Also notable is
that this methodology could potentially be
extended to **Ac-based radiopharmaceuticals to
estimate dose due to redistribution of daughters
(*''Fr, 27At, 21Bi). In this way, a more detailed
understanding of the potential off-target dosime-
try can be obtained that can be used for more pre-
cise image-guided radionuclide therapy treatment
planning.
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Table 28.2 Fraction of energy deposited in normal
structures as a function of where 2'?Bi is released. When
212Bi is released in liver, kidneys, and intracellular soft tis-
sue compartments (ST1, ST2), the biological redistribu-

tion of 2'?Bi is negligible prior to decay. Consideration
should be given to ?'’Bi that is released in the extracellular
soft-tissue compartment (STO) as well as ?"Bi that is
released in the blood plasma

Fraction of energy deposited from free >'*Bi
Source compartment Blood Soft tissue Liver Kidneys Bone Bowel Urine
Plasma 0.096 0.372 0.168 0.191 0.028 |0.025 0.120
Rapid turnover tissue (STO) 0.077 0.497 0.134  0.153 0.023 0.020 0.096
Intermediate turnover tissue (ST1) | 0.000 0.999 0.000 0.000 0.000 0.000 0.000
Slow turnover tissue (ST2) 0.000 1.000 0.000 | 0.000 0.000 | 0.000 0.000
Liver 1 0.000 0.000 0.988 0.000 0.000 |0.012 0.000
Liver 2 0.000 0.002 0.996 |0.001 0.000 | 0.000 0.000
Urinary path, kidney 0.000 0.000 0.000 | 0.960 0.000 | 0.000 0.040
Other kidney tissue 0.001 0.003 0.001 0.993 0.000 | 0.000 0.001
Bone 0.000 0.001 0.000 | 0.000 0.998  |0.000 0.000

28.4 Summary and Future
Directions

Alpha-emitting radiopharmaceutical therapy
shows promise for improving the therapeutic effi-
cacy of existing and future targeting ligands by
limiting off-target irradiation and by preempting
many cell survival mechanisms (e.g., DNA
repair, hypoxia). In addition to the potency of
alpha radiation, dosimetry-guided therapies have
been shown to be potentially safer and more
effective than RPT administration under a fixed-
activity paradigm. Among the candidates of
alpha-emitting radioisotopes, 2?Pb shows prom-
ise for use under a theranostic paradigm, whereby
253Ph can be used for dosimetry and treatment
planning.

In this chapter, we have presented an approach
for accurately estimating the dosimetry of
212Ph-based radiopharmaceuticals using 2*Pb as a
surrogate. Moving forward, it will be necessary
to establish more precisely the uncertainties aris-
ing under this paradigm and to experimentally
validate the model used to predict the redistribu-
tion of 2?Bi following the decay of '*Pb. One
way to approach this problem would be to per-
form comparative biodistribution  studies,
whereby a 2!?Pb-bearing compound is adminis-
tered to a mouse that is sacrificed at specified
time points postinjection. Tissue samples would
be acquired promptly, and quantitative gamma

spectrometry could be performed to differentiate
between the location of 2'?Pb and *'"’Bi (unsup-
ported vs supported) (and progeny) in the body.
The gamma emission energies of 2?Pb (E;:
239 keV, 43.6%), *'*Bi (E,: 727 keV, 6.7%), *'*Po
(E,: 570 keV, 2%), and **T1 (E,: 583 keV, 85%)
are sufficiently distinct and abundant as to enable
quantitative energy-peak spectroscopic measure-
ments by sodium iodide solid scintillation detec-
tors and by high-purity germanium detector. The
challenging aspects of this experiment are (1)
minimizing the time between animal sacrifice
and spectroscopic measurements, and (2) appro-
priately modeling the decay of unsupported >'?Bi,
and ingrowth of 2'’Bi in tissues where 2'*Pb is
present. Careful uncertainty analysis will be
required when considering the alteration of redis-
tribution dosimetric modeling parameters.

Experiments are also needed to elucidate the
toxicity of bioconjugated and free 2!?Bi in tissues
of interest, normalized to tissue mean dose. It has
been shown that microdosimetric factors, such as
what organ sub-structure the radioactivity resides
in, can substantially alter organ-level toxicity
[55]. Therefore, on a per-radiopharmaceutical
basis, it may be important to consider the differ-
ential distribution of free 2“Bi ions and
radiopharmaceutical-bound activity.

Research productivity in the field of aRPT is
growing rapidly, as evidenced by the ~ten-fold
increase in publications per year over the last
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30 years (Fig. 28.5). Human therapy studies have
shown promising preliminary results, and the
field of aRPT is benefiting from the development
of new and innovative beta-emitting radiopharma-
ceutical therapies. We foresee continued growth
in research productivity in this area, as well as
improved patient care standards as technologies
progress. Lead-212 is likely to play a key role in
the progress toward personalized aRPT.
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29.1 Introduction

The main topic of the International Symposium —
Theranostics/Precision Oncology at Bad Berka/
Germany, 12—14th December 2019 was “Looking
Back and Moving Forward” (Fig. 29.1).
Colleagues, already being specialists in
radiology, starting specialization in nuclear
medicine, were asked in 1973 (M.F.):“Why are
you doing that, nuclear medicine is a dying
specialty because of the development of com-
puted tomography and high-sophisticated
ultrasound?“Following the statement of the
British physiologist Ernest Starling (1866-
1927), “The physiology of today is the medi-
cine of tomorrow,” I was convinced that nuclear
medicine would have a future as long as we
would perform functional diagnostic and tar-
geted therapeutic procedures. Manfred Fischer
(MF) met Richard P. Baum in two special
moments of his career. The very first time,
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Fig 29.1 Manfred Fischer (left) and Matthias Schmidt
(right) at the International Symposium on the Occasion of
the 20th Anniversary of Molecular Radiotherapy at
Zentralklinik Bad Berka and Inauguration of the ICPO
Foundation, December 12-14, 2019 | Zentralklinik Bad
Berka

when Richard Baum had to pass an exam to
become specialist in nuclear medicine, I was
one of the two examiners. After he answered
(nearly) all our questions correctly, we decided
after a brief confidential discussion that he was
ready to become a specialist in nuclear medi-
cine. Some years later, he asked me if I could
perform a treatment of a peritoneal carcinoma-
tosis of an ovarian cancer in my department in
Kassel/Germany, because he did not have iso-
lation beds for radionuclide therapy in his uni-
versity hospital in Frankfurt at that time. This
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was the first treatment with the radiolabeled
monoclonal antibody in ovarian cancer in Ger-
many.

In June 2010, Matthias Schmidt (MS) had the
opportunity to spend a week with Prof. Baum in
Bad Berka to learn about peptide receptor radio-
nuclide therapy which had not yet been intro-
duced at the department of nuclear medicine,
University Hospital of Cologne. It is almost
impossible to describe how inspiring it was to be
with Prof. Richard Baum in his department. MS
had known him from excellent talks before, but
how Prof. Baum talks to patients was an out-
standing experience. It is a very special combina-
tion of outstanding patient care, extraordinary
enthusiasm for nuclear medicine, precision
oncology and deep knowledge that makes him a
very special colleague. He openly allowed to
spread his knowledge. In 2011, MS attended the
“Ist World Congress on Ga-68 and Peptide
Receptor Radionuclide Therapy (PRRNT)
THERANOSTICS - On the Way to Personalized
Medicine” with Prof. Baum being the congress
president. It was most impressive how many col-
leagues from continents even as far away as
Australia came to the rather remote location of
Bad Berka, being in close proximity to Weimar —
a location that stands for outstanding cultural and
intellectual achievements. This event as well as
the present congress in 2019 were highly enjoy-
able days combining outstanding presentations
with an social evening event allowing to meet
very interesting people from all over the world in
person (Fig. 29.2).

Another regular opportunity to meet Prof.
Baum are the “Hamburger Nuclear Medicine
Days,” a 3-day educational program once a year
with MS being the scientific coordinator since
2013. Prof. Baum holds his very special Friday
morning lecture about positron emission tomog-
raphy and radionuclide therapies. Every year,
Prof. Richard Baum presents vividly the most up-
to-date information making his lectures an out-
standing experience for about 30 doctors most of
them being in their advanced years of specializa-
tion. For me, these times are a pleasure to experi-
ence his energy, his profound knowledge and his
visionary ideas.

=

Fig 29.2 Michael Kreissl (left), Richard Baum with his
wife (middle), and Matthias Schmidt (left) at the
International Symposium on the Occasion of the 20th
Anniversary of Molecular Radiotherapy at Zentralklinik
Bad Berka and Inauguration of the ICPO Foundation,
December 12-14, 2019 | Zentralklinik Bad Berka

“Molecular imaging: probes used to visualize,
characterize, and measure biological processes in
living systems. Both endogenous molecules and
exogenous probes can be molecular agents”
(SNM molecular center 2007). These probes may
also be used for therapeutic procedures.

The World Health Organization (WHO) pub-
lished in 2017 a new classification of tumors of
endocrine organs [1]. In chap. 5, a new definition
and description of tumors of the adrenal medulla
and extra-adrenal paraganglia is given, including
pheochromocytoma, extra-adrenal paragangli-
oma, neuroblastic tumors of the adrenal gland
(neuroblastoma), composite pheochromocytoma,
and composite paraganglioma. One characteristic
clinical feature of all of them is an excessive syn-
thesis of catecholamines.

In 1967, first time adrenal medullary hormone
epinephrine and its precursors were radiolabeled
with “C [2]. In the following decade, several
groups studied mainly radiolabeled dopamine and
its analogues. The first radioiodinated compound
developed by the same group, was the bretylium
analogue p-RIBA (III), showing a high affinity to
the adrenal medulla [3]. Within 2 years, Donald M
Wieland and coworkers developed by changing
the chemical structure Blortho-
iodobenzyldimethyl-2-hydroxyethyl ammonium.
In tissue distribution studies with dogs, high tracer
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uptake was observed in the adrenal medulla [4].
Labeling meta- (or para-) iodobenzylguanidine
with 121, these tracers showed a significantly
higher concentration in adrenomedullary tissue
with a long retention in the chromaffin storage
granules. Meta-iodobenzylguanidine as a deriva-
tive of guanethidine acts as an analogue of
noradrenalin and can be used for anatomico-func-
tional imaging and treatment. It enters the sympa-
thetic cells via the norepinephrine transporters and
is stored in the intracellular secretory granules
and/or cytoplasm. The authors recommended to
use these tracers for scintigraphic imaging of the
adrenal medulla, pheochromocytomas, and neuro-
blastomas [5] (Fig. 29.3) (Chem structures).

29.1.1 Pheochromocytoma/
Paraganglioma

29.1.1.1 Manfred Fischer

WH Beierwaltes published an article [6] and
mentioned the evaluation of the use of *'I-mIBG
for treating medullary hyperplasia. From diag-
nostic scans, his group suggested that similar to
radioiodine therapy of thyroid cancer, a radiation
dose to pheochromocytoma metastases of about
5000 rad/100 mCi of ¥'T-mIBG may be reached.
Using this approach, we started to treat three

Fig.29.3 Chemical

female patients (two of them 16 years., one of
73 years. of age) suffering from metastatic pheo-
chromocytoma between July 1982 and May
1983, administering single dose of 2.4 upto
5 GBq (cummulative activities between 5 and
9.2 GBq) [7].

As in diagnostic scintigraphies, "*'I-mIBG
uptake in pheochromocytomas may vary in a
wide range from false negative to true positive.
An overall sensitivity in diagnostic scans of
87.4% (range 78.4-94.3%) and specificity of
98.9-100% was observed in true positive pheo-
chromocytomas [8]. This variability seems to be
independent from the specific activity of the
tracer. The same is evident, comparing tracer
uptake versus plasma und intratumoral noradren-
aline levels [9]. In a small group of other neuro-
endocrine tumors like medullary thyroid cancer,
ganglioneuroma, neuroectodermal tumor, neuro-
fibromatosis, oat cell carcinoma, and melanoma
(n = 36) 25 were false negative in the *'I-mIBG
scintigraphy. In two patients with carcinoid and
one with medullary thyroid cancer, following
true positive diagnostic *'I-mIBG scintigraphy,
BIT-mIBG therapy was performed with no change
in disease in two patients and progressive disease
in one patient. In 43 cases of pheochromocytoma
or functional paraganglioma in children or ado-
lescents (<18 years) (24 m, 19 f) a positive

structure of Bretylium, B
Guanethidine, meta- Ch3
iodobenzylguanidine, P | N i N H\l‘( N Hg
i N+ CH3
and Noradrenaline \\/
CH3 NH
Bretylium GUANETHIDINE
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OH
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BI-mIBG scintigraphy was observed in 36
patients (84%) whereas false negative results
were observed in 12%. The false negative rate in
computed tomography was higher (20%).
Thirteen of 24 (54%) unifocal tumors, which
were considered to be benign, proved to be mul-
tifocal and/or malignant. Only 15 tumors in this
group were staged as malignant at the time of pri-
mary diagnosis. Ultimately 26 (60%) proved to
have malignant tumors, confirmed by local recur-

Fig.29.4 *'I-mIBG
accumulation in an
intra-adrenal
pheochromocytoma
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rence or distant metastases upto 26 years after
initial surgery. Therefore lifelong follow-up with
effective diagnostic procedures like 'ZI-MIBG
seems to be mandatory [10].

In 1991, we summarized the results of 13
patients with malignant pheochromocytoma and
one female patient with an intra-adrenal probably
benign pheochromocytoma (Fig. 29.4). The first
patient treated in our center got two times a
sequential "'T-mIBG therapy (cummulative

8 H.P.I.

J=1BG

14.11.1981
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activity 50 GBq) with an ineffective chemother-
apy in between. After a follow-up of about
10 years, she finally died from her progressive
tumor. In a young boy (13 years at start of
BI-mIBG therapy) with inoperable lymph node
metastasis of a malignant pheochromocytoma,
invading the liver, the tumor encapsulated totally
after four courses of *'I-mIBG treatment (cum.

Activity 20.4 GBq) (Fig. 29.5). Surgical com-
plete removal of the primary tumor and lymph
node metastasis was possible. This patient now is
father of a boy, who was diagnosed by MRI suf-
fering from a bilateral adrenal tumor about
30 years later. Lab tests showed elevated cate-
cholamines. By 'I-MIBG whole body scan and
PET/CT (Fig. 29.6) the bilateral neuroendocrine

Fig. 29.5 N.D. (14yrs.), post-therpeutic scan: metastatic pheo.; lymph node metastasis infiltrating the liver. 3 cycles

with a cum. activity of 18.5 GBq '*' I-mIBG

Fig. 29.6 Ga-DOTATOC PET/CT of the 8 years old
boy with a bilateral familial pheochromocytoma. The left
tumor shows a lobulated structure with partly inhomoge-
neous intensive tracer uptake; the right gland shows an

irregular structure with intensive tracer uptake. No extra-
adrenal tracer uptake was shown in the pre-surgery whole-
body scan (With courtesy of Dr. S. Ortega-Lawerenz)
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tumor was confirmed without showing extra-
adrenal tracer uptake, excluding metastatic dis-
ease. The son was transferred from Serbia to the
same hospital, where we treated his father
already. By surgery the tumor tissue was removed
totally. During the follow-up period of nearly
2 year the patient is symptom-free. *'LMIBG
therapy was not needed. One should keep in mind
the “rule of 10” in this rare neuroendocrine dis-
ease with an incidence of 2—-8 per million per
year in the USA: in 1/10 patients the pheochro-
mocytoma is bilateral, in 1/10 malignant, in 1/10
extra-adrenal and in 1/10 familial [11]. In this
family, one can find three of them. The father suf-
fered from a malignant, the son from a bilateral
tumor and the disease is familial. The activity
administered in patients we treated because of
malignant disease ranged from 15 to 42.7 GBq.
The mean follow-up time was 30.2 months (range
9-97 months). In one patient with malignant
pheochromocytoma and a soft tissue metastasis
in the mouth in one of five of the therapeutic
courses the total activity was administered via an
intra-arterial catheter into the arteria carotis
externa. Tumor uptake and intratumoral resi-
dence time of the activity in this local metastasis
was not significantly different from intravenous
activity administration (Fig. 29.7). The clinical
symptoms improved in all patients. Four of the
patients died in the follow-up time [12].
Probably in all studies, mentioned above, low-
specific-activity *'I-mIBG (LSA-"'T-mIBG) was
used for treatment of these patients. The disad-
vantage of this compound is a very high amount
of unlabeled MIBG, competing for norepineph-
rine transporter binding sites and disrupting the
norepinephrine-reuptake mechanism negatively.
In an open, single-arm multicenter trial, 49
patients with pheochromocytoma and 19 patients
with paraganglioma were treated with a very
high-specific-activity BI-mIBG(HAS-3'T-
mIBG) between 2009 and 2014. Thirty-three
(49%) of all treated patients had a response
regarding hypertension control with a reduction
of at least 50% of hypertensive medication. Even
59 (92%) patients had an objective tumor
response (partial response n = 15; stable disease

n = 44). The median overall survival (OS) was
37 months (range 31-49 months) and 5-years OS
36%. These data suggest a broad tumor effect of
HAS-"'T-mIBG. The number of severe adverse
events in the long-term follow-up was compara-
ble with those in earlier trials using LSA-!*'I-
mIBG two secondary malignancies (1 acute
myeloid and 1 acute lymphocytic leukemia).
Hematologic adverse events under HSA-1'I-
mIBG therapy were higher than under LSA-"3'T-
mIBG [13].

In some of our patients, we observed decreas-
ing tracer uptake following repeated '*'I-mIBG
treatment  courses  (Fig.  29.8).  Using
p-Octreotide scintigraphy in these patients,
they might show positive tracer uptake. In those
patients, we went on using unlabeled
Somatostatin® for further treatment to improve or
stabilize clinical symptoms.

MIBG sensitivity drops down in metastatic
pheochromocytomas and paragangliomas to even
<50% of paragangliomas with germline muta-
tions with succinate dehydrogenase subunits.
Most of these lesions strongly express somatosta-
tin receptors [14]. Five somatostatin receptor
subtypes are known. The overexpression of these
subtypes may be different in benign or malignant
pheochromocytomas. The majority (about 90%)
of pheochromocytomas and paragangliomas
overexpress somatostatin subtype 3 and/or
2A. Subtype 2A is overexpressed mainly in extra-
adrenal pheochromocytomas [15]. Comparing
the detection rate per lesion of pheochromocy-
toma and paraganglioma by different imaging
procedures, PET studies using ®*Ga-DOTA-SST
were significantly better than other PET-tracer
studies and *¥*'I-MIBG scintigraphy, especially
in tumors overexpressing SSTR2, whereas
%Ga-DOTATOC binds more to SSTR2 and
SSRT3, ®Ga-DOTANOC shows a high affinity to
all SSTRs except SSTR1 [16].

Since several years, radiotagged somatostatin
receptor agonists are developed for diagnostic
and therapeutic procedures in patients suffering
from such neuroendocrine tumors [17], which
express somatostatin receptors. More recently for
therapy B-emitters like *°Y or "’Lu are used for
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Fig.29.7 Female pat. with malignant pheo: primary left adrenal gland, soft tissue metastasis right neck with compres-

sion in the mouth (blue arrow), bone mets

labeling either DOTATOC or DOTATATE. In a
prospective observational trial in 200 patients
with advanced neuroendocrine tumors, dosime-
try of kidneys and bone marrow was performed
to evaluate the impact on efficacy and outcome

after treatment with '"Lu-DOTA-octreotate.
Most patients were suffering from advanced
small intestine or pancreatic NET, only three
from paraganglioma and one from a pheochro-
mocytoma. Complete remission was reached in 1
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Fig 29.8 Malignant pheochromocytoma after 3 cycles with "*'I-mIBG with negative 123-I MIBG scintigraphy (left),
but positive '""In Octreotide scintigraphy. (right). Pat. was then treated with Sandostatin®

patient (0.5%), partial response in 47 (23.5%)
and stable disease in 135 (67.5%) patients. The
overall survival was 54 months in those who
reached an absorbed dose in kidneys of 23 Gy in
multiple treatment cycles, 25 months in those
with lower absorbed doses. Toxicity was very
similar to those observed in *'I-mIBG therapy,
resulting in acute leukemia (1.5%) and chronic
leukemia (0.5%) of all patients in long-term
observation [18]. Puranik and coworkers pub-
lished results about more inoperable head and
neck paragangliomas treated with Y and or
”7Lu DOTATATE. Five patients were treated two
times, one received three, and four others four
courses. Mean follow-up time was 2.1 years
(range 0.5-7 years). None of the patients devel-
oped new lesions, four of them showed partial
response, five stable disease [19].

During the annual meeting of the European
Association of Nuclear Medicine 2019 in
Barcelona, the group of R.P. Baum presented a
poster about a new somatostatin receptor antago-
nist for NET therapy [20]. For therapy, this
NOGADA-LM3 was labeled with "Lu. In diag-
nostic scans with 68Ga NOGADA-LM3, high
uptake in the tumors was observed, also fast

whole-body clearance. In comparison with post-
therapeutic scans with 68Ga DOTATATE, more
metastases were observed because of a better
tumor-to-background ratio (Fig. 29.9). Because
of these promising aspects, further clinical stud-
ies are needed.

29.1.2 Neuroblastoma

29.1.2.1 Matthias Schmidt
Neuroblastoma is the most common extracranial
pediatric solid tumor, first recognized in 1910 by
Dr. James Homer Wright Homer Wright [21].
Neuroblastoma commonly presents in children
younger than 2 years of age, with 90% being
younger than 5 years of age. There is marked
variability in clinical behavior ranging from
spontaneous regression or differentiation into
benign tumors to rapid and progressive disease
with fatal outcome. One subgroup, high-risk neu-
roblastoma, is difficult to treat and requires mul-
timodal therapy (Table 29.1).

Current treatment for high-risk neuroblastoma
patients consists of induction chemotherapy fol-
lowed by a consolidation therapy including
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Ga-68 DOTATOC PET/CT (24-Jul-2017)

Ga-68 NODAGA-LM3 PET/CT (02-Aug-2017)

Tumor-to-background ratio (TBR) for

target lesion (TL) to normal tissue (liver)

Fig. 29.9 Malignant pheochromocytoma: higher tumor-
to-normal liver ratio on Ga-68 NOGADA-LM3 PCT/CT
compared to Ga-68 DOTATOC PET/CT allows detection

Table 29.1 Stage according to the International

Neuroblastoma Risk Group (INRG) stages [22]

Stage | Description

L1 Localized tumor not involving vital structures
as defined by the list of imaging-defined risk
factors and confined to one body part

L2 Loco-regional tumor with presence of one
more image-defined risk factors

M Distant metastatic disease (except stage MS)

MS Metastatic disease in children younger than
18 months with metastases confined to skin,
liver, and/or bone marrow

autologous stem cell transplantation. Surgery for
the primary tumor and/or metastases and external
radiation therapy are additional therapeutic
modalities. Despite aggressive treatment regi-
mens, high-risk neuroblastoma continues to have
a devastating mortality rate of more than 40%
and 5-year overall survival of patients with stage
IV neuroblastoma only 30-50% [23]. 'I-mIBG
therapy is one treatment option [24-26]

of 3 additional liver metastases (blue arrows). (Courtesy
Prof. Dr. RP. Baum)

29.2 '¥'|-mIBG for Initial Therapy

First-line *'I-mIBG therapy was developed in
The Netherlands [27]. In 1991, Hoefnagel and
coworkers recommended the use of "*'I-mIBG
therapy in advanced neuroblastoma as a first-line
treatment just after diagnosis. They stated that
children’s better general condition prior to fol-
lowing surgery and/or chemotherapy might be
more unaffected, and shrinkage of the primary
tumor would be advantageous for a surgical
resection [28]. Kraal et al. analyzed response
rates of *'I-mIBG therapy in patients with newly
diagnosed high-risk neuroblastoma. In one study,
the objective response rate (ORR) was 73% after
surgery; the median overall survival was
15 months (95% confidence interval (CI) 7 to
23); 5-year overall survival was 14.6%; median
event-free survival was 10 months (95% CI 7 to
13); and 5-year event-free survival was 12.2%. In
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the other study, the ORR was 56% after myeloab-
lative therapy and autologous stem cell transplan-
tation; 10-year overall survival was 6.25%; and
event-free survival was not reported. With regard
to short-term adverse effects, one study showed a
prevalence of 2% (95% CI 0% to 13%; best-case
scenario) for death due to myelosuppression.
After the first cycle of ®'I-mIBG therapy in one
study, platelet toxicity occurred in 38% (95% CI
18% to 61%), neutrophil toxicity in 50% (95%
CI28% to 72%), and hemoglobin toxicity in 69%
(95% CI 44% to 86%); after the second cycle this
was 60% (95% CI 36% to 80%) for platelets and
neutrophils and 53% (95% CI 30% to 75%) for
hemoglobin. In one study, the prevalence of
hepatic toxicity during or within 4 weeks after
last the 3'I-mIBG treatment was 0% (95% CI 0%
to 9%; best-case scenario). Neither study reported
cardiovascular toxicity and sialadenitis. There
were no secondary malignancies observed (0%,
95% CI 0% to 9%), but only five children sur-
vived more than 4 years [29].

29.3 "¥'I-mIBGin Stage lll or IV

Neuroblastoma

BII-mIBG therapy in high-risk neuroblastoma
patients started in 1984 [25], and these early
studies focused on feasibility and toxicity. There
is a lack of prospective randomized controlled
trials about *'I-mIBG therapy in neuroblastoma
patients. Data are mostly taken from retrospec-
tive series. Seven studies with a total of 151
patients reported on highly variable '*'I-mIBG
activities per treatment cycle 2.59-16.65 GBq
(70-450 mCi) and on a response rate (complete
or mostly partial response) of 17-66%. Phase I/11
studies used P'T-mIBG in progressive, refractory
or relapsed high-risk neuroblastoma. In 1998,
Matthay et al. reported on the treatment of 30
patients with escalating doses from 96.2—
673.4 MBq/kg. None of the patients treated with
444 MBg/kg (12 mCi/kg) or less experienced
prolonged neutropenia and therefore did not
require autologous stem cell rescue. In contrast,
two of five patients treated with 555 MBqg/kg
(15 mCi/kg) and four of nine patients treated with

666 MBq/kg (18 mCi/kg) required stem cell res-
cue. The maximum tolerated dose for patients
without stem cell support was 444 MBqg/kg
(12 mCi/kg) being nowadays a usually used
activity. The objective response rate was 37%,
with most of the responses observed in patients
receiving 444 MBqg/kg (12 mCi/kg) or higher
BII-mIBG. Median survival time following
BI-mIBG therapy was 6 months [30].
Summarizing the results of 25 studies, Wilson
et al. reported about an objective tumor response
ranging from 0% to 75%, mean 32% [24, 26]. In
Germany, *'I-mIBG is given at the end of induc-
tion chemotherapy in case of persistent mIBG-
avid disease before autologous stem cell
transplantation [31].

131l-mIBG after Induction
Chemotherapy

29.4

In the German NB85 trial, 47 high-risk neuro-
blastoma patients without complete response
after induction chemotherapy were treated with a
mean activity of 330 MBq (8.9 mCi) ®'I-mIBG/
kg resulted in a response rate of 46.8%. In the
German NB2004 study (End of study 31.12.2016),
BIT-mIBG therapy was scheduled in patients with
non-progressing [-123-mIBG positive tumor tis-
sue at the end of induction therapy. The effect of
BI1-mIBG therapy was analyzed retrospectively
in 111 high-risk neuroblastoma patients: Forty
patients received *'I-mIBG therapy using a
median activity of 444 MBq ()/kg body weight.
By univariate analysis, patients who underwent
BI-mIBG therapy had a better 3-year event-free
survival (3-y-EFS 46 + 8%) and 3-year overall
survival (3-y-OS 58 + 9%) than 71 patients with-
out *1-mIBG therapy (3-y-EFS 19 = 5%,
p=0.003; 3-y-OS 43 + 6%, p = 0.037). However,
subgroup analysis of 66 patients who underwent
high-dose chemotherapy with autologous stem
cell transplantation (ASCT) during treatment
found a very similar outcome with "*'I-mIBG
(3-y-EFS 49 + 9%, 3-y-OS 59 + 10%) and with-
out ®I-mIBG therapy (3-y-EFS 33 + 9%,
p=0.171; 3-y-OS 59 + 9%, p = 0.285) due to the
dominating effect of ASCT. By multivariate anal-
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Fig. 29.10 Four year old male child with neuroblastoma
IV with primary tumor in the right thoracic apex with
infiltration of neuroforamina C7-Th4 and multiple skele-
tal lesions in the skull, ribs and vertebrae, pelvis and fem-

ysis, PI-mIBG therapy had no independent
impact on EFS (p = 0.494) and OS (p = 0.891).
Only ASCT, external beam radiation therapy and
MYCN amplification were important for EFS
and OS. Thus, an independent advantage of
BIT-mIBG therapy could not be proven in this ret-
rospective analysis. Several problems have been
addressed with this study: '3'T-mIBG therapy was
delivered in multiple hospitals with highly vari-
able activities of I-mIBG (median activity
0.45 GBq (12 mCi), range: 0.14—1.46 GBq (3.8—
39.5 mCi) / kg body weight). Results were influ-
enced by local decisions as only 40 patients from
111 potentially eligible patients with '*I-mIBG-
positive residual disease at the end of induction
chemotherapy actually received *'I-mIBG ther-
apy. As the patient numbers would allow detec-
tion of a difference between 3'I-mIBG therapy
and no “'I-mIBG therapy exceeding 20%, a
smaller difference between these treatment
options seemed likely from a clinical perspective,
but was impossible to detect. As this study was
based on the retrospective evaluation of the
German NB97 trial, no dosimetric data were
available. The pattern and intensity of '2I-mIBG

ora. Post-therapy '*'I-mIBG WBS shows more extensive
skeletal disease. Subsequent '*I-mIBG WBS demon-
strates a decrease in number of lesions and intensity of
uptake in the primary tumor and skeletal lesions

uptake were not analyzed with regard to treat-
ment selection and outcome. In this group of
heavily pretreated children, mIBG uptake was
highly variable [31]. Fig. 29.10 is an example for
treatment response after '*'I-mIBG therapy in a
4-year-old male child with neuroblastoma IV
being initially treated with chemotherapy accord-
ing to NB-2004 trial protocol HR including
7.0 GBq of ®'I-mIBG at the end of the induction
chemotherapy before autologous stem cell
transplantation.

29.5 Side Effects of '*'I-mIBG
Therapy

The most important and usually intermediate
complication of *'I-mIBG therapy is related to
hematotoxicity due to bone marrow irradiation.
Neutropenia and thrombocytopenia are the most
likely side effects and can be effectively over-
come in combination with autologous stem cell
transplantation. Matthay et al. demonstrated in a
phase I trial that 30% of patients receiving
>555 MBq (15 mCi)/kg of *'I-mIBG had pro-
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longed and significant myelosuppression which
could be abrogated with infusion of autologous
hematopoietic stem cells. Hematological toxicity
is more noticeable in patients with bone marrow
metastases and patients who received higher
whole-body radiation doses. Hematopoietic cell
transplantation was required in about one-third of
patients treated with 666 MBq (18 mCi)/kg
BI-mIBG. In contrast, all patients treated with
less than 444 MBq (12 mCi)/kg of ¥'I-mIBG did
not need hematopoietic cell transplantation.

Early complications include nausea and vom-
iting in 10-20% of patients. Sialadenitis is seen
with a relatively high frequency, while perma-
nent xerostomia is rare. Modak et al. reported on
transient sialadenitis in nine neuroblastoma
patients who had received 444-666 MBq (12—
18 mCi)/kg of *'I-mIBG. Five patients had bilat-
eral parotid swelling, two patients with
associated buccal discomfort within 24 h of
injection which subsided within 48 h. Grade 3 or
4 serum amylase elevation was documented in
8/8 patients tested [median 1336; range: 576—
8830 U/L] which normalized [25-125 U/L]
within 4-14 [median 5.5] days. Serum lipase
remained normal. Patients did not develop sub-
sequent dry mouth or dysphagia.

Blood pressure-related adverse advents are
rare: antihypertensive drugs were required in
2.8% of 218 *'I-mIBG administrations.

Veno-occlusive liver disease (VOLD) is an
important early complication in patients who
received P'I-mIBG therapy followed by mye-
loablative chemotherapy and hematopoietic cell
transplantation. The new approaches to neuro-
blastoma therapy (NANT) consortium reported
that 6 of 22 patients had VOLDs after the thera-
pies and an apparently high rate of VOLD was
seen in the patients with a low glomerular filtra-
tion rate. In contrast, no VOLD was seen in
patients receiving double infusions of high-dose
BIL-mIBG without chemotherapy. A decreased
clearance of the chemotherapeutic agents was
considered a major cause of VOLD.

Late complications include persistent hemato-
toxicity and thyroid dysfunction. Van Santen et al.
reported about the development of a TSH

>4.5 mU/L in 16 (64%) out of 25 neuroblastoma
patients treated with 3'I-mIBG and concluded
that occurrence of thyroid dysfunction after treat-
ment with *I-mIBG for neuroblastoma is high, in
spite of potassium iodide prophylaxis requiring
close thyroid follow-up. In addition, they reported
on an improved thyroid blockade with thyroxine,
methimazole and potassium iodide with 19 / 23
patients (86%) of patients having a normal thy-
roid function after a mean follow-up of 19 months.
Clement et al. reported on long-term efficacy of
thyroid prophylaxis. Defining thyroid dysfunction
as a plasma TSH > 5.0 mU/L or the use of levo-
thyroxine thyroid disorders was seen in 12/24
patients available for long-term evaluation with a
mean follow-up of 9.0 years after '*'I-mIBG treat-
ment demonstrating the significant risk of thyroid
damage. Thus, the incidence of thyroid disorders
was high and increases with advancing time. No
deleterious effects of B!I-mIBG therapy on the
parathyroid glands were found. As hypothyroid-
ism can be easily treated, this side effect is usually
not considered as serious.

Other less likely complications include fatigue
secondary to anemia, sterility, and amenorrhea
but these side effects are usually an effect of the
combination with other therapies such as chemo-
therapy. Clement et al. published two patients
with ovarian insufficiency after treatment with
BIT-mIBG therapy. Hepatic, adrenal, or cardiac
dysfunction have rarely been reported.

Secondary malignancies have been reported
with an incidence of less than 5%. In a report
from Italy, two leukemia, one angiomatoid
fibrous histiocytoma, one schwannoma, and one
rhabdomyosarcoma occurred in 119 patients with
neuroblastoma after '*'I-mIBG therapy. The
University of California group from San
Francisco described that leukemia was observed
in 3 of 95 patients with refractory neuroblastoma
at 7, 11, and 12 months after *'I-mIBG therapy.
It was difficult to clarify the main factors of the
secondary malignancies, because all patients
received several intensive therapies including
chemotherapy and "!'I-mIBG therapy. Papillary
thyroid carcinomas have been reported in two of
nine patients with thyroid nodules [32].



29 Radioiodine-Labeled Meta-lodobenzylguanidine for Imaging and Treatment...

301

29.6 Radiation Exposure/
Dosimetry

Heterogeneity in "*'I-mIBG uptake, tumor charac-
teristics, and radiation resistance, as well as limita-
tions of the current equipment and methods make
correlation of dosimetry with response a continu-
ing challenge [33]. Tumor dosimetry is an exten-
sive topic on which progress has been achieved
[34-37]. The main problem is that acquisition of
serial whole body imaging in children is usually
not possible. Usually, empirical treatment activi-
ties are usually chosen, and posttherapeutic whole-
body and SPECT examinations are performed.
Without stem cell support, the maximum allow-
able bone marrow absorbed dose consists of 2 Gy
for adults and 2.5 Gy for children. If stem cell res-
cue is available, higher bone marrow doses are
possible. In a series of 16 neuroblastoma patients
in whom serial imaging after B'I-mIBG was pos-
sible, typical whole-body absorbed doses were
found in the region of 2 Gy (range: 1.0-2.9 Gy)
whereas tumor absorbed doses in turn covered a
span between 10 and 60 Gy using a therapeutic
activity of 444 MBg/kg body weight [37].

In sum, ®*'I-mIBG therapy is a long-standing
established  treatment modality.  Upfront
BI-mIBG therapy was mainly used in the
Netherlands. *'I-mIBG in case of residual mIBG-
avid disease at the end of induction chemother-
apy was included in the German protocol.
BI-mIBG therapy was used in case of relapse in
international studies. Due to the rarity of the dis-
ease, data are limited and there is only little inno-
vation so far. The optimal timing of *'I-MIBG
therapy within the multidisciplinary therapy in
not yet defined [38]. A new therapeutical aspect
may be the use of 2!'At metaastatobenzylguani-
dine, causing less hematotoxicity, shown in ani-
mal experiments [39].

With the recent establishment of new thera-
pies, it may be possible to develop more effective
therapeutic strategies in high-risk neuroblastoma
patients. Few data are available on the effective-
ness of PRRT [40]. A British trial was set up to
evaluate how effective '""Lu-DOTATATE is in

children with high-risk relapsed or refractory
neuroblastoma and determine the safety and
adverse events of the treatment experienced by
patients on the study (Eudra-CT-Nr.
2012-000510-10, https://www.clinicaltrialsregis-
ter.eu/ctr-search/trial/2012-000510-10/results).

It may be concluded as stated by Kayano D
and Kinuya S still in 2018 “MIBG therapy indi-
cate their efficacy, especially in patients with
advanced neuroblastoma and pheochromocy-
toma/paragangliomas [41].
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with Hercules
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30.1 Aim

The aim of this investigator-led study is to intro-
duce a real-world experience of how a mentor
could change the course of one’s life.

30.2 Materials and Methods

Would definitely not survive a thorough scientific
appraisal, but evidence was painstakingly remi-
nisced, collated, distilled, and transcribed.

30.3 Results

Results were some wonderful experiences which
had the power to challenge, stimulate, and
empower one’s heart and mind to the limitless
possibilities if the intent is true and consuming.

30.4 Conclusion

It is a life worth having lived, if you touch the
lives of many, have inspired someone to be better,
to be the leader that is also a ladder for others to
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climb higher, to be a dreamer who recognizes the
potential of other’s dreams and lends them the
hand that gives them a gentle support to move
ahead continuously.

This might be considered incongruous in such
a learned text, but what I do have is a story. And
like all stories, I hope it catches your attention,
makes you a part of the journey, think a bit and
take parts of it for your own life and give it the
suitable conclusion that each mind is uniquely
capable of conjuring.

We hosted the first ever nuclear medicine con-
gress of the southern chapter of the Society of
Nuclear Medicine, India, in Coimbatore in
September 2013, where the late Dr Ajit Padhy
and his team from World Association of
Radiopharmaceutical and Molecular Therapy
(WARMTH) helped us set up the Re 188 thera-
peutic program during the Congress. However, it
was also a very saddening affair that he suc-
cumbed to a massive heart attack after reaching
home in Singapore the day after the Congress. In
his memory, I was asked to present the data on Re
188 Lipiodol therapy for liver cancer at the World
Congress in Cancun in 2014. I entered the hall
and it was packed to the hilt with an international
audience, and my eyes immediately rested on the
moderators of the session upfront on the stage. It
was the talk before mine, and I realized that one
of the moderators, this huge bearded giant of a
man was expounding and professing with such an
impact, that I stood in awe. I was nervous to
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begin with, as it was my first presentation at an
international stage and the work I was presenting
was all of 7 months vintage. Anyway, I walked up
as serenely as possible and delivered for the next
25 minutes our initial single center experience of
treating liver cancers with this new product. I had
no idea how this project would be received and
looked up as I finished to a silent audience. And
then out of nowhere came a thunderous voice on
the mike from the very same moderator with a —
THAT’S OUSTANDING DATA, please give him
a huge round of applause. That was my very first
interaction with Prof. Richard Baum and it had
already made such a deep impact on me. What it
taught me was to be supportive and encouraging
of the work that is being done by your colleague,
however junior or inexperienced he or she may
be. To nurture when it need not be done is a gift.
During the same Congress, I was called for a
special meeting with the executive committee of
WARMTH, wherein I was asked to summarize
the Rhenium project and the potential challenges
as well as way forward. Prof. Baum was the then
president of WARMTH, and after listening to the
synopsis and discussing with the other senior
members, decreed that I should be the Chairman
of a new task force to propagate Rhenium thera-
pies across the globe on behalf of the Late Dr.
Padhy and as a legacy of WARMTH. Indeed, it
was such a great boost to my confidence, and it
really felt like there was a strong wind under my
sail taking me in a new direction. In retrospect, |
was astonished by his ability to delegate a project
on behalf of an international organization to a
newcomer and a relative stranger such as I. It
spoke volumes of his ability to trust and motivate
and to constantly keep moving forward with a
vision that would inspire others around him.
After reaching back to India, with so many
thoughts whirling in my brain as to how to take
this project forward, I learnt with alarm that the
only commercial supplier of the Re 188 genera-
tor had stopped its production and distribution
due to nonviability of the product and that I do
not have the main item, that is, Re 188 to con-
tinue this project. I really did not know what to do
and that is when I decided to write to Prof. Baum
to ask him if he could help in any way. EANM

meeting that year was in Gothenburg, and on
behalf of me, he organized a round table meeting
with the major isotope suppliers of the world and
asked me to present my case. In essence, what he
had done was to leverage his standing in the pro-
fessional NM community and to lean on industry
personally to try and help me to do what was
effectively not going to benefit him in any way.
So, mainly due to his persuasiveness and weight
behind me, we got one of the companies to agree
to actually give on a regular basis a subsidized
WARMTH generator with a built-in fee for aca-
demic and research development. To those of us
who have battled the industry on multiple fronts,
you would understand how difficult it would be
to convince a business entity to support a com-
mercially nonviable product. It inspired me to
think — of what good is your clout and influence,
if you cannot use it to develop something or help
someone out and to do so with no personal gain,
not expecting anything in return.

One of the key areas lacking with the propaga-
tion of the Re 188 project was the general lack of
awareness of the product. To address this chal-
lenge, I envisaged the first world Rhenium
Congress in 2015 with an idea to bring all the
stakeholders, industry, reactor companies, phar-
macy, dosimetry specialists,clinicians, and
researchers working with Re 188 from around the
globe together to Coimbatore, a tier 2 city in
South India; which again was a stupendous step
forward and was never imagined on such a large
or an international scale. Of course my main
inspiration was Prof. Baum who had conceptual-
ized and organized the First World Gallium
Congress in 2011, which was very successful.
When I reached out to him for support as the
incumbent president of WARMTH, he immedi-
ately warmed up to the idea and was enthusiastic
with his suggestions. Not only was he prompt in
responding to calls of help, but he also went out
of his way to get us the major funding for the
Congress, called up favors owed from his col-
leagues to help get me support and even flew
down on his own expense as well as sponsored
researchers who could not afford to come down
due to financial constraints. Learning point: No
idea is your own, go out on a limb to help some-
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one who wants to do something new or useful
when you can and always propagate knowledge.
We had delegates and faculties from over 35
countries who flew in on their own expense to
attend this novel meeting. In fact, when many of
them applied for their visa to India to attend the
meeting and said they wanted to go to Coimbatore,
the officials of the Indian embassy had very less
idea of where this city was or why would anyone
from say Colombia or Russia go there.

I remember wanting to ask his support on
multiple things during a meeting in South Africa
wherein, he was to leave early and the only time
that we had left was actually the bus ride to the
conference venue. I had my pen and paper as it
was a short ride and I did not want to forget
something. I said I wanted to host the second
Rhenium Congress and also wanted to combine it
with some other international agency such as
IAEA, SRS, ISCORN, WTA, WARMTH or
SNMI. Typical of Richard, he said great, let us do
this with all of them .The 2017 Congress had all
of the above agencies supporting us and it was
due to the indefatigable effort from him person-
ally many a time that made it possible. For me, it
was amazing how he would take the time out, to
discuss and encourage and not just promise, but
to actually act on that discussion and enable its
fruition. He was unfazed by enormity, the bigger
the better.

I was ecstatic that Prof Baum had landed in
Coimbatore for the Rhenium Congress, and I vis-
ited him on the same day in his hotel room to
check on him as well as to invite him for a private
dinner. He politely refused to come out that eve-
ning saying he had to prepare for his lectures that
he was due to give the next day and he also said
that he never uses the same presentation twice.
He always believed that you should respect the
audience and the platform and put in your best
when up there. Indeed it was an inspiration for
me, that how much ever you grow, always do
your job to the best of your ability and never take
a podium or the ability to educate and influence
other minds for granted. Due diligence matters.

During many an interaction with my clinical
colleagues who had trained with him or were
working with him, when asked what is the secret

of his success; the answer consistently revolved
around three things. Hard work (he came most
days in the wee hours of the morning 3-5 am), a
great clinician (an attribute which many of us
NM physicians are distancing ourselves from),
and ability to believe in yourself and take that
risk, provided you have the patient’s good as your
endpoint. I have kept these guiding mantras in
my pursuit of success in the professional arena,
and still have a long way to go.

His ability to remember even the most elusive
and what you would consider the most minute or
inconsequential detail has always amazed me,
and in part, I feel it is because of his inherent
curiosity. I remember many a times, even across
the dinner plate, when he hears something new,
he would always ask it to be sent to him so that he
could read it and understand better. He would
take great pride in pronouncing words and names
the exact correct way and would remember
fondly the details of a particular wine at a dinner
or even the entertainment on an evening way
back in time. The abiding lesson learnt was that
the tiny details matter and it embellishes the abil-
ity to live life to the fullest.

It was after great difficulty that I had con-
vinced a journal to come out with an entire issue
based on Re 188, covering all relevant topics
from bench to clinical and research avenues.
However, the stumbling block was to find finan-
cial support for this issue. It took a 2 min call for
help to Dr. Baum, who asked me to go ahead and
decided to fund it himself. Not only did he do
that, he handed over the money personally to me
when he saw me next, in a cover marked with the
current euro exchange rate and was exact to the
last cent. If in a position to give, give freely and
easily, do not make the recipient ask many times
and most importantly do not give like it does not
mean anything to you — be accountable even
when you are beneficent.

In all my series of conversations with him, the
one thing that I always admired was his ability to
cut through the molasses and reach to the core of
the person. He had a way of knowing who would
stand up to their pitch, who could walk the talk
and pick the winning horse or even the one that
would not give up. He always respected the hus-
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tle, knowing that opportunities are everywhere
and the person who did the hard yards to reach
wherever they were now, needed to be respected.

Some enduring images are of professor
with the traditional white “veshti” and a cigar
in his mouth at the Rhenium Congress, to
shouting out: “someone give this German a
beer,” to pulling me aside to a restaurant in
the lunch break of a conference saying “I
can’t be eating these box lunches anymore if I
have a choice.” Make things count, a meal, an
evening to cherish, a ready quip, a hearty
laugh, a good beer, and time well spent: cele-
brate the small things.

Some of the small things the Re 188 taskforce
has achieved over the past few years that need to
be celebrated have been summarized. We have
been able to stabilize the Re 188 generator avail-
ability and also convince agencies to produce
commercially available cold kits for labeling in a
cost-effective manner. Multipronged training has

been imparted to multiple centers in different
countries to use this technology, conducted two
world congresses, had editorials and journal
issues dedicated to Re 188, sparked bench chem-
istry and dosimetric research in various universi-
ties across the globe and even have ongoing
collaborative multicentric trials.

With support from so many unbelievable peo-
ple that I have met in my journey with Re 188,
the chief among them being key members of
WARMTH and Prof Baum, I continue to walk
feeling stronger with every step; maybe that is
what happens when you journey with Hercules.
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31.1 Background

A knowledge of receptor expression on the tumor
is the key for therapy directed at these receptors
and traditionally has been obtained by assay of
biopsy material. Advances in molecular cancer
biology have demonstrated that many of these
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tumor targets are receptors and have been
reported as earliest targets for cancer diagnosis as
well as therapy, with notable success in the effec-
tive treatment in few cancers [1]. One such
important class of molecules/targets is a class of
chemokine receptors, and the human chemokine
system includes more than 50 chemokines and 20
chemokine receptors [2]. These receptors play an
important role in cancer progression in terms of
tumor growth, senescence, angiogenesis,
epithelial-mesenchymal transition, metastasis,
and evading the host immune system [3]. Among
these chemokine receptors, CXCR4 is the most
widely expressed receptor on malignant tumors,
and its role in tumor biology has been studied
extensively [4]. The chemokine CXCL12 is the
sole ligand of CXCR4 and the majority of
research focusing on the role of CXCR4 in can-
cer relates to this chemokine/chemokine-receptor
pair [5, 6]. Upregulation of CXCR4 has been
reported in at least 23 different epithelial, mesen-
chymal, and hematopoietic cancers [7, 8].
CXCR4 overexpression in tumor tissues has also
been correlated with tumor aggressiveness,
increased risk of metastasis, and a higher proba-
bility of recurrence [9].

It has been reported that an increased CXCR4
receptor density is often associated with meta-
static disease which in turn leads to a poor prog-
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nosis [10]. Tumor receptor imaging offers a
complementary role not only in providing a non-
invasive evidence of tumor receptor expression
but also in the evaluation of the entire tumor
burden and characterization of the tumor hetero-
geneity. Therefore, noninvasive imaging using
high-throughput PET probes targeting CXCR4
receptors may yield important diagnostic and
prognostic information pertinent to the disease
process [11]. Plerixafor (AMD-3100), an immu-
nostimulant is a peptide that has been approved
by Food and Drug Administration (FDA, USA)
as a CXCR4-targeted therapy for hematopoietic
stem cell mobilization in AML (Acute Myeloid
Leukemia) and non-Hodgkin’s Lymphoma
(NHL) patients [12]. Several CXCR4-specific
PET (%Cu; %Ga) tracers (AMD-3100; Trade
Name—Plerixafor) have been developed but
were restricted to preclinical applications [13].
However, the only PET tracer that has undergone
the transition to clinical applications is
%Ga-labeled Pentixafor. This PET tracer (devel-
oped by a German group) was developed after
certain modifications (without changing the
physiochemical properties in the motif
(Plerixafor—the parent compound)) allowing
chemical binding with the metal chelator (DOTA)
for achieving effective coupling with ®Ga [14].
These authors in their extensive animal and pre-
liminary human studies have shown that the
tracer localizes in the CXCR4-expressing tumors
(Iymphoma) with high target to nontarget ratios
[15]. Further, these authors have shown that
%Ga-Pentixafor offers favorable dosimetry
exhibiting whole-body radiation exposure of
2.3 mSv to patients which is almost one-third of
that received from a conventional *F-FDG PET
scan [16].

The use of Gallium-68 (half-life t;, = 68 min;
positron emission intensity—=87%) is on the rise
[17]. Several favorable properties of this radionu-
clide include superior image quality compared to
SPECT radionuclides (e.g., indium-111) and the
potential for an on-demand production via gen-
erator technologies that provide reliable and
high-purity %*Ga in sufficient quantities for rou-
tine radiopharmaceutical production without the
need for expensive cyclotron operations [18, 19].

Generator technologies for ®Ga production,
chemistry of gallium, and emerging applications
for %Ga radiopharmaceuticals have been
reviewed in detail [18, 20]. These physicochemi-
cal properties provide a strong basis for develop-
ing specific %Ga-labeled probes for molecular
imaging in various human cancers including
solid tumors and hematological malignancies
[15, 21-23].

The central role of CXCR4 in cancer patho-
genesis and metastasis is proven beyond doubt;
however, no in vivo method suitable for whole-
body CXCR4 disease quantification has been
described till late. This unmet clinical need or the
scientific question has been addressed and
68Ga-Pentixafor having high affinity for CXCR4
receptors have been developed. They synthesized
and developed ®*Ga-Pentixafor which is a CXCR4
targeting high-affinity nuclear probe and have
evaluated the radiotracer in small-cell lung can-
cer models [22]. Further, proof of concept (POC)
studies with %Ga-Pentixafor in lymphoma-
xenografted animal models and in first human
hematological malignancies are highly encourag-
ing [23, 24]. And human dosimetry studies dem-
onstrated excellent pharmacokinetics and low
radiation burden to patients [16]. In expanding
clinical applications of this novel tracer, it has
been shown both in preclinical and clinical stud-
ies that the tracer provides a high contrast image
in comparison to '®F-FDG PET in advanced stage
multiple myeloma patients [23]. The other diag-
nostic applications of *Ga-Pentixafor in glioma
and some other cancers known to have higher
degrees of CXCR4 expression are also emerging.
We will discuss in this chapter the CXCR4 ther-
anostics in lung cancer, multiple myeloma, and
glioma.

31.2 CXCR4-Targeted PET
Imaging in Lung Cancer

Lung cancer is one of the most common (after
breast cancer) malignancies globally and within
India amongst males alone as well as in the com-
bined male and female population [25, 26]. Lung
cancer (LC) alone causes higher number of
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deaths than that caused by the combination of the
other four (breast, colon, pancreas, and prostate)
common malignancies [25]. Both epidemiologi-
cal data and molecular understanding of the
disease pathophysiology has shown that LC is
associated with cigarette smoking and occupa-
tional/environmental factors [26-29].
Approximately, 80% of the LC cases are of the
non-small cell lung cancer (NSCLC) and fre-
quently present with advanced disease at initial
diagnosis (stages IIIB and IV) where the tradi-
tional treatment options like chemotherapy and
radiation therapy are aimed at disease and symp-
tom control rather than at achieving a cure [27,
28].

The diagnostic workup of suspected lung can-
cer depends upon the type, that is, NSCLC or
small-cell lung cancer (SCLC), the size and site
of the primary lung cancer. This approach
involves accurate tissue diagnosis (histopathol-
ogy and advanced immune-histochemical analy-
sis), staging, and functional evaluation by
radiological imaging techniques with high sensi-
tivity and specificity. Amongst, over 150 factors,
the tumor stage which guides the therapeutic
options (surgery/radiation therapy/chemother-
apy) is considered as the most significant prog-
nostic indicator in LC patients [30-33]. Despite
significant advances in diagnostic, staging, and
surgical techniques as well as availability of
newer targeted (both chemo/radio) therapies, the
death rate from lung carcinoma has remained
high [34, 35].

Hybrid "®F-FDG PET/CT imaging remains the
mainstay of the diagnostic workup of patients
with lung cancer [36]. This imaging technique
scores high over the conventional radiological
techniques for example, computed tomography
(CT) and magnetic resonance imaging (MRI) in
terms of both sensitivity and specificity [37].
Although ®F-FDG/PET imaging has proven its
utility in monitoring response to appropriate ther-
apies at early time intervals, yet this technique
has fewer limitations. These include its inability
to differentiate inflammatory/infectious patholo-
gies from tumor recurrence/relapse, and the high
background FDG uptake interferes with the
detection of metastatic lesions in the brain [38,

39]. On the other hand, "*F-FLT, a marker of cell
proliferation has high specificity for solid tumors.
However, this imaging technique has inherent
problem of lower uptake thereby poor image con-
trast, not making it an ideal PET tracer especially
for response assessment [40, 41].

Philips et al. reported that distant metastases
from NSCLC require a CXCL12 chemotactic
gradient [42]. Furthermore, they found CXCL12
levels to be significantly higher in metastatic
organs than that in the primary tumors. Likewise,
SCLC preferentially metastasizes to the marrow,
which has high constitutive CXCL12 expression
[43]. The signaling via CXCR4 on SCLC cells
induces activation and signaling of tumor-
associated integrins that apparently play an
important role in tumor progression [44]. A posi-
tive correlation between CXCR4 expression and
clinical outcome in lung cancer has been reported.
In a very interesting study by Spano et al. [45], it
was observed that the patients having CXCR4-
positive nuclear staining demonstrated confine-
ment of CXCR4 presence in the nucleus and is
associated with better patients’ survival than
those having the receptor expression on the cyto-
plasmic membrane with absent nuclear staining.

In a recent study, Vag et al. reported their first
experience on the use of ®Ga-Pentixafor PET
imaging, targeting CXCR4 receptors in solid
tumors [21]. These authors concluded that the
detectability of solid cancers was found to be
lower for %Ga-Pentixafor than for '*F-FDG
PET. However, this study included a small and
heterogeneous cohort of 21 patients out of which
only two were of NSCLC. The highest SUV,,,, of
10.9 was observed in a NSCLC patient followed
by pancreatic cancer (6.2), HCC (5.0), and breast
cancer (3.3). On the other hand, highest SUV .«
of 13.8 was noted in the cervical metastases of
the patient with cancer of unknown primary
(CUP). In another study, Lapa et al. [22] studied
the feasibility of CXCR4-directed ®*Ga-Pentixafor
PET/CT imaging in ten patients of small-cell
lung carcinoma (SCLC) and compared results
with 8F-FDG PET/CT or %Ga-DOTA-TOC PET/
CT. These authors concluded that noninvasive
imaging of CXCR4 expression in SCLC is feasi-
ble and %*Ga-Pentixafor as a novel PET tracer
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might serve as a readout for confirming the
CXCR expression which might serve as a prereq-
uisite for potential CXCR4-directed
radio-chemotherapies.

In a preliminary study [46], we have shown
that %Ga-Pentixafor PET/CT demonstrated
higher CXCR4 density in SCLC compared to
NSCLC and had superior performance in detec-
tion of brain metastases which is a known limi-
tation of F-FDG PET imaging. We expanded
our initial cohort to image 100 lung cancer
patients with ®Ga-Pentixafor PET/CT. We
found that the SUV,,,, values on ®*Ga-pentixafor
PET/CT were 6.14 + 2.14 and 8.0 = 1.9 in squa-
mous (n = 60) and adenocarcinoma (n = 20)
variants of the NSCLC, respectively. The corre-
sponding values were highest in SCLC (n = 20;
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SUV, 1030 + 5.0). Similarly, the CXCR4
quantitative  values expressed as Mean
Fluorescence Index (MFI) for in vivo measure
of CXCR4 receptor density were 136.0 = 80;
288 + 121, and 348 + 99 in squamous, adenocar-
cinoma, and SCLC respectively. These findings
highlight that the uptake of the tracer increased
as a function of the receptor density which in
turn supports the specific binding of the tracer to
CXCR4 receptors (Fig. 31.1). A representative
IHC-stained slide showing CXCR4+ SCLC
patient and a control (CXCR4-negative) slide is
shown in Fig. 31.2. We have reported that
68Ga-Pentixafor PET/CT targets CXCR4 recep-
tors non-invasively and its uptake varies as a
function of CXCR4 receptors’ density in differ-
ent lung cancer subtypes [47]. This imaging

-,

1900

Fig. 31.1 68Ga-Pentixafor PET/CT images in a SCLC patient (a, d), NSCLC adenocarcinoma (b, e) and NSCLC-
squamous (¢, f) showing SUV,,, values of 13.2, 10.0, and 7.2 and MFI of 413, 208, and 99.0, respectively
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technique can thus be used for lung cancer dis-
ease assessment and for patient selection for
appropriate  CXCR inhibitor therapies and,
especially, o/p-targeted radionuclide therapies.
Further, this novel PET tracer has the potential
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of becoming a powerful tool for monitoring
therapy response to CXCR4 inhibitors and also
for the development of emerging alpha/beta-
targeted therapies in advanced stage lung
carcinoma.
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31.3 CXCR4-Targeted PET
Imaging in Multiple
Myeloma

Multiple myeloma (MM) is characterized by the
clonal proliferation of malignant plasma cells
and accounts for 1.0% of all the cancers and
10.0% of all the hematological malignancies [48,
49]. MM patients often present with skeletal and
renal involvement and immunodeficiency [50].
Despite significant advances in treatment for
MM, most patients will eventually go into relapse
or become refractory to the chemotherapeutic
interventions [51]. Therefore, the prognosis for
MM patients remains poor and the 5-year sur-
vival rate is around 45.0% [52]. This underscores
the need to properly understand the tumor biol-
ogy and find new targets for diagnosis and treat-
ment of MM [53]. ®F-FDG PET has a proven
role in the diagnosis, staging, response assess-
ment, and management of MM [54, 55]. However,
BE-FDG PET has its own limitations, as a signifi-
cant decrease in the SUV,,, value (versus the
baseline value) on the post-therapy follow-up has
been reported to be not correlating with the
progression-free survival [56].

The clinical utility of %Ga-Pentixafor PET/CT
imaging for in vivo imaging of CXCR4 whole-
body disease burden has been reported in few
recent studies. ®*Ga-Pentixafor as a novel PET
tracer having high affinity for CXCR4 has been
shown to be superior or equal to *F-FDG for the
detection of myeloma lesions [57-59]. Herrmann
et al. [23] in their first preliminary clinical experi-
ence reported that after disease mapping with
%Ga-Pentixafor PET/CT, CXCR4-targeted radio-
therapy with Pentixather appears to be a promis-
ing novel treatment option in combination with
cytotoxic chemotherapy and autologous stem cell
transplantation, especially for patients with
advanced  multiple myeloma. Therefore,
%8Ga-Pentixafor/'”’Lu/*"Y-Pentixather is emerg-

ing as a potential theranostics’ pair for treatment
of CXCR4-targeting therapies when other avail-
able treatment options in advanced stage MM
patients have failed.

Our experience [59] with %Ga-Pentixafor
PET/CT in MM at PGIMER, Chandigarh, India,
showed a higher lesion detection rate with
%8Ga-Pentixafor PET compared to '*F-FDG PET
(Fig. 31.3). We concluded that the dual tracer
imaging may provide additional information on
spatial and temporal heterogeneity of MM and
may have significance for response evaluation
to CXCR4-targeting pharmacologic or endo-
radiotherapeutic therapies in CXCR4-positive
and FDG-negative disease variants of multiple
myeloma. In a recent study [60] in 30 MM
patients, %Ga-Pentixafor PET/CT showed a
higher positive disease detection rate than '3F-
FDG PET/CT (93.3 vs. 53.3%, p = 0.005). They
further observed that the bone marrow tracer
uptake of *Ga-Pentixafor correlated positively
(p < 0.05) with the end organ damage, staging,
and laboratory markers of tumor disease burden
including serum P2-microglobulin, serum-free
light chain, and 24 h urine light chain. They
concluded that %Ga-Pentixafor PET/CT is a
promising tracer in the assessment of newly
diagnosed MM patients. The application of
%8Ga-Pentixafor PET/CT in other hematological
malignancies is emerging. In a recent study by
Luo et al., the application of %*Ga-Pentixafor
PET/CT was expanded in patients with
Waldenstrom macroglobulinemia/lymphoplas-
macytic lymphoma (WM/LPL) and compared
results with "F-FDG PET/CT [61]. 'SF-FDG
PET/CT has limitations in the evaluation of
WM/LPL which is an indolent B-cell lymphoma
and primarily involves the bone marrow. They
reported that ®Ga-Pentixafor PET/CT had a
higher positive rate for disease detection than
BE-FDG PET/CT (100.0% vs. 58.8%;
p =0.023).
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Fig. 31.3 %Ga-Pentixafor PET/CT in a 60-year-old man
with mutiple myeloma and diffuse bony pains. PET/CT
images show diffuse and focal tracer uptake in the axial
and appendicular skeleton (MIP image a), fused PET/CT
(trans-axial ¢, sagittal d) images show diffuse and focal

31.4 CXCR4-Targeted PET
Imaging in Glioblastoma
Multiforme (GBM)

Gliomas are the most common primary tumors of
the central nervous system (CNS) with a reported
annual incidence of 20.5/100,000 [62].
Glioblastoma multiforme (GBM) usually have a
infiltrative pattern of growth, and surgery is often
incomplete, so radiotherapy with or without con-
current chemotherapy has become part of the cur-
rent treatment regimens to significantly improve
the survival in such patients [63]. In the post-
surgery/chemoradiation follow-up of glioma, an
accurate identification of the disease recurrence
and radiation necrosis is important as the treat-
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increased tracer uptake in multiple marrow and lytic skel-
etal lesions. The corresponding "*F-FDG PET/CT images
(e, f) did not show any abnormal uptake in marrow and
anywhere in the skeleton

ment strategy for recurrence warrants a change in
treatment, whereas radiation necrosis will require
continuation of the standard treatment [64]. So,
there is a need for noninvasive imaging tech-
niques for the accurate differentiation of tumor
necrosis from recurrence and for response assess-
ment to chemoradiation [65, 66].

Over the past few decades, different amino
acid-based PET tracers, such as *F-fluoro-ethyl-
tyrosine (8F-FET), ¥F-fluoro-choline (**F-FCH),
and ""C-methionine ("'C-MET) have been used in
targeting various metabolic and molecular path-
ways that may add valuable diagnostic informa-
tion especially in clinically challenging situations
to improve diagnosis, detect tumor extent, and to
help in therapy planning [67]. Among these trac-
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ers, '"C-MET is one of the most extensively
investigated PET tracers in the diagnostic workup
of glioma. '"C-MET accumulates extensively in
proliferating tumors by the mechanism of
increased amino acid transport and protein syn-
thesis [68]. Undoubtedly, '8F-FDG PET/CT is
not of much use in GBM and all other PET trac-
ers have their own limitations in terms of logisti-
cal and cumbersome radiolabeling issues.
Therefore, alternative tracers which are easy to
synthesize and can be made widely available
widely with “ready to label” strategies are needed
for the accurate detection and postsurgical/
chemoradiation follow-up in GBM.

There has been growing evidence that CXCR4
is overexpressed in GBM and is associated with
tumor angiogenesis as well as associated with
poor survival outcomes [7-9, 69, 70]. It has also
been shown in animal xenograft models that
treatment with CXCR4 antagonist significantly
inhibits tumorigenicity and tumor growth and
proliferation [71]. The latter suggests that
CXCR4 may play a crucial role in promoting the
growth of gliomas in humans. Therefore, the
CXCR4/CXCL12 axis represents a highly rele-
vant molecular target of cancer biology and offers
promising new approaches and techniques for
targeted cancer therapy [72, 73].

In a recent study [74], ®®Ga-Pentixafor PET/
CT was used for the detection of primary/recur-
rent glioma in 15 patients. In this pilot study, the
tracer retention was noted in the vast majority of
patients, and histological analysis from the tumor
areas with high ®®Ga-Pentixafor uptake confirmed
the CXCR4 expression. On the other hand,
regions of the same tumor without apparent tracer
uptake showed no or low receptor expression.
Further, in this study, head-to-head comparison
with BFE-FET PET/CT in 11/15 cases showed
similar SUV,,..,, and SUV,,,, values of the two
tracers; however, the TBR (target-to-background
ratio) for SUV .., and SUV ., values were higher
for %Ga-pentixafor by multiples of 37 and 19,
thereby resulting in excellent image contrast. It
was concluded in this study that **Ga-Pentixafor
PET served as readout for visualization of intra-
cranial CXCR4 expression which might prove as
a useful theranostic tool for sensitive noninvasive
in vivo quantification of CXCR4 tumor pheno-
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typing. The latter may serve as a useful guide for
prognostication and selection of patients who
might benefit from CXCR4-directed therapies
including B/« radionuclide therapies.

We conducted a pilot study [75] at PGIMER,
Chandigarh, India, using %Ga-Pentixafor PET/
CT for quantitative imaging of CXCR4 expres-
sion in 28 GBM patients having clinical suspi-
cion of recurrent/residual disease. All the patients
received radical radiotherapy (54.0-60.0 Gy)
after surgery with or without concurrent temo-
zolomide as indicated and underwent
%Ga-Pentixafor PET/CT and conventional
ceMRI of the brain. ®Ga-Pentixafor PET/CT
findings with focally increased uptake of the
radiotracer were interpreted as positive for recur-
rent/residual disease in 13/14 patients. The mean
SUV,.x value in these patients (n = 13) was
5.25 £ 2.07 (range: 2.71-9.69). PET/CT findings
were concurrent with MRI findings in all the 14
patients. A representative %Ga-Pentixafor PET
image in a patient (58 yrs., female) with recurrent
tumor in central primary GBM disease showing
intense uptake of the radiotracer (SUV . = 7.9)
is presented in Fig. 31.4. The only (1/14) patient
who had no focal uptake anywhere in the brain on
%Ga-Pentixafor PET was interpreted as negative

Fig. 31.4 “Ga-Pentixafor PET/CT in a 58-year-old
woman with recurrent centrally located primary GBM
(lateral ventricular region) showing intense uptake of the
radiotracer (SUV,,.x = 7.9) and an excellent tumor to
background contrast
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for any residual/recurrent disease. The ceMRI
finding in this patient was also negative and was
reported as gliosis. The results of this preliminary
study demonstrated that %Ga-Pentixafor PET
imaging in GBM (known to have high CXCR4
expression) is viewed to open up new theranos-
tics applications (with beta and alpha radionu-
clides) for long-term survival benefits. However,
the diagnostic utility of this tracer needs to be
validated in a large cohort of patients through
multicentric trials.

31.5 Conclusion

CXCR4 and its ligand CXCL12 are intricately
involved in the growth and proliferation of both
solid tumors as well as hematologic malignan-
cies. Noninvasive assessment of CXCR4 expres-
sion by PET/CT imaging can provide a useful
tool in the management of a variety of oncologic
conditions, both in terms of diagnostic and ther-
anostic capabilities. Solid malignancies such as
lung, breast, brain, prostate, and colorectal can-
cer and hematologic malignancies such as multi-
ple myeloma, Waldenstrom macroglobulinemia,
acute and chronic leukemia, and non-Hodgkin’s
lymphoma have shown to overexpress CXCR4.
Further large and prospectively planned studies
can explore the diagnostic performance of
%Ga-Pentixafor PET/CT versus the conventional
imaging techniques.

The need of the hour in aggressive malignan-
cies such as glioblastoma multiforme is the
development of novel therapies that can prolong
survival, improve quality of life, and potentially
offer a cure in these patients. Radionuclide ther-
apies, such as intralesional injection of
2I3Bj-labled substance-P in GBM has shown
some promising results [76]. In this context, the
increased expression of CXCR4 in GBM has
been utilized to develop novel peptide-based
theranostics with beta/alpha emitters [77, 78].
This approach may expand our future PRRT
armamentarium in GBM healthcare as an alter-
native to radio-immunotherapy.

References

1. Mankoff DA, Link JM, Linden HM, Sundararajan
L, Krohn KA. Tumor receptor imaging. J Nucl Med.
2008;49(4):149S-63S.

2. Sarvaiya PJ, Guo D, Ulasov I, Gabikian P, Lesniak
MS. Chemokines in tumor progression and metasta-
sis. Oncotarget. 2013;4(12):2171-85.

3. Furusato B, Mohamed A, Uhlén M, Rhim JS. CXCR4
and cancer. Pathol Int. 2010;60(7):497-505.

4. Zlotnik A, Burkhardt AM, Homey B. Homeostatic
chemokine receptors and organ-specific metastasis.
Nat Rev Immunol. 2011;11(9):597-606.

5. Bleul CC, Farzan M, Choe H, Parolin C, Clark-Lewis
I, Sodroski J, et al. The lymphocyte chemoattractant
SDF-1 is a ligand for LESTR/fusin and blocks HIV-1
entry. Nature. 1996;382(6594):829-33.

6. Burger JA, Stewart DJ, Wald O, Peled A. Potential
of CXCR4 antagonists for the treatment of meta-
static lung cancer. Expert Rev Anticancer Ther.
2011;11(4):621-30.

7. Balkwill FR. The chemokine system and cancer. J
Pathol. 2012;226:48-57.

8. Fulton AM. The chemokine receptors CXCR4 and
CXCR3 in cancer. Curr Oncol Rep. 2009;11:125-31.

9.Jiang YP, Wu XH, Shi B, Wu WX, Yin
GR. Expression of chemokine CXCLI2 and its
receptor CXCR4 in human epithelial ovarian can-
cer: an independent prognostic factor for tumor pro-
gression. Gynecol Oncol. 2006;103:226-33.

10. Liao WC, Wang HP, Huang HY, Wu MS, Chiang H,
Tien YW, et al. CXCR4 expression predicts early liver
recurrence and poor survival after resection of pan-
creatic adenocarcinoma. Clin Transl Gastroenterol.
2012;3:e22.

11. Kuil J, Buckle T, van Leeuwen FW. Imaging agents
for the chemokine receptor 4 (CXCR4). Chem Soc
Rev. 2012;41:5239-61.

12. Domanska UM, Kruizinga RC, Nagengast WB,
Timmer-Bosscha H, Huls G, de Vries EG, et al. A
review on CXCR4/CXCL12 axis in oncology: no
place to hide. Eur J Cancer. 2013;49(1):219-30.

13. Nguyen QD, Aboagye EO. Imaging the life and
death of tumors in living subjects: preclinical PET
imaging of proliferation and apoptosis. Integr Biol.
2010;2:483-95.

14. Gourni E, Demmer O, Schottelius M, D'Alessandria
C, Schulz S, Dijkgraaf I, et al. PET of CXCR4 expres-
sion by a (68)Ga-labeled highly specific targeted con-
trast agent. J Nucl Med. 2011;52(11):1803-10.

15. Wester HJ, Keller U, Schottelius M, Beer A, Philipp-
Abbrederis K, Hoffmann F, et al. Disclosing the
CXCR4 expression in lymphoproliferative dis-
eases by targeted molecular imaging. Theranostics.
2015;5(6):618-30.

16. Herrmann K, Lapa C, Wester HJ, Schottelius M,
Schiepers C, Eberlein U, et al. Biodistribution and



318

S. Baljinder et al.

17.

18.

19.

20.

21

22.

23.

24.

25.

26.

217.

28.

29.

30.

radiation dosimetry for the chemokine receptor
CXCR4-targeting probe 68Ga-Pentixafor. J Nucl
Med. 2015;56(3):410-6.

Schultz MK, Donahue P, Musgrave NI, Zhernosekov
K, Naidoo K, Razbash A, et al. An increasing role for
68Ga-PET imaging: a perspective on the availability
of parent 68Ge material for generator manufactur-
ing in an expanding market. Postgrad Med Edu Res.
2013;47(1):26-30.

Roesch F. Maturation of a key resource - the germa-
nium-68/gallium-68 generator: development and new
insights. Curr Radiopharm. 2012;5(3):202—11.
Buchmann I, Henze M, Engelbrecht S, Eisenhut
M, Runz A, Schafer M, et al. Comparison of
68Ga-DOTATOC ~ PET and  111In-DTPAOC
(Octreoscan) SPECT in patients with neuroen-
docrine tumours. Eur J Nucl Med Mol Imaging.
2007;34(10):1617-26.

Prata MI. Gallium-68: a new trend in PET
Radiopharmacy. Curr Radiopharm. 2012;5(2):142-9.

. Vag T, Gerngross C, Herhaus P, Eiber M, Philipp-

Abbrederis K, Graner FP, et al. First experience
with chemokine receptor CXCR4-targeted PET
imaging of patients with solid cancers. J Nucl Med.
2016;57(5):741-6.

Lapa C, Liickerath K, Rudelius M, Schmid JS,
Schoene A, Schirbel A, et al. [68Ga]-Pentixafor-PET/
CT for imaging of chemokine receptor 4 expression in
small cell lung cancer--initial experience. Oncotarget.
2016;7(8):9288-95.

Herrmann K, Schottelius M, Lapa C, Osl T,
Poschenrieder A, Hinscheid H, et al. First-in-human
experience of CXCR4 directed Endoradiotherapy with
177Lu- and 90Y-labeled Pentixather in advanced-
stage multiple myeloma with extensive intra and extra-
medullary disease. J Nucl Med. 2016;57(2):248-51.
Demmer O, Gourni E, Schumacher U, Kessler H,
Wester HJ. PET imaging of CXCR4 receptors in can-
cer by a new optimized ligand. Chem Med Chem.
2011;6(10):1789-91.

Singh N, Aggarwal AN, Gupta D, Behera D, Jindal
SK. Unchanging clinico-epidemiological profile of
lung cancer in North India over three decades. Cancer
Epidemiol. 2010;34:101-4.

Behera D, Balamugesh T. Lung cancer in India. Indian
J Chest Dis Allied Sci. 2004:46:269-81.

Singh N, Aggarwal AN, Gupta D, Behera D, Jindal
SK. Quantified smoking status and non-small cell
lung cancer stage at presentation: analysis of a north
Indian cohort and a systematic review of literature. J
Thorac Dis. 2012;4:474-84.

Singh N, Mootha VK, Madan K, Aggarwal AN,
Behera D. Tumor cavitation among lung cancer
patients receiving first-line chemotherapy at a tertiary
care Centre in India: association with histology and
overall survival. Med Oncol. 2013;30:602.

Jemal A, Siegel R, Xu J, Ward E. Cancer statistics,
2010. CA Cancer J Clin. 2010;60(5):277-300.

Pao W, Girard N. New driver mutations in non-small-
cell lung cancer. Lancet Oncol. 2011;12(2):175-80.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Pao W, Hutchinson KE. Chipping away at the lung
cancer genome. Nat Med. 2012;18(3):349-51.
Alberg AJ, Ford JG, Samet JM. Epidemiology of lung
cancer: ACCP evidence-based clinical practice guide-
lines. Chest. 2007;132(3 Suppl):29S-55S.

Siegel R, Desantis C, Virgo K, Stein K, Mariotto A,
Smith T, et al. Cancer treatment and survivorship sta-
tistics, 2012. CA Cancer J Clin. 2012;62(4):220-41.
Spiro SG, Silvestri GA. One hundred years of lung can-
cer. Am J Respir Crit Care Med. 2005;172(5):523-9.
Barker JM, Silvestri GA. Lung cancer staging. Curr
Opin Pulm Med. 2002;8:287-93.

Cuaron J, Dunphy M, Rimner A. Role of FDG-PET
scans in staging, response assessment, and follow-
up care for non-small cell lung cancer. Front Oncol.
2013;2:208.

Gupta NC, Graeber GM, Rogers JS, Bishop
HA. Comparative efficacy of positron emission
tomography with FDG and computed tomographic
scanning in preoperative staging of non-small cell
lung cancer. Ann Surg. 1999;229:286-91.

Weber WA, Avril N, Schwaiger M. Relevance of
positron emission tomography (PET) in oncology.
Strahlenther Onkol. 1999;175:356-73.

Marom EM, McAdams HP, Erasmus JJ, Goodman PC,
Culhane DK, Coleman RE, et al. Staging non-small
cell lung cancer with whole-body PET. Radiology.
1999;212:803-9.

Bhoil A, Singh B, Singh N, Kashyap R, Watts A,
Sarika S, et al. Can 3’-deoxy-3’-(18)F-fluorothymidine
or 2’-deoxy-2'-(18)F-fluoro-d-glucose PET/CT better
assess response after 3-weeks treatment by epidermal
growth factor receptor kinase inhibitor, in non-small
lung cancer patients? Preliminary results. Hell J Nucl
Med. 2014;17(2):90-6.

Sohn HJ, Yang YJ, Ryu JS, Oh SJ, Im KC, Moon DH,
et al. 18F-Fluorothymidine positron emission tomog-
raphy before and 7 days after Gefitinib: treatment
predicts response in patients with advanced adenocar-
cinoma of the lung. Clin Cancer Res. 2008;14:7423-9.
Phillips RJ, Burdick MD, Lutz M, Belperio JA,
Keane MP, Strieter RM. The stromal derived factor-1/
CXCL12-CXC chemokine receptor 4 biological axis
in non-small cell lung cancer metastases. Am J Respir
Crit Care Med. 2003;167(12):1676-86.

Hartmann TN, Burger JA, Glodek A, Fujii N, Burger
M. CXCR4 chemokine receptor and integrin signal-
ing co-operate in mediating adhesion and chemo-
resistance in small cell lung cancer (SCLC) cells.
Oncogene. 2005;24:4462-47.

Sethi T, Rintoul RC, Moore SM, MacKinnon AC,
Salter D, Choo C, et al. Extracellular matrix proteins
protect small cell lung cancer cells against apoptosis:
a mechanism for small cell lung cancer growth and
drug resistance in vivo. Nat Med. 1999;5:662-8.
Spano J, Andre F, Morat L, Sabatier L, Besse B,
Combadiere C, et al. Chemokine receptor CXCR4
and early-stage non-small cell lung cancer: pattern of
expression and correlation with outcome. Ann Oncol.
2004;15:613-7.



31

CXCR4 Theranostics: A Potential Game Changer in Solid Tumors and Hematological Malignancies

319

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Watts A, Singh B, Basher R, Singh H, Bal A, Kapoor
R, et al. 68Ga-Pentixafor PET/CT demonstrating
higher CXCR4 density in small cell lung carcinoma
than in non-small cell variant. Eur J Nucl Med Mol
Imaging. 2017;44(5):909-10.

Watts A, Singh B, Singh H, Bal A, Kaur H, Dhanota
N, et al. (68Ga)Ga-Pentixafor PET/CT imaging for in
vivo CXCR4 receptor mapping in different lung can-
cer histologic sub-types: correlation with quantitative
receptors’ density by immunochemistry techniques.
Eur J Nucl Med Mol Imaging. 2023;50:1216-27.
Raab MS, Podar K, Breitkreutz I, Richardson
PG, Anderson KC. Multiple myeloma. Lancet.
2009;374(9686):324-39.

Jemal A, Clegg LX, Ward E, Ries LA, Wu X, Jamison
PM, et al. Annual report to the nation on the status of
cancer, 1975-2001, with a special feature regarding
survival. Cancer. 2004;101(1):3-27.

Hanrahan CJ, Christensen CR, Crim JR. Current
concepts in the evaluation of multiple myeloma
with MR imaging and FDG PET/CT. Radiographics.
2010;30(1):127-42.

Laubach JP, Mahindra A, Mitsiades CS, Schlossman
RL, Munshi NC, Ghobrial IM, et al. The use of novel
agents in the treatment of relapsed and refractory mul-
tiple myeloma. Leukemia. 2009;23(12):2222-32.
Liitje S, de Rooy JW, Croockewit S, Koedam E, Oyen
WIJ, Raymakers RA. Role of radiography, MRI and
FDG-PET/CT in diagnosing, staging and therapeuti-
cal evaluation of patients with multiple myeloma. Ann
Hematol. 2009;88(12):1161-8.

Domanska UM, Kruizinga RC, Nagengast WB,
Timmer-Bosscha H, Huls G, de Vries EG, Walenkamp
AM. A review on CXCR4/CXCL12 axis in oncology:
no place to hide. Eur J Cancer. 2013;49(1):219-30.
Bartel TB, Haessler J, Brown TL, Shaughnessy JD,
van Rhee F, Anaissie E, et al. F18-fluorodeoxyglucose
positron emission tomography in the context of other
imaging techniques and prognostic factors in multiple
myeloma. Blood. 2009;114(10):2068-76.
Dimitrakopoulou-Strauss A, Hoffmann M, Bergner R,
Uppenkamp M, Haberkorn U, Strauss LG. Prediction
of progression-free survival in patients with multiple
myeloma following anthracycline-based chemother-
apy based on dynamic FDG-PET. Clin Nucl Med.
2009;34(9):576-84.

Bredella MA, Steinbach L, Caputo G, Segall G,
Hawkins R. Value of FDG PET in the assess-
ment of patients with multiple myeloma. AJR Am J
Roentgenol. 2005;184(4):1199-204.
Philipp-Abbrederis K, Herrmann K, Knop S,
Schottelius M, Eiber M, Liickerath K, et al. In vivo
molecular imaging of chemokine receptor CXCR4
expression in patients with advanced multiple
myeloma. EMBO Mol Med. 2015;7(4):477-87.

Lapa C, Schreder M, Schirbel A, Samnick S, Kortiim
KM, Herrmann K, et al. [68Ga]Pentixafor-PET/CT for
imaging of chemokine receptor CXCR4 expression in
multiple myeloma - comparison to [I8F]FDG and
laboratory values. Theranostics. 2017;7(1):205-12.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Shekhawat AS, Singh B, Malhotra P, et al. Imaging
CXCR4 receptors expression for staging mul-
tiple myeloma by using 68Ga-Pentixafor PET/CT:
comparison with 18F-FDG PET/CT. Br J Radiol.
2022;95:20211272.

Pan Q, Cao X, Luo Y, Li J, Feng J, Li F. Chemokine
receptor-4 targeted PET/CT with 68Ga-Pentixafor in
assessment of newly diagnosed multiple myeloma:
comparison to 18F-FDG PET/CT. Eur J Nucl Med
Mol Imaging. 2020;47(3):537-46.

LuoY, CaoX,PanQ,LilJ, FengJ, LiF. 68 Ga-Pentixafor
PET/CT for imaging of chemokine receptor 4
expression in Waldenstrom Macroglobulinemia/
Lymphoplasmacytic lymphoma: comparison to 18F-
FDG PET/CT. J Nucl Med. 2019;60(12):1724-9.
Jessen KR. Glial cells. Int J Biochem Cell Biol.
2004;36:1861-7.

Ahmed R, Oborski MJ, Hwang M, Lieberman FS,
Mountz JM. Malignant gliomas: current perspectives
in diagnosis, treatment, and early response assess-
ment using advanced quantitative imaging methods.
Cancer Manag Res. 2014;6:149-70.

Parvez K, Parvez A, Zadeh G. The diagnosis and
treatment of pseudoprogression, radiation necro-
sis and brain tumor recurrence. Int J Mol Sci.
2014;15:11832-46.

Kumar AJ, Leeds NE, Fuller GN, Van Tassel P, Maor
MH, Sawaya RE, et al. Malignant gliomas: MR imag-
ing spectrum of radiation therapy- and chemotherapy-
induced necrosis of the brain after treatment.
Radiology. 2000;217:377-84.

Deng SM, Zhang B, Wu YW, Zhang W,
Chen YY. Detection of glioma recurrence by
11C-methionine positron emission tomography and
dynamic susceptibility contrast-enhanced magnetic
resonance imaging: a meta-analysis. Nucl Med
Commun. 2013;34:758-66.

Huang C, McConathy J. Radiolabeled amino acids for
oncologic imaging. J Nucl Med. 2013;54:1007-10.
Okubo S, Zhen HN, Kawai N, Nishiyama Y,
Haba R, Tamiya T. Correlation of L-methyl-11
C-methionine (MET) uptake with L-type amino
acid transporter 1 in human gliomas. J Neuro-
Oncol. 2010;99:217-25.

Tabouret E, Tchoghandjian A, Denicolai E, Delfino C,
Metellus P, Graillon T, et al. Recurrence of glioblas-
toma after radio-chemotherapy is associated with an
angiogenic switch to the CXCL12-CXCR4 pathway.
Oncotarget. 2015;6(13):11664-75.

Bian XW, Yang SX, Chen JH, Ping YF, Zhou XD,
Wang QL, et al. Preferential expression of chemo-
kine receptor CXCR4 by highly malignant human
gliomas and its association with poor patient survival.
Neurosurgery. 2007;61(3):570-8.

Rubin JB, Kung AL, Klein RS, Chan JA, Sun
Y, Schmidt K, et al. A small-molecule antago-
nist of CXCR4 inhibits intracranial growth of pri-
mary brain tumors. Proc Natl Acad Sci U S A.
2003;100(23):13513-8.



320

S. Baljinder et al.

72.

73.

74.

75.

Uy GL, Rettig MP, Motabi IH, McFarland K, Trinkaus
KM, Hladnik LM, et al. A phase 1/2 study of chemo-
sensitization with the CXCR4 antagonist plerixafor in
relapsed or refractory acute myeloid leukemia. Blood.
2012;119:3917-24.

Kuhne MR, Mulvey T, Belanger B, Chen S, Pan C,
Chong C, et al. BMS-936564/MDX-1338: a fully
human anti-CXCR4 antibody induces apoptosis
in vitro and shows antitumor activity in vivo in hema-
tologic malignancies. Clin Can Res. 2013;19:357-66.
Lapa C, Liickerath K, Kleinlein I, Monoranu CM,
Linsenmann T, Kessler AF, et al. (68) Ga-Pentixafor-
PET/CT for imaging of chemokine receptor 4 expres-
sion in glioblastoma. Theranostics. 2016;6(3):428-34.
Watts A, Arora D, Kumar N, Thakur S, Basher R,
Radotra B, et al. 68Ga-Pentixafor PET/CT offers high
contrast image for the detection of CXCR4 expres-

76.

71.

78.

sion in recurrent glioma. J Nucl Med. 2019;60(suppl
1):491.

Krolicki L, Bruchertseifer F, Kunikowska J, Koziara
H, Krélicki B, Jakucinski M, et al. Prolonged survival
in secondary glioblastoma following local injection of
targeted alpha therapy with >'*Bi-substance P analogue.
Eur J Nucl Med Mol Imaging. 2018;45(9):1636—44.
Schottelius M, Osl T, Poschenrieder A, Hoffmann F,
Beykan S, Hinscheid H, et al. [177Lu] -pentixather:
comprehensive preclinical characterization of a
first CXCR4-directed endoradiotherapeutic agent.
Theranostics. 2017;7(9):2350-62.

Buck AK, Stolzenburg A, Hinscheid H, Schirbel
A, Liickerath K, Schottelius M, Wester HJ, Lapa
C. Chemokine receptor—directed imaging and ther-
apy. Methods. 2017;130:63-71.

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits use, sharing, adaptation, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's Creative Commons license,
unless indicated otherwise in a credit line to the material. If material is not included in the chapter's Creative Commons
license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder.


http://creativecommons.org/licenses/by/4.0/

®

Check for
updates

Can VPAC-Targeted Cu-67-TP3805
Play a Theranostic Role

32

for Prostate Cancer?: A Quest

Mathew L. Thakur

32.1 Introduction

Cancer is complex yet commonplace, and the
most terrifying disease of mankind. Among men
in the USA, prostate cancer (PCa) is particularly
lethal, second only to cancers of the lung and
bronchus combined [1]. In 2020, more than
30,000 men will succumb to PCa, and more than
240,000 new PCa cases will be identified in the
USA alone [1]. PCa affects one in every 6 men
who are 60 years or older and affects African-
Americans at a rate 2.4 times greater than
European-Americans [1].

To treat these patients effectively, clinicians
have a large array of options. However, even the
novel agents such as abiraterone and enzalu-
tamide offer only a limited survival benefit to the
patients. For patients with skeletal metastases,
FDA-approved Radium-223 chloride, (Xofigo)
enhances the survival for up to 3.6 months.
Furthermore Ra-223 chloride targets only osteo-
blastic lesions and does not provide effective
treatment to visceral or nodal metastatic lesions.
A continued search for more effective treatment
has recently led to the development of a theranos-
tic agent Lutetium-177-PSMA-617 (Lu-177-
PSMA-617), although not yet approved by FDA
for use in the USA, is being commonly used in
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many continents such as Europe, Asia, Australia
and South Africa. At the time of this writing, the
agent is in clinical trials in the USA. With three
or more cycles of Lu-177-PSMA-617 treatments
of approximately 7.4 GBq (200 mCi) each,
progression-free survival of up to 13.6 months
has been reported [2]. The best success of the
Lu-177-PSMA-617 treatment consists of >50%
PSA decline in 45% of the patients, partial regres-
sion in 56%, stable disease in 7% and progressive
disease in 3.6% of the patients [2—4]. Progression-
free survival for 3.6 months to 13.7 months has
also been reported [2—4].

Although the results are encouraging, several
weaknesses of Lu-177-PSMA-617 treatment
have surfaced. First, PSMA is expressed only on
80% to 85% of PCa which requires patient to be
screened, for PSMA expression using Ga-68-
PSMA-11 PET scan. Second, extensive uptake of
Lu-177-PSMA-617 in salivary glands leaves
most patients with mild-to-severe xerostomia to
minimize which some investigators have chosen
to block the uptake using botulinum toxin
(another pre-Lu-177-PSMA-617 treatment pro-
cedure). Third, considerable myelocytic toxicity
and fatigue have been also reported in patients
receiving Lu-177-PSMA-617. Fourth, Lu-177-
PSMA-617 has approximately 75% renal excre-
tion in 24 h, exerting radiation risk to renal
medulla and bladder wall. Blocking renal uptake
with certain amino acids prior to Lu-177-
PSMA-617 treatment, a third pretreatment proce-
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dure, has been also considered. Fifth, Lu-177
contains approximately 0.1% Lu-177 m as an
impurity. Lu-177 m has a half-life of 110 days.
The urinary excretion of up to 75% of injected
Lu-177 m within 24 h together with the longer
lived Lu-177 m creates a waste disposal problem
particularly for those patients who are inconti-
nent and wear diapers.

These issues, in addition to the pretreatment
procedures, not only add to the treatment cost but
are also undesirable to the patients already
stressed emotionally and weakened physically. In
addition, the PSMA treatment eliminates 15 to
20% of the needy PCa patients who do not
express PSMA. Improved agents with similar or
better therapeutic effectiveness but without the
persistent weaknesses are desirable.

32.2 OurApproach

Our proposed approach to treat PCa, its metasta-
ses and recurrence is driven by targeting an
endogenous genetic product overexpressed when
cells suffer genetic mutations that ignite cancer-
ous transformation. VPAC mediates VIP (vasoac-
tive intestinal peptide) and PACAP (pituitary
adenylate cyclase activating peptide) growth hor-
mone function in all types of PCa irrespective of
the PCa heterogeneity [5-9].

These characteristic fingerprints, the VPAC
cell surface receptors, express themselves at the
onset of the malignancy, and may be prior to the
elevation of PSA, and well before the cell mor-
phology is altered this forms the basis of histo-
logic diagnosis [5]. However, the expression on

malignant cell surface has not yet been investi-
gated for treating PCa and its metastases. Over
the past few years, we have developed a small
radioactive molecule (Cu-64-TP3805) that has
high-affinity (Kd 3.1 x 10~ M) VPAC receptors
expressed in high density on all PCa cells. Our
PET imaging studies in humans have shown that
Cu-64-TP3805 detects primary PCa, bone meta-
static lesions, and malignant lymph nodes with
>95% sensitivity [10-19]. Furthermore, the agent
has no urinary excretion, has no salivary gland
uptake, no bone marrow uptake, and only a small
uptake in the renal cortex, not sensitive to radia-
tion damage.

Copper-64 has other radionuclide, a beta-
emitting Copper-67, (t2 2.6 day, y-185 KeV
(40%) and Pmax- 580 KeV) which can be easily
used to synthesize Cu-67-TP3805 using a well-
established procedure in our laboratory and can
be used for theranostic applications in PCa
patients. Since (1) the tissue range (0.6 mm) and
the linear energy transfer for Cu-67 is the same as
Lu-177,and since Cu-67-TP3805, will have (2)
the same tissue distribution as that of
Cu-64-TP-3805 with high uptake both in primary
PCa and its metastatic lesions, (3) no urinary
excretion, (4) no salivary gland uptake, and (5)
since VPAC is expressed in high density on all
PCa types, the Cu-67-TP3805 treatment will be
readily applicable to all PCa patients without
having to perform patient suitability examination
or having to deliver any of the antitoxicity, pre-
ventive  procedures.  These  virtues  of
Cu-67-TP3805 for theranostic applications are
listed in Table 32.1.
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Table 32.1 Theranostic Cu-67-TP3805 at a glance

Advantages of
Characteristics Lu-177-PSMA Cu-67-TP3805 Cu-67-TP3805
Tissue range 0.6 mm 0.6mm Same as Lu-177
Receptor expression on PCa | 80%—85% 100% * No patient screening
type procedure required
* 100% of the PCa patients
can be treated
Tissue distribution
Salivary gland Yes No * No xenograft
* No Botulinum Toxin
pretreatment required
Renal Yes Cortex * No renal damage
(cortex and medulla) only ¢ No amino acid treatment
required
Bladder Yes No * Primary PCa lesion can be
diagnosed and treated
Metastatic lesions Yes Yes * All distant metastatic
lesions can be treated
Cancer stem cells No Yes * Cancer stem cells can be
targeted
* Minimize recurrence

32.3 VPAC Receptor and Its
Expression on PCa

VPAC, a genomic biomarker, belongs to the
superfamily of G protein-coupled surface recep-
tors which are expressed in high density (10*-
10%/cell) on all PCa types cells at the onset of
oncogenesis [20-25]. On stroma, normal cells
and benign masses VPAC is minimally present
(5—10/cell). Since VPAC receptors are expressed
on all PCa, for theranostic use of Cu-67-TP3805,
patient-qualifying screening studies, like those
required with Lu-177-PSMA-617 treatment, will
not be necessary.

Reubi and colleagues [6-9] examined more
than 600 tumors and their metastases using
immunohistochemistry and conclusively reported
that VPAC and VPAC2 receptors are overex-
pressed on a variety of frequently occurring
human tumors including those of the breast and
prostate. On 100% of the human prostate tumors

examined (n = 35), VPAC receptors were pre-
dominantly overexpressed on PCa tissues and
VPAC2 on stroma, to a lesser extent. Although
VPAC receptors exist on normal cells, their
expression is lower than on malignant cells on
which the receptor density is high.

A 28 amino acid peptide VIP has high affinity
for VIP receptors and the 27 amino acid peptide
PACAP has high affinity for VIP and PACAP1
combined. VPAC receptors are overexpressed on
all PCa including metastatic lesions (Figs. 32.1,
32.2, 32.3 and 32.4). High expression of VPAC
receptors (>10%cell) has been observed by oth-
ers. Both VIP, and PACAP,; have high affinity
for VPAC (VPAC and VPAC?2 receptors) [6-9].

Therefore, we had hypothesized that radiola-
beled VIP and PACAPI or their analogues will
provide us with excellent biomolecules for accu-
rate and sensitive detection of human PCa. The
probe can also detect metastases, and be used to
determine therapeutic effectiveness.
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Lu-177-PSMA  Cu-64-TP3805
Fig. 32.1 Comparison of tissue distribution of Lu-177-
PSMA and Cu-64-TP3805 (targeting VPAC)
Cu-64-TP3805 PET/CT fused. 10/09/2013
30 min. Pl. SUV=8.2 .-
Cu-64-TP3805 4 mCi ¢ 10% RG, 67 y/o
Gleason 7 ’
Suwv 9.2
VC, 59 y/o PSA 7.5, Gleason 344=7 .

Fig.32.2 PET images of two PCa patients (Gleason 3+4), 1 h post injection of approximately 4 mCi Cu-64-TP3805.

Radical prostatectomy was performed 1 week later. Histology confirmed PCa malignancy
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Cu-64-TP3805 Tc-99m MDP

Fig. 32.3 A 70 year old male consented to the Cu-64-TP3805 PET imaging. Images showed multiple bone lesions
secondary to his PCa. Histological examination of the bone biospy confirmed that the lesions were malignant
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a Cu-64-TP3805/Prostate Cancer

PET PET/CT cT

Benign (Tissue number: 046-2C)

Fig. 32.4 (a) Cu-64-TP3805 PET imaging of small
lymph node (arrow, SUVmax 7.15) in a 61 y/o PCa
patient. (b) Digital auto radiography (DAR) of a malig-
nant lymph node (A). Left panel shows Cu-64-TP3805
bound to malignant cells as confirmed by histology (right
panel) of the same lymph node. (B) Left panel benign
lymph node has no Cu-64-TP3805 uptake. Histology
(right panel) shows absence of malignant cells

32.4 VIP,PACAP, and Their
Analogues

VIP is a 28-amino acid peptide initially isolated
from porcine intestine [26]. VIP, whose structure
is common in humans, pigs and rats, is a hydro-
phobic, basic peptide that contains three lysine
(position 13, 18, 19) and two arginine (position
12, 14) residues. From the essential histidine res-
idue at the N-terminus to the amidated C termi-
nus, all 28 amino acids of VIP are required for
high-affinity binding and biological activity [27].

VIP gene receptors (VIP1 and VIP2) have
been detected on the cell membrane of normal
intestinal [28] and bronchial epithelial cells [21—
23] and are overexpressed on various cancer
cells, including colonic adenocarcinoma [23, 29],
pancreatic carcinoma [30], and cancers of the
prostate [6-9]. VIP (Tyrl0 and Tyr22) labeled

with I-123 successfully imaged a number of
human tumors [31]. Following PACAP homol-
ogy, these gene receptors are recently named
VPAC (for VIP1 and PACAP2 combined) and
VPAC2 (for VIP2 and PACAP3 combined).
PACAP, a 38-amino acid peptide, isolated from
bovine hypothalamus, was named PACAP
because it stimulated the accumulation of intra-
cellular and extracellular cAMP in monolayer
cultures of rat anterior pituitary cells [20, 32].
PACAP, a neurotransmitter and member of the
VIP family, is ten times more potent than VIP in
stimulating adenylate cyclase in pituitary cells
[32]. PACAP has three gene receptors, PACAPI,
2, and 3. Gottschall et al. [33] isolated 27-amino
acid PACAP (PACAP,;) from bovine hypothala-
mus and concluded that PACAPs; and PACAP,,
were equally active and derived from a single
176-amino acid precursor. PACAP,;, like VIP,
has an amidated C-terminus and histidine at the
N-terminus. Nineteen of the 27 amino acids of
PACAP,; are homologous. The fact that PACAP,;,
recognizes and has high affinity (Kd = 1.5 nM)
for both VIP and PACAP (VPAC) receptors that
are overexpressed on PCa cells suggests that
PACAP or its bioactive analogue may also be a
suitable agent to image PCa [8, 10-17].

32.5 Synthesis of N2(S-Benzyl),
Containing VIP and PACAP

We synthesized one analogue of VIP,; (TP3939)
and one of PACAP,; (TP3805) that are more
potent and biologically stable than VIPy.
Vasoactive intestinal peptide (VIP) bound to a
C-terminal diaminodithiol (N,S,) chelator was
synthesized on a Wang resin using ABI 341A
peptide synthesizer (Applied Biosystems, Inc.)
[10, 18]. The analogues were prepared, purified,
and characterized by American Peptide Company
(Sunnyvale, CA) and named after their molecular
weights as TP3805 and TP3939. Although pep-
tides have been conjugated with chelating agents
such as DOTA (1, 4, 7, 10-tetraazadocdecane -N,
N”, N’, N, —tetra acetic acid), it requires a pre-
pared and pre-purified peptide to which DOTA is
to be conjugated. The conjugated product then
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needs further purification and characterization.
Preparation of our analogues is a one-step pro-
cess that provides efficiency, saves time, and pro-
vides a N,S, type of chelating moiety for strong
chelation with Cu-64.

Our data show that these Cu-64 probes are
highly stable in vivo [11, 12]. Furthermore, the
high VIP affinity for receptors on malignant cells
and subsequent internalization minimizes its pro-
teolysis and allows cell detection, as we have
demonstrated in both mice and humans [10-19,
34]. These analogues have the high IC50 values
(4.4 nM and 5.3 nM, respectively) among the
many that have been synthesized and evaluated
[20, 32].

The rationale for choosing TP3939 analogues
was as follows. VIP28 is comprised of three aro-
matic moieties at Phe6, Tyr10, and Tyr22, a nega-
tively charged site at Asp3 and a lone pair
structure at Hisl. Although all five sites are
required for complete binding to receptors with
high affinity, substitutions at position 22 of
3-OCH3-4-OH-Phe and Lys12, Nlel7, Val26,
Thr28-VIP produced the best results, increasing
potency by four times (IC50 =4.4 nM vs. 15 nM)
over VIP,. Higher affinity may enhance tumor
uptake and improve image quality. Again, our
recent preliminary data in humans, obtained
using Tc-99 m-TP3654, a VIP analogue are con-
sistent with this hypothesis [34].

32.6 Cu-64-TP3805 and Its Tissue
Distribution in Humans

Cu-64-TP3805, designed and extensively vali-
dated in our receptors laboratory, has a high affin-
ity (3.1 x 10~ M) for VPAC receptors [10, 18,
19]. The agent is highly stable in vivo, has no
urinary excretion, has no salivary gland uptake,
and has renal uptake only in the cortex, resistant
to radiation damage (Fig. 1). The hypothesis
therefore is that by targeting VPAC receptors will
eliminate (a) patient treatment qualifying PET
imaging, (b) subsequent xerostomia without bot-
ulinum toxin pretreatment, and (c) reduce renal
toxicity preventing renal pretreatment.

32.7 Ability of VPAC Target
to Image Primary PCa,
and Its Metastases in Bone

and Lymph Nodes

Following targeting VPAC receptors, and validat-
ing our hypothesis in TRAMP (Transgenic
Adenocarcinoma of the Mouse Prostate) mice,
we have studied 45 patients with primary PCa
and metastatic lesions by PET imaging with
Cu-64-TP3805 [18]. As confirmed by postsurgi-
cal histology, all primary and metastatic lesions
were imaged with >95% sensitivity (Figs. 32.2,
32.3 and 32.4). These data support the notion that
VPAC is a highly suitable target for theranostic
applications of Cu-67-TP3805 for treating PCa
and its metastatic lesions.

32.8 Suitability of Cu-67
for Theranostic Application

Copper-67 is a commercially available, 2.6 day
half-lived radionuclide that has radiation charac-
teristics similar to that of Lu-177 (Table 32.2),
including its f tissue range of 0.6 mm and linear
energy transfer (LET). Since Cu-67 has the same
chemical properties as that of Cu-64, we can pre-
pare Cu-67-TP3805 using the same well-
established procedure in our laboratory.
Therefore, Copper-67, available commercially
without longer lived radionuclide contamination,

Table 32.2 How does copper-67 compare with Lu-177?

Cu-67 Lu-177
Half-life 2.6 days 6.7 days
Beta tissue range 0.6mm 0.6mm
(Range x 90)
SPECT gamma YES YES
(y-185 KeV (y-208 KeV
p- 580 KeV) p-497 KeV)
Theranostic PET YES NO
same element
Hospitalization NO NO
required
Production method Accelerator Reactor
Example Sartate™ Lutathera®
radiopharmaceutical
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can be easily prepared as Cu-67-TP3805 and be
effectively used to target VPAC receptors. The
attractive radiation characteristics of Cu-67 have
already drawn considerable attention leading to
clinical trials treating neuroblastoma using
SARTATE™ composed of Cu-67-labeled pep-
tide, MeCOSar-Tyr3-octreatate [35] (Table 32.2).

Reflecting on the present, planning for the
future and prompted by the highly encouraging
results in our laboratory, our quest is to system-
atically investigate targeting VPAC receptors
using beta-emitting Cu-67-TP3805 for theranos-
tic applications of primary and metastatic PCa. In
addition to the anticipated high benefit-to-risk
ratio of Cu-67-TP3805 as a theranostic, VPAC
receptors are expressed on many other oncologic
diseases, such as the cancers of the breast, blad-
der, lung, ovary, and brain [6-9, 13, 17,36, 37]. It
is therefore, reasonable to postulate that
Cu-67-TP3805 may serve as a useful theranostic
agent to treat many other cancers as well.
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Evaluation of Real-World Efficiency
of 177Lu-PSMA Radioligand
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Therapy of Metastatic Prostate

Cancer

J. Harvey Turner

What evidence is required to establish that
68Ga/177Lu-PSMA  radioligand  theranostic
management of advanced metastatic prostate
cancer provides meaningful clinical benefit in
terms of prolonged overall survival (OS) and
enhanced quality of life (QOL)?

How might it be unequivocally demonstrated
that this radionuclide molecular-targeted
approach represents a significant, affordable,
available improvement in clinical outcome over
that achievable with current standard of care,
such that it becomes adopted into mainstream
clinical oncology practice worldwide?

Where do we start?

If we were to choose 2018 as our point of
departure, we would see a tabula rasa of oncolo-
gist ignorance, and even denial, of the existence
of precision radionuclide targeted diagnosis and
therapy of prostate cancer. The comprehensive,
authoritative, state-of-the-art review on recent
accomplishments and future challenges in man-
agement of metastatic prostate cancer, published
in the New England Journal of Medicine in 2018
[1] failed to mention either 68 Ga-PSMA PET-CT
diagnosis or 177Lu-PSMA beta therapy, let alone
225Ac-PSMA alpha therapy. Viewed from a
North American perspective, theranostic radio-
nuclide precision oncology does not exist for the

J. H. Turner (<))

The University of Western Australia,
Murdoch, Australia

e-mail: Harvey.Turner @health.wa.gov.au

© The Author(s) 2024

quarter million patients with metastatic prostate
cancer diagnosed per annum in the USA by
superseded CT methodology and 99mTc-MDP
bone scans [2].

The first report of 68Ga-PSMA —PET local-
ization of human tumors in prostate cancer
patients was published in 2013 [3]. The potential
for theranostics was quickly appreciated in
Europe and Australia where, over the next
5 years, 68Ga-PSMA-PET replaced CT, and was
shown to be superior to MR, in those centers
offering this imaging modality [4]. A multicenter
German study reported change in intended man-
agement in 39% of patients after 68Ga-PSMA-
PET-CT [5]. A prospective multicenter Australian
study of patients presenting with newly diag-
nosed, or recurrent, prostate cancer, demonstrated
alteration of planned treatment in over half the
patients [6]. Both these theranostic management
studies were published in 2018, in the American
scientific literature.

Most recently, a review of the German national
experience showed even greater impact of
%8Ga-PSMA-PET-CT on prostate cancer manage-
ment, occasioning change of intended treatment
in two-thirds of patients [7]. It was remarked that
68Ga-PSMA-PET-CT had been incorporated
into the German guideline and, more signifi-
cantly, into the prostate cancer management
guideline of the European Association of
Urology. Meanwhile, whilst an American-
German coauthored paper reported the major
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impact of 68Ga-PSMA-PET-CT on salvage
radiotherapy planning [8], the accompanying,
more skeptical, editorial perspective, by a past
president of the Society of Nuclear Medicine was
entitled “Transformational Change in Prostate
Cancer Management?” [9].

The “Appropriate Use Criteria for Imaging
Evaluation of Biochemical Recurrence of
Prostate Cancer After Definitive Primary
Treatment” published April 2020 in the Journal
of Nuclear Medicine merely remarks that “the
new class of PSMA-targeted PET radiotracers
has generated considerable interest and are [sic]
discussed briefly, although these agents are cur-
rently not approved for routine clinical use in the
United States” [10]. The American Society of
Clinical Oncology (ASCO) Guideline for opti-
mum imaging strategies for advanced prostate
cancer e-published January 2020 in Journal of
Clinical Oncology stated “a number of studies
have reported on the major impact of PSMA PET
imaging on management of patients with prostate
cancer, although the potential influence on out-
come will need additional investigations” [11]. A
2020 UK review of management of de novo met-
astatic prostate cancer cited eight diverse defini-
tive studies, none of which made reference to
68Ga-PSMA PET/CT [12]. Significantly, the
reviewers remarked that currently no interna-
tional consensus has been reached on the defini-
tion of oligometastatic disease. They did,
however, acknowledge that the advent of
improved imaging of metastatic disease, such as
68Ga-PSMA, is likely to positively affect the sur-
vival outcomes achieved with metastasis-directed
therapy [12].

The definitive prospective randomized multi-
center phase 3 study of 68Ga-PSMA PET/CT
imaging commenced in 2017, in Australia [13].
The results in 302 men with newly diagnosed
prostate cancer provide compelling evidence that
PSMA PET/CT has better accuracy, with conse-
quent change in management, fewer equivocal
results, and lower radiation exposure compared
with current standard-of-care imaging with CT
and bone scanning [ 14]. Accuracy of 68Ga-PSMA
PET/CT was 27% greater than for conventional

imaging (92% vs. 65%). Comparison of sensitiv-
ity (85% vs. 38%) and specificity (98% vs. 91%)
also demonstrated significant advantage of
68Ga-PSMA PET/CT over CT and bone scan-
ning. The authors conclude that PSMA PET/CT
is better than, and can replace, conventional
imaging with CT and bone scan for staging men
with high-risk prostate cancer before surgery or
radiotherapy with curative intent, and they rec-
ommended that existing guidelines should be
reviewed [14].

It is to be hoped that this well-designed
Australian multicenter RCT will persuade oncol-
ogists, urologists, and radiologists worldwide to
adopt the essential imaging component of the
theranostic paradigm. 68Ga-PSMA-PET-CT is
the mandated prerequisite for eligibility for
177Lu-PSMA, or 225Ac-PSMA therapy, as
encapsulated in Professor Richard Baum’s
maxim: “we see what we treat, and we treat what
we see.” It is likely, however, that this truth will
become self-evident only when the actual effi-
ciency of 177Lu-PSMA radioligand therapy is
irrefutably demonstrated.

So, how do we obtain such unassailable
evidence?

Academic centers throughout Germany have
been applying theranostic management of meta-
static castrate-resistant prostate cancer (mCRPC)
with 68Ga/177Lu-PSMA since 2013 [15, 16].
Hundreds of patients have been treated on com-
passionate patient usage protocols, and several
retrospective reports of encouraging responses
have been published [16-18]. In particular, OS
was significantly longer in patients who were
chemotherapy-naive [19]. However, the proto-
cols were diverse, patient populations were het-
erogeneous, and surrogate endpoints varied. The
resulting “evidence” of efficacy was not deemed
worthy of acceptance by the oncologist commu-
nity, which demands rigorous prospective clini-
cal trials on agreed protocols, with uniform
patient eligibility criteria and predefined end-
points. Notwithstanding the absence of formal
oncologist approbation, the manifestly favorable
clinical outcomes of 177Lu-PSMA-RLTof
mCRPC, achieved with minimal toxicity, have
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resulted in hundreds of patients requesting treat-
ment with these theranostic agents, which are not
currently approved in any regulatory jurisdiction
in the world.

The European Association of Nuclear
Medicine (EANM) has taken the unprecedented
step of preparing a guideline for this unapproved
radionuclide therapy, which they acknowledge
can be offered individually on the basis of com-
passionate patient use and in accordance with the
best actual knowledge [20]. The ethical basis of
the EANM guideline is stated to be: “In line with
the declaration of Helsinki, it is considered ethi-
cally justified (and a legally recognized necessity
of excuse) to apply a well-reasoned but unap-
proved intervention compared with withholding
such a promising treatment from patients due to
formal regulatory or administrative issues.” The
guideline is intended to provide a base for the
harmonization of PSMA-radioligand therapy
protocols, wherein the EANM “strongly advo-
cates the development of PSMA-radioligand
therapy within the context of adequately powered
multicenter clinical trials with appropriate
endpoints.”

What form should such clinical trials take, in
order to establish efficiency in the global popula-
tion of prostate cancer patients?

A 2020 review of five key studies of metastasis-
directed therapy in men with oligometastatic
prostate cancer failed to mention 177Lu/225Ac-
PSMA radioligand therapy [12]. It was remarked
that large-cohort randomized controlled trials
(RCTs) exploring the effects of metastasis-
directed therapies would help to establish the
potential OS benefits of this approach and possi-
bly overcome the prohibitive financial barrier
currently preventing the use of such approaches
beyond the clinical trial setting by facilitating
insurance coverage and reimbursement [12].

RCTs have been the acknowledged gold stan-
dard for evaluation of the efficacy of novel anti-
cancer agents over the past 50 years. However,
with the advent of precision oncology, such as
radionuclide molecular-targeted therapy of pros-
tate cancer, major flaws have been exposed in
RCT methodology [21]. The demonstration of

efficacy, in terms of a statistically significant
advantage in respect of arbitrary surrogate end-
points in a highly selected patient population,
often does not translate to improved survival and
QOL in the real world of clinical practice. In fact,
most of the novel anticancer agents approved
after RCT over the past decade failed to achieve a
clinically meaningful benefit on the ASCO and
the European Society of Medical Oncology
(ESMO) scales which measure efficiency of
drugs in terms of substantial improvement of OS
and QOL, and which also show cost-benefit [22].

The magnitude of the increasing incidence
and mortality of prostate cancer throughout the
world render meeting the unmet need for a
proven remedy an urgent imperative. RCTs,
quite apart from their expense, and highly
selected patient population, take years to come
to fruition, during which time the affected pop-
ulation-at-large is denied access to the agent
being tested.

In addition, those patients allocated to the
control arm of a RCT are also denied, what is
postulated to be, the most effective treatment. For
example, 250 of the mCRPC patients assigned to
standard-of-care control arm in the VISION RCT
(NCT03511664) of 177Lu-PSMA-617-RLT will
not be able to receive the active treatment given
to the 500 patients on the study arm [23]. The
ethical rationale for this deprivation of
177Lu-PSMA-617 in the control cohort is said to
be the existence of equipoise, as carefully
explained to each RCT participant in the process
of obtaining informed consent: “Investigators
must impart a clear understanding that
177Lu-PSMA-617 has not, to date, shown any
survival advantage or any other metric of clinical
benefit over the standard of care.” However, in an
earlier prospective study; the pre-VISION Study,
using the same eligibility criteria, the same treat-
ment protocol, and the same endpoints, the same
authors reported favorable surrogate endpoints:
best PSA response (>50% decline) in more than
half the treated patients (53.7%), and median
PES 49.2 months, and conclude: “Therefore it
seems reasonable to prefer the 7.5GBq [VISION]
regimen in most patients” [24].
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Nonetheless, the major ethical objection to
any RCT is that the research subject is treated as
a means to an end of demonstrating the statisti-
cally significant efficacy of the agent, rather than
the clinical benefit of the patient on study. The
patient treated on a research study has a moral
right to be treated as an end in themselves, which
is denied them in the design of RCTs.

How can we preserve the beneficent doctor-
patient relationship and provide what is believed
to be the best management of advanced prostate
cancer, yet, at the same time, obtain the required
evidence of efficiency which would be accept-
able to oncologists, urologists, and regulatory
authorities throughout the world?

ASCO has released a policy statement asserting
the importance of phase 1 clinical trials as a treat-
ment modality with potential clinical benefit for
patients with advanced stage malignancies [25].
Similarly, the US FDA also acknowledges that a
primary aim of phase 1 trials is to gain early evi-
dence of effectiveness [26]. This official recogni-
tion of early phase trials offering potential
individual clinical benefit to all participants raises
another ethical problem for subsequent RCTs. If
drug access in phase 1 studies is considered thera-
peutic, how can investigators downstream of suc-
cessful phase 1 trials ethically deprive half their
human research subjects of study product in the
RCT? Furthermore, drug regulator policies may
restrict drug access, or limit commercial claims of
efficacy based upon phase 1/2 trials, until vali-
dated by later restrictive RCT which confines
availability to a highly select few.

The first prospective proof-of-concept phase 2
clinical trial of 177Lu-PSMA-617 in mCRPC
was a single center Australian study (ANZ CTR
12615000912583), which demonstrated efficacy
in 30 patients with advanced disease progressing
after chemotherapy [27]. The treatment protocol
was individualized within the parameters later
enumerated in the EANM procedure guideline
[20]. This seminal study demonstrates the practi-
cality of personalizing 177Lu-PSMA treatment
cycles to address the individual needs of the
patient at the discretion of their treating physi-
cian. This real-world applicable study achieved
rapid and substantial improvement in QOL and
surrogate markers of response, without any sig-

nificant toxicity. The authors concluded that this
evidence supports the need for RCTs to further
assess efficacy compared with current standard
of care. However, whilst RCT may establish effi-
cacy in a selected cohort of patients, it cannot
provide the critical evaluation of efficiency in the
global population of patients with advanced pros-
tate cancer, nor can it address the practical prob-
lems of availability, affordability, and accessibility
throughout the world [21].

The real issue of timely access to novel cancer
therapies is not one of regulatory delay, but rather
of archaic, overly restrictive, non-pragmatic RCT
designs with limited distribution of investigation
sites. RWE can help hasten the approval process
and provide both access and strong evidence of
meaningful gains in QOL and OS in large repre-
sentative patient populations [28].

The important concept proven by the pathfind-
ing  prospective  phase 2  study  of
177Lu-PSMA-617 in mCRPC [27] is the capac-
ity to individualize patient treatment within a har-
monized protocol to obtain clinically meaningful
scientific data which are credible and generaliz-
able. Thus we now have a template for the trans-
lation of 177Lu-PSMA-RLT to real-world
management of mCRPC on a harmonized proto-
col standardized to the EANM guideline.

Appropriate logistics exist in at least 50
countries where 68Ga/177Lu-PSMA theranos-
tics is currently practiced on compassionate
usage programs. The World Association for
Radiopharmaceutical and Molecular Therapy
(WARMTH) is coordinating an international pro-
spective audit of patients receiving 177Lu-PSMA
treatment under locally authorized individual
patient access programs throughout the world
and will collect, collate, and analyze real-world
data (RWD) from patients treated on a harmo-
nized protocol standardized on the EANM guide-
line. This multicenter international study:
National Investigators Global Harmonization
Theranostics CAncer of Prostate (NIGHTCAP)
Study has very simple endpoints, comprising OS
and QOL [29]. Assessment of QOL is by patient-
reported outcome (PRO), which is language-
independent and based upon patient selection of
images on a standard 5-point emoji scale app on
their smart phone [30].
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Clinical access to 68Ga/177Lu-PSMA is pro-
vided through local compassionate patient usage
programs, under existing national regulatory
agency approvals, and all therapy and follow-up
is at the discretion of the treating physician. This
individualized molecular targeted theranostic
management, within the harmonized EANM pro-
tocol guideline, does not require serial imaging
or laboratory investigations to define surrogate
response, given that the NIGHTCAP Study end-
points are limited to those which are of funda-
mental concern to the mCRPC patient: QOL and
OS [29]. The COVID pandemic precluded per-
formance of the NIGHTCAP Study but the
design principles remain valid for real-world evi-
dence of effectiveness.

Inevitably, novel evolving modifications will
improve future outcomes of treatment of
mCRPC. These potential developments may
include incorporation of combination chemother-
apy, such as cabazitaxel with 177Lu-PSMA in
the ongoing TheraP Study [27], or sequential
beta and alpha radionuclide therapy with
177Lu-PSMA and 225Ac-PSMA in tandem
approaches [31, 32]. As soon as these novel com-
bination therapies, which might also include
chemo-immunotherapies, are shown to be safe
and efficacious, they can be seamlessly incorpo-
rated into a modified harmonized adaptive
NIGHTCAP Study protocol in real time as they
become available. This rapid response and real-
time flexibility contrasts with the rigid, locked-in
protocol design, and inherent obsolescence of
RCTs.

Thus, every patient on the NIGHTCAP Study
would have received cutting-edge optimized
theranostic management which is deemed to be
most appropriate for them by their own personal
physician, according to the most up-to-date real-
time RWD. This ethically and scientifically
sound approach to clinical outcome research is
encapsulated in the ASCO Presidential Address
of 2019 “Caring for every patient, learning from
every patient” [33]. In the NIGHTCAP Study
design, nothing be lost in translation into real-
world evidence of efficiency of 177Lu-PSMA
radioligand therapy of metastatic prostate cancer
in routine oncology clinical practice throughout
the world.
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34.1 Introduction

Although they have historically been considered
as rare tumors, recent data suggest that neuroen-
docrine tumors (NETs) are more common than
might be expected [1, 2]. Reported annual age-
adjusted incidence is 5.25/100,000 [3]. NETs
may arise anywhere in the human body, but the
most common location of the primary lesion is
the gastroenteropancreatic (GEP) tract, followed
by the lungs. GEP NETs originate from the dif-
fuse endocrine system of the gastrointestinal tract
and pancreas [4]. A wide spectrum of biologi-
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cally active peptides can be produced by NET
cells (e.g., serotonin, gastrin, glucagon, and insu-
lin) which are stored in vesicles, whose proteins
(chromogranin A and synaptophysin) are com-
mon markers of GEP NETs [5].

The majority of GEP NETs (primaries and
metastases) express somatostatin receptors, five
distinct subtypes (sstr 1 to 5) of which have been
identified, all of them binding native somatosta-
tin. Somatostatin (sst) is a small, cyclic neuro-
peptide formed of 14 or 28 amino acids, both
originating from the same preprotein, and is pres-
ent in neurons and endocrine cells. It inhibits the
secretion of a wide range of hormones. Its antip-
roliferative action controls cell growth with the
potential for therapeutic application. Somatostatin
actions are mediated by transmembrane domain
G-protein-coupled receptors, and multiple sub-
types of these receptors frequently coexist in the
same cell [6, 7].

Naturally occurring sst has a very low meta-
bolic stability in vivo with a half-life of less than
2 min. Therefore, more stable synthetic sst ana-
logues have been developed [7, 8] which for
in vivo diagnostic purposes have been labeled
with gamma emitters: first with 1-123 [9] and
subsequently with In-111 [10], Tc-99 m [11-13],
Ga-67 [14], and with positron emitters: C-11
[15], F-18 [16, 17], Ga-68 [14], Cu-64 [18],
Sc-44 [19], and Tb-152 [20].
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%8Ga-DOTATOC  and  %Ga-DOTATATE
(Fig. 34.1) are the most established somatostatin
receptor PET tracers and both have been recently
approved in USA and Europe. Both radiophar-
maceuticals enabled higher lesion detection rate
than conventional !'In-DTPA-octreotide SPECT
scintigraphy [21, 22], and changed the clinical
management in most patients with negative or
inconclusive findings on '""In-DTPA-octreotide
scintigraphy [22]. Furthermore, dosimetric data
showed the effective dose of 'In-DTPA-
octreotide to be approximately three to five times
higher than for the ®Ga-labeled somatostatin
analogs [23].

In GEP NET sstr 2 is overexpressed most
abundantly, followed by sstr 1 and 5, rarely sstr 3
and 4 [24]. Higher presence of sstr 3 is revealed
in pancreatic NET (incidence up to 71%) [25],
compared with non-pancreatic NET. In vitro, it

NH

%Ga-DOTATOC

Fig. 34.1 Structural formulas of ®Ga-DOTATOC and
%8Ga-DOTATATE, where TOC and TATE stand, respec-
tively, for D-Phe-Cys-Tyr-D-Trp-Lys-Thr-Cys-Thr(OH)

has been shown that %Ga-DOTATATE binds to
sstr 2, with an approximately tenfold higher
affinity than ®®Ga-DOTATOC. On the other hand,
%Ga-DOTATOC binds also to sstr 5 with signifi-
cantly lesser affinity than to sstr 2, but with five-
fold higher affinity compared to ®*Ga-DOTATATE
[26]. However, for various radionuclides, such an
affinity difference between DOTATOC and
DOTATATE could not be confirmed in humans.
To clarify this discrepancy, Poeppel et al. [27]
have conducted a study on 40 NET patients
undergoing  both  %Ga-DOTATATE  and
%Ga-DOTATOC PET/CT. They also performed a
separate subgroup analysis of 27 GEP-NET
patients [28]. Both these studies showed a small
but significantly higher number of lesions
detected by ®*Ga-DOTATOC and unexpectedly
higher SUVmax in both primary tumors and
metastases, but not in kidneys. Hence, a

H-N

OH

H
NH
HO H
NH
OH
O oh)

H S
s °
OHN

NH

®Ga-DOTATATE

and D-Phe-Cys-Tyr-D-Trp-Lys-Thr-Cys-Thr. Difference
in structure is highlighted with blue square [29]
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significantly higher kidney-to-tumor ratio for
%8Ga-DOTATOC was reported. The authors con-
clude that the approximately tenfold higher
in vitro affinity of ®Ga-DOTATATE for sstr 2 is
not clinically relevant. Yet, in another study on 10
NET patients undergoing both %Ga-DOTATATE
and %Ga-DOTATOC PET/CT, Velikyan et al.
[29] state a preference for %Ga-DOTATATE
because of healthy organ distribution and excre-
tion, although their conclusion is not fully sup-
ported by their data and their tumor-to-healthy
organ ratios for liver, kidney, and spleen were all
in favor of %Ga-DOTATOC. Therefore, the aim
of this study was to resolve this discrepancy by
comparing in another group of GEP NET patients
the in vivo distribution of the two radiopharma-
ceuticals in the same patients by determining
their SUVmax values in primary tumors, metas-
tases, and in normal liver.

34.2 Methods

Thirty eight histologically confirmed well-
differentiated GEP NET patients with clinically,
biochemically, and morphologically stable dis-
ease (selected from 800 NET patients), 19 female
and 19 male (mean age 61.8 + 12.1 years; age
range 24-79 years) were submitted to first a
%Ga-DOTATATE  and  subsequently a
%Ga-DOTATOC PET/CT study on two consecu-
tive visits as part of a usual workup, with 197 days
(117-311 days range) in between. Well-
differentiated GEP NET primary tumors
included: 1 duodenal, 18 pancreatic, 2 cecal, 12
ileal, 3 jejunal, 1 mesenteric, and 1 GEP NET in
appendix.

Patients had either not been on octreotide ther-
apy or had octreotide therapy suspended for
6 weeks prior to ®Ga-DOTATOC/®*Ga-
DOTATATE PET/CT. Labeling and quality con-
trol of the radiopharmaceuticals were performed
according to methods described previously [30].
%Ga-DOTATOC and *Ga-DOTATATE were pre-
pared in the radiopharmacy of the Zentralklinik
Bad Berka under GMP conditions and used in
patients in agreement with specific German regu-
lations for the use of in-house prepared radio-

pharmaceuticals and in accordance with
regulations of the Federal Office for Radiation
Protection (Bundesamt fiir Strahlenschutz).
Patients were given 1.5 L of water-equivalent
oral contrast dispersion Gastrografin 1 h before
the start of acquisition. To increase renal washout
and decrease radiation exposure to the urinary
bladder, 20 mg of furosemide was given i.v. after
injection of ®*Ga-DOTATOC/%*Ga-DOTATATE.

All patients were examined on a dual-modality
PET/CT scanner (Biograph duo; Siemens
Medical Solutions). On average, acquisition
started 87 min after injection of 123 + 9 MBq of
%Ga-DOTATATE, and 90 min after injection of
119 £ 8 MBq of %Ga-DOTATOC, each with a
peptide mass dose of 12 pg.

First, a topogram was acquired. The patients
were given 100 mL of intravenous contrast (by an
automated injection pump), followed by com-
puted tomography (CT) scanning in the cranio-
caudal direction with 30 s delay after injection,
and PET scanning in the caudocranial direction.
After scatter and attenuation correction, PET
emission data were reconstructed using an
attenuation-weighted ordered-subsets maximiza-
tion expectation approach with two iterations and
eight subsets on 128 x 128 matrices and with a
5 mm Gaussian post-reconstruction filtering.

The PET/CT images were assessed using E.
soft (syngo-based nuclear medicine software). In
each of 76 patient PET/CT studies (38 PET/CT
studies for each radiopharmaceutical), regions of
interest (ROIs) were outlined in normal liver tis-
sue, in the primary tumor as well as in all liver,
lymph node, soft tissue, and bone metastases on
PET/CT fusion images. For the liver ROI, the
normal tissue of the liver was chosen with care as
not to include possible metastases, present in the
liver tissue of some GEP NET patients. The ROIs
positioned were verified in all three planes (trans-
versal, coronal, and sagittal).

SUVmax for all outlined ROIs in both studies
(8 Ga-DOTATATE and %Ga-DOTATOC) were
determined and mean SUVmax values for
8Ga-DOTATATE and %Ga-DOTATOC in normal
liver tissue, primary tumors, and metastases (in
liver, lymph nodes, soft tissues, and bones) were
calculated and compared.
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Statistical analysis was performed using a
General Linear Model for Repeated Measures
procedure. Radiopharmaceutical had two vari-
ables, and the type of tissue had six variables
(primary GEP NET, metastases in the liver, soft
tissue, lymph nodes, bones, and normal liver tis-
sue). Sidak’s test enabled comparison between
accumulation of both radiopharmaceuticals
(SUVmax values) in primary tumor, in metasta-
ses in liver, lymph nodes, bones, soft tissues, and
in normal liver tissue.

34.3 Results

The intravenous injections of %Ga-DOTATATE
and ®®Ga-DOTATOC were well tolerated. No
local or systemic side effects were evident during
the time of observation (up to 180 min post injec-
tion). Examples of data reconstruction and image
analysis are displayed in Fig. 34.2a for
%Ga-DOTATATE and in Fig. 34.2b for
%Ga-DOTATOC.

On 76 PET/CT studies (38 **Ga-DOTATATE
and 38 ®®Ga-DOTATOC in 38 GEP NET patients),
548 regions of interest (36 over primary tumors,
196 over liver metastases, 134 over lymph nodes
metastases, 86 over bone metastases, 34 over soft
tissue metastases, 62 over normal liver tissue)
were outlined and SUVmax values were deter-
mined and compared (Table 34.1).

For both %Ga-DOTATATE and
%8Ga-DOTATOC, the highest SUVmax values
were measured in primaries, followed by liver-,
soft tissue- and lymph node-metastases. Of all

metastases, bone metastases had the lowest
SUVmax for both radiopharmaceuticals
(Fig. 34.3). Almost identical values for

8Ga-DOTATATE and %Ga-DOTATOC SUVmax
were registered in normal liver tissue.

%Ga-DOTATOC had higher SUVmax values
(mean SUVmax = 15.10) compared to
%Ga-DOTATATE (mean SUVmax = 12.67) in all
measured tumor tissues (the difference was sta-
tistically highly significant: F = 27.174;
p < 0.001) (Tables 34.1 and 34.2). The signifi-
cance of the differences between ®Ga-DOTATOC
and %Ga-DOTATATE accumulation (SUVmax
values) in primary GEP NET tumors (Sidak’s test
results), in metastases in the liver, lymph nodes,
bones, and soft tissues, and in normal liver tissue
are displayed in Table 34.2.

Comparison of radiopharmaceutical uptake
(SUVmax) in different tumor tissues, as well as
in tumor tissue and normal liver tissue, where a
significant difference was found (for both
%Ga-DOTATATE and %Ga-DOTATOC), is
shown in Table 34.3. Highly significant differ-
ence was registered in primary tumor, in liver
metastases, and in lymph node metastases.
Significant difference was registered in bone
metastases. Notwithstanding these highly signifi-
cant differences in SUV max values, consider-
able variability in the preferred tracer uptake was
still observed, as shown in Table 34.4. No signifi-
cant difference existed in soft tissue metastases
(higher values were obtained for ®¥Ga-DOTATOC
compared to ®Ga-DOTATATE, but without sta-
tistically significant difference), and in normal
liver tissue.

Fig.34.2 (a) Maximum intensity projection, transversal,
sagittal and frontal (coronal) fused PET/CT images
obtained with ®*Ga-DOTATATE in the same patient with
pancreatic corpus and tail NET displayed. A ROI around
a metastasis in S5/6 of the liver is outlined on all fused
images. SUVmax = 21.5. (b) Maximum intensity projec-

»
>

tion, transversal, sagittal, and frontal (coronal) fused PET/
CT images obtained with ®Ga-DOTATOC in a patient
with pancreatic corpus and tail NET displayed. A ROI
around a metastasis in S5/6 of the liver is outlined on all
fused images. SUVmax = 26.0
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Table 34.1 Results of SUVmax measurements in ®*Ga-DOTATATE and ®*Ga-DOTATOC PET/CT studies on 38 GEP

NET patients with stable disease

Tissue SUVmax value

Radiopharmaceutical Mean SD Number

%Ga-DOTATATE Primary tumor 20.39 13.68 18
Metastasis in the liver 15.41 9.43 98
Lymph node metastasis 11.96 9.52 67
Bone metastasis 7.48 5.72 43
Soft tissue metastasis 15.30 16.37 17
All lesions 12.67 10.45 243
Normal liver 6.82 1.66 31

%Ga-DOTATOC Primary tumor 24.23 20.11 18
Metastasis in the liver 17.86 11.36 98
Lymph node metastasis 15.20 13.32 67
Bone metastasis 9.87 7.98 43
Soft tissue metastasis 17.32 18.77 17
All lesions 15.10 13,27 243
Normal liver 6.89 1.82 31

24,2 PRIMARY TUMOR

129 METASTASIS IN THE LIVER
SOFT TISSUE METASTASIS

LYMPH NODE METASTASIS

Means of SUVmax
\
L)
A
4

10 & BONE METASTASIS
Y
;. NORMAL LIVER TISSUE
6.8 6,
®Ga-DOTA  %Ga-DOTA
TATE TOC

Fig.34.3 Comparison between mean SUVmax values of
%Ga-DOTATATE and Ga-DOTATOC in the normal
liver, primary tumor and its metastases (in the liver, lymph
nodes, soft tissues, and bones)

Table 34.2 Significance of the difference between
%Ga-DOTATOC and *Ga-DOTATATE accumulation
(SUVmax values) in primary GEP NET tumors, in metas-
tases in the liver, lymph nodes, bones and soft tissues, and
in normal liver tissue

Statistical
significance(p)
Mean difference in (pairwise
SUVmax values comparison;
(**Ga-DOTATOC adjustment for
SUVmax—%Ga- multiple
DOTATATE comparisons:
Tissue SUVmax) Sidak)
Primary 3.839 0.008
tumor
Metastasis 2.449 0.000
in the liver
Lymph 3.239 0.000
node
metastasis
Bone 2.386 0.011
metastasis
Soft tissue 2.018 0.173
metastasis
All lesions 2.430 0.000
Normal 0.071 0.948
liver
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Table 34.3 Comparison of radiopharmaceutical uptake (SUVmax) in different tumor tissues, as well as in tumor tissue

and normal liver tissue, where a significant difference was found

343

%Ga-DOTATATE %Ga-DOTATOC
SUVmaxdifference SUVmaxdifference
Radiopharmaceutical uptake Statistical significance | Mean Statistical significance
comparisons Mean p p
Primary tumor vs. bone metastases 12.92 0.000 High 14.37 0.001 High
Primary tumor vs. normal liver tissue | 13.57 0.000 High 17.34 0.000 High
Primary tumor vs. lymph node 8.43 0.012 Significant 9.03 0.079 No
metastases
Liver vs. bone metastases 7.94 0.000 High 8.00 0.006 High
Liver metastases vs. normal liver 8.59 0.000 High 10.97 0.000 High
tissue
Soft tissue vs. normal liver tissue 8.48 0.044 Significant 10.42 0.069 No
Lymph node metastases vs. normal 5.14 0.167 No 8.31 0.027 Significant
liver tissue

Table 34.4 Frequency of higher SUVmax for ®*Ga-DOTATATE and **Ga-DOTATOC in 243 GEP NET lesions

Tissue Higher SUVmax Equal SUVmax Lesion number
%Ga-DOTATATE %Ga-DOTATOC

Primary net 7 10 1 18

Hepatic mets 35 62 1 98

Lymph node mets 17 48 2 67

Bone mets 9 34 0 43

Soft tissue mets 5 11 1 17

All 73 165 5 243

34.4 Discussion

In vivo molecular imaging by somatostatin
analogue-based PET/CT has become the gold
standard in clinical practice for diagnostics of
GEP NET [31, 32]. These peptides exhibit fast
pharmacokinetics, fast target localization, fast
blood clearance, and fast renal excretion [33].
Scanning time is short and radiation dose is low
[33]. Additional qualities are high sensitivity,
high resolution, high detection rate, high image
contrast, and the possibility of accurate quantifi-
cation [33].

In this study, we have demonstrated a signifi-
cantly higher accumulation of ®Ga-DOTATOC
compared to %Ga-DOTATATE, not only in pri-
mary tumors, but also in metastases (hepatic,
lymph node and bone). In soft tissue metastases,
%Ga-DOTATOC SUVmax tended to be higher
too, but the difference was not statistically sig-

nificant. The results from this study are very sim-
ilar to the results obtained by Poeppel et al. [27,
28], who also found significantly higher SUV
max for %Ga-DOTATOC compared to
%Ga-DOTATATE, although actual SUVmax val-
ues for different lesion types show differences
between both studies, which may be explained by
individual variations in receptor densities.
Nevertheless, for ¥Ga-DOTATOC, Poeppel et al.
[28] reported the highest SUVmax for primary
tumors, followed in decreasing order by metasta-
ses in liver, lymph nodes and bone, which is iden-
tical to the order found in this study. For
%8Ga-DOTATATE, a similar sequence was
observed in this study, albeit with lower SUVmax
values than for %Ga-DOTATOC, whereas
Poeppel et al. reported a marginally higher
SUVmax in liver metastases than in primary
tumors for *Ga-DOTATATE. However, it needs
to be emphasized that the difference in SUVmax
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between primary tumors and hepatic metastases
in the present study was not significant, whereas
this was not tested by Poeppel et al.

Explanations for the different SUVmax values
of %Ga-DOTATOC and %Ga-DOTATATE [27,
29] have been sought in the different in vitro
affinity profiles for the various sst receptor sub-
types of these ligands [6, 7]. %Ga-DOTATATE
has the highest in vitro affinity for sstr 2
(IC50 = 0.20 £ 0.04 nM/L), even higher than
natural somatostatin-28 (IC50 =2.7 + 0.3 nM/L).
Affinity of Ga-DOTATOC for sstr 2
(IC50 = 2.5 = 0.5 nM/L) is similar to natural
somatostatin-28, but tenfold lower than the affin-
ity of %%Ga-DOTATATE. However,
%Ga-DOTATOC has 39% higher affinity for sstr
3 (IC50 = 613 + 140 nM/L) and fivefold higher
for sstr 5 (IC50 = 73 + 21 nM/L) compared to
DOTATATE (IC= > 1000 nM/L for sstr 3 and
IC50 = 377 = 18 nM/L for sstr 5) [26, 34].
However, at the peptide mass dose used in this
study, the highest tracer plasma concentration
that can be reached is in the low nanomolar, if not
the subnanomolar, range. At this concentration,
the only appreciable binding that may be expected
for both tracers is with sstr 2 and any binding to
other sst receptor subtypes will be very minor or
negligible, even when the protein mass of the dif-
ferent receptor subtypes would be comparable.
Predicted binding will be even less when taking
into account that only a very small fraction of the
peptide is actually radiolabeled and that the
in vitro affinity of the unlabeled tracers is lower
than for the *Ga-labeled tracers [26].

These latter considerations would certainly
correspond with the significant correlation of
membranous sstr 2 expression as determined by
immunohistochemistry and *Ga-DOTATOC
PET/CT SUVmax in patients with NETs [35].
Interestingly, Kaemmerer et al. demonstrated
highly significant correlations between the
SUVmax in ®Ga-DOTANOC PET/CT scans and
immunoreactive scores of both sstr 2A and sstr 5
of NET patients [36]. Importantly, Wild et al.
have reported for ®Ga-DOTANOC an sstr 2
IC50 = 19 = 04 nM/L and an sstr 5
IC50 = 7.2 + 1.6 nM/L, both values in the low
nanomolar range [37]. However, even if for

8Ga-DOTATOC and %Ga-DOTATATE only
binding to sstr 2 plays a role, the higher SUVmax
of ¥Ga-DOTATOC is in remarkable contrast with
the reported >10 times higher in vitro affinity of
%8Ga-DOTATATE for sstr 2. As Poeppel et al.
concluded, this >10 times higher in vitro affinity
of ¥Ga-DOTATATE did not prove to be clinically
relevant. The affinity profiles for the various
somatostatin receptor subtypes have been estab-
lished in vitro in transfected cell cultures. The
in vivo affinity for these somatostatin receptor
subtypes expressed in their native environment
may be further determined by, for instance, allo-
steric modulation and/or receptor clustering,
which may impact the various ligand affinities
differently. In this respect, it is highly interesting
to note that in transfected cells expressing both
sstr 2 and sstr 5, substantial heterodimerization
was observed depending on the type of sst-
agonist. The sstr 2/sstr 5 heterodimerization
resulted in augmented receptor recycling and an
approximate tenfold increase in efficiency for
G-protein-coupling and MAPK activation [38,
39]. Unfortunately, the effects of DOTATOC and
DOTATATE on formation of sstr homo- and het-
erodimers and their functional consequences are
unknown.

In therapeutic applications with higher plasma
concentrations of somatostatin analogues, bind-
ing to sstr subtypes with lower affinities may
become more relevant. The most commonly
expressed subtypes in GEP NETs are known to
be sstr 2A and sstr 5. The expression of sstr 2 and
sstr 5 has a prognostic role as reported by Corleto
et al. [40]. They observed a significantly better
survival rate in patients with well-differentiated
endocrine carcinomas expressing sstr 2, sstr 5
and Ki-67 < 2%, treated with somatostatin ana-
logues, compared to those with sstr 2 and sstr 5
negative tumors and Ki-67 > 2% (p < 0.038).
Five years survival rates were 91% vs. 43%,
respectively. The positive prognostic role of
expression of sstr 2 and sstr 5 is possibly related
to the high affinity that the available somatostatin
analogs display for these two specific sstr sub-
types [40]. Interestingly, when going from well-
differentiated endocrine tumors to poorly
differentiated endocrine carcinomas, the densi-
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Fig.34.4 Percentage of GEP-NETS with sstr 1-5 expres-
sion according to WHO classification. WDET well-
differentiated endocrine tumor, WDEC well-differentiated
endocrine carcinoma, PDEC poorly differentiated endo-
crine carcinoma. (Adapted with permission from [25],
copyright Elsevier)

ties of sstr 1, sstr 2, sstr 3, and sstr 4 all decrease,
but the density of sstr 5 shows a substantial
increase [25] (Fig. 34.4).

We could not register differences in uptake
between the two radiopharmaceuticals in normal
liver tissue, which had significantly lower
SUVmax values than primaries and liver- and
lymph node metastases. In a previous publication
[41], we have compared in vivo uptake of
%8Ga-DOTATOC in liver and prostate (being
threefold lower in the prostate) with in vitro sstr
2 expression (being sixfold greater in prostate)
[42]. Higher liver uptake of ®Ga-DOTATOC than
expected on the basis of sstr 2 expression has
been related to normal peptide metabolism in the
liver [42, 43]. Our result of almost identical
uptake of ¥Ga-DOTATOC and %Ga-DOTATATE
in normal liver tissue supports this explanation.
%Ga-DOTATOC SUVmax values for renal paren-
chyma at 1 h, 2 h, and 3 h and for liver at 1 h and
2 h were found to be lower than ®*Ga-DOTATATE
SUVmax values [29], while the tumor-to-kidney
ratio has been reported to be higher than that of
%8Ga-DOTATATE [29, 44]. Added to the higher
%8Ga-DOTATOC SUVmax values for primary
tumors and metastases, this would make
%Ga-DOTATOC, the preferred peptide for soma-
tostatin receptor imaging. However, we have also

shown considerable variability in preferred pep-
tide uptake, suggesting that for therapy planning
somatostatin receptor imaging with both peptides
would be optimal, ideally with the same peptide
amount as planned for therapy. Unfortunately,
although '”Lu is currently the most widely used
radionuclide for peptide receptor radionuclide
therapy in NET patients, the affinity profiles of
"7"Lu-DOTATOC and '""Lu-DOTATATE for the
various sstr have not been published to date.

34.4.1 Potential Limitations

For each patient, the first somatostatin receptor
imaging reported in this study was performed
with  %Ga-DOTATATE, the second with
%Ga-DOTATOC. However, as already men-
tioned, we have only selected patients, with clini-
cally, biochemically, and morphologically stable
disease on both occasions.

Partial volume effect in this study, described
for lesions whose diameter is smaller than two or
three times the scanner resolution [45], had no
influence on the results, since both radiopharma-
ceuticals were compared under the same condi-
tions in the same patients, in the same primaries
and in the same metastases.

34.5 Conclusions

On average, %Ga-DOTATOC shows significantly
higher uptake in GEP-NET primary tumors and
metastases than ®*Ga-DOTATATE. However, we
have also observed considerable variability in
preferred peptide uptake. Optimal therapy plan-
ning would therefore require somatostatin recep-
tor imaging with both these peptides.
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35.1 Introduction a-emitters is likely to perform better than with

Somatostatin receptor (SST) scintigraphy for
imaging and somatostatin analogues for treat-
ment have been used for the management of
patients for more than 20 years. In the last
20 years, important developments have improved
the management of patients with neuroendocrine
tumours (NETs) or neuroendocrine neoplasias
(NENs): (1) introduction of peptide receptor
radionuclide therapy (PRRT) with radiolabelled
SST agonists such as *°Y- or 7’Lu-DOTA-TOC
and ""Lu-DOTA-TATE [1], (2) invention of SST
PET/CT with radiolabelled SST agonists, such as
%Ga-DOTA-TOC,  ®Ga-DOTA-TATE  and
%Ga-DOTA-NOC which allows most sensitive
staging and restaging of NETs as well as the
identification of those patients who will benefit
from PRRT (theranostic approach) [2], (3) evalu-
ation of PRRT in a randomized, controlled phase
III trial with an intervention arm ('”’Lu-DOTA-
TATE plus somatostatin analogue octreotide
LAR), and a control arm (high-dose octreotide
LAR) showing the superiority of PRRT in com-
parison to the treatment with somatostatin ana-
logues [3], (4) discovery that PRRT with
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p-emitters in certain conditions [4], (5) last, but
not least, introduction of SST antagonists, which
seem to recognize more bindings sites on SST-
expressing cancer cells and show favourable
pharmacokinetics and better tumour visualiza-
tion than agonists despite of very poor internali-
sation rates [5, 6].

Current preclinical and clinical developments
of radiolabelled SST antagonists for theranostics
(imaging and therapy) and their clinical potential,
not only in NETs but also on other tumours are
discussed here.

35.2 Partl. Preclinical
Development of SST
Antagonists for Theranostics

More than 20 years ago, Bass et al. found that the
inversion of chirality at position 1 and 2 of the
octapeptide (octreotide family) converted an ago-
nist into a potent antagonist [7]. Afterwards,
structure activity relationship studies done by
Hocart et al. revealed different potent antagonists
[8] which were used as lead structures by Jean
Rivier (Salk Institute for Biologic Studies, La
Jolla, CA), Jean Claude Reubi (University of
Bern, Switzerland), and Helmut R. Micke
(University Hospital Basel, Switzerland) for the
collaborative development of SST antagonists for
labelling with radiometals [5, 9].

349

V. Prasad (ed.), Beyond Becquerel and Biology to Precision Radiomolecular Oncology: Festschrift
in Honor of Richard P. Baum, https://doi.org/10.1007/978-3-031-33533-4_35


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-33533-4_35&domain=pdf
https://doi.org/10.1007/978-3-031-33533-4_35
mailto:Damian.Wild@usb.ch

350

D. Wild

The first radiolabelled SST antagonists were
labelled with Indium-111 ('"'In) via the DOTA
(1,4,7,10-tetraazacyclododecan-1,4,7,10-
tetraacetic acid) chelator and were based on the
somatostatin receptor subtype 2 (SST2)-specific
antagonist BASS (p-NO,-Phe-cyclo(D-Cys-
Tyr-D-Trp-Lys-Thr-Cys)D-Tyr-NH,)
(Table 35.1), developed by Bass et al. [7], and
the SST3-specific antagonist SST3-ODN-8,
developed by Reubi et al. [10]. Comparison of
these new SST selective  antagonists
(""In-DOTA-BASS and !'"In-DOTA-SST3-
ODN-8) with highly potent SST agonists
(!"In-DTPA-TATE which is SST2 specific and
n-DOTA-NOC which has affinity for SST3,

in addition to SST2 and SST5) showed some-
what unexpected results in mice bearing human
SST2- and SST3-expressing xenografts:

1. Tumour uptake was more than 1.5-fold higher
with the antagonist, despite of the lower
receptor affinity [5].

2. Tumour uptake was longer lasting with the
antagonist, despite the lack of tumour cell
internalisation [5, 11].

An important finding of these first studies was
that radiolabelled SST antagonists recognized a
larger number of binding sites in vitro than radio-
labelled SST agonists [5].
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35.2.1 Second Generation
of Radiolabelled SST
Antagonists

The same collaborative group (Jean Rivier, Jean
Claude Reubi and Helmut R. Micke) designed
the second generation of SST antagonists with
improved SST?2 affinities for labelling with the
positron emitter Gallium-68 (%Ga) for PET/CT
imaging as well as p~-emitters (!”’Lu and *°Y) for
therapy: this included different SST2 specific
antagonists such as JR10 (p-NO,-Phe-cyclo-D--
Tyr-NH,), JR11 (Cpa-cyclo-D-Tyr-NH,), and
LM3 (p-Cl-Phe-cyclo[D-Cys-Tyr-D-Aph(Cbm)-
Lys-Thr-Cys]D-Tyr-NH,) [9, 12, 13], in combi-
nation with two chelators, namely, DOTA and
NODAGA (1,4, 7-triazacyclononane,1-glutaric
acid-4,7-acetic acid), (Table 35.1).

Biodistribution and affinity studies with
%Ga-labelled DOTA- and NODAGA-SST2
antagonists indicated that the chelate made the
difference as Ga-NODAGA conjugates
improved the affinity to SST2 and increased
the SST2-specific tumour uptake [13, 14].
Furthermore, the Ga(III)-DOTA-SST2 antago-
nists had a lower affinity for SST2 than the
respective Y (III)-DOTA-, Lu(II)-DOTA-, or
In(IIT)-DOTA-SSTR?2 antagonists (Table 35.1),
[13]. For the understanding of the potential of
radiolabelled SST2 antagonists, the compari-
son with high-affinity SST2 agonists is crucial.
For example, %Ga-DOTA-JR11 and
%8Ga-NODAGA-JR11, having a lower affinity
for SST2 (~145-fold and ~ six-fold) than
%%Ga-DOTA-TATE (Table 35.1), demonstrated
in vivo tumour uptake that was 1.3-fold and
1.7-fold higher in a preclinical head-to-head
comparison [13].

SST2 antagonists indicated not only superior
biodistribution and tumour uptake in combination
with %Ga for PET/CT imaging but also with f~-
emitters for a therapeutic approach. For example, a
head-to-head  comparison of 10  pmol
"Lu-DOTA-JR11 and 10 pmol 'Lu-DOTA-
TATE showed significantly higher tumour uptake
for "Lu-DOTA-JR11 (11.7 = 2.15% injected

activity per gram) than for '"Lu-DOTA-TATE
(3.66 + 0.54% injected activity per gram) at 72 h
after injection resulting in a 2.6 times higher
tumour radiation dose [14]. Importantly, also
tumour-to-background dose ratios (kidney, bone
marrow, spleen, and liver) were higher with
""Lu-DOTA-JRI1 than with "Lu-DOTA-
TATE. The tumour-to-background dose ratio
could be further enhanced by increasing the
amount of '"Lu-DOTA-JR11 from 10 pmol to
200 pmol (e.g., tumour-to-liver dose ratios were
20.9 with 10 pmol peptide mass and 44.9 with
200 pmol peptide mass) [14]. Comparison of
""Lu-DOTA-JR11 and '""Lu-DOTA-TATE in a
mice xenograft study indicated a higher median
survival rate (71 vs. 61 day) and a longer delay in
tumour growth (26 + 7 vs. 18 = 5 day) in
""Lu-DOTA-JR11 treated mice [18]. Similar
results are found by Albrecht et al. comparing
"Lu-DOTA-JRI11 with ""Lu-DOTA-TOC [19].
Despite the fact that 88 + 1% of the SST2 antago-
nist remained on the surface of the tumour cells,
"Lu-DOTA-JR11 showed several time higher
tumour uptake and caused at least 60% more DNA
double-strand breaks than !""Lu-DOTA-TATE
[18]. Head-to-head comparison of °Y-DOTA-JR 11
and "Lu-DOTA-JR11 revealed a lower therapeu-
tic index of **Y-DOTA-JR11 with a ~ 20% lower
tumour-to-kidney uptake ratio and a > 4 times
higher effective dose in treated mice [14].
Furthermore, ""'"In-DOTA-JR11 cannot be used as
a surrogate of **Y-DOTA-JRI1 for imaging and
dosimetry studies because of differences in their
pharmacokinetics and affinity for SST2 [13, 14].

Based on the affinity profile and preclinical
in vivo studies [9, 12, 13] the following radiotrac-
ers were advancing into patients:

1. ¥Ga-NODAGA-JR11 and %Ga-NODAGA-
LM3 for PET/CT imaging.

2. "Lu-DOTA-JR11 for therapy with its ther-
anostic companion %Ga-DOTA-JR11 and
%8Ga-NODAGA-JR11.

3. "Lu-DOTA-LM3 for therapy with its ther-
anostic companion ¥Ga-NODAGA-LM3 and
and %*Ga-DOTA-LM3.
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Table 35.2 SST2 binding in different human tumours

Respective in vitro autoradiography study: SSTR Samples | Antagonist-to-agonist
Tumour antagonist/SSTR agonist (n) ratio
Non-Hodgkin 121-JR11/"I-Tyr*-octreotide® 15 14.0
lymphoma Lu-DOTA-BASS/"""Lu-DOTA-TATE® 12 4.8
Renal cell carcinoma | '»I-JR11/'¥I-Tyr*-octreotide® 12 10.9
"Lu-DOTA-BASS/"""Lu-DOTA-TATE® 10 5.1
Breast cancer 'Z1-JR11/"¥I-Tyr*-octreotide® 13 7.9
Lu-DOTA-BASS/"""Lu-DOTA-TATE® 7 11.4
Pheochromocytoma I3[ JR11/*51-Tyr-octreotide® 5 17.6
7Lu-DOTA-BASS/"""Lu-DOTA-TATE" 10 12.3
Tleal NET I25T-JR11/*¥I-Tyr3-octreotide® 4 3.8
7Lu-DOTA-BASS/"""Lu-DOTA-TATE" 9 4.2
Medullary thyroid I2T-JR11/**I-Tyr3-octreotide® 5 21.8
cancer
Small cell lung cancer | '»I-JR11/'*I-Tyr*-octreotide? 4 4.5
Paraganglioma B[ JR11/*51-Tyr-octreotide® 2 15.6
Lung NET 121-JR11/"I-Tyr*-octreotide® 1 6.4

4Data are from Reubi et al. [20]
®Data are from Cescato et al. [21]

35.3 Partll. Novel Indications
for Theranostics with SST
Antagonists

The binding capacity of radiolabelled SST
antagonists and agonists were compared in
human tissue samples from nine different
tumours using in vitro autoradiography with the

following ~ SST  antagonist/agonist  pair:
I5[-JR11/'I-Tyr*-octreotide [20] and
17"Lu-DOTA-BASS/"’Lu-DOTA-TATE [21],

(Table 35.2). The SST2 binding affinities (ICs)
of the SST antagonist/agonist pair were similar
[20, 21]. Importantly, in all cases, the radiola-
belled SST antagonist bound to more SST2 sites
in all tumours with an uptake that was 3.8 to 21.8
times higher than with the agonist (Table 35.2).
Of particular interest is the fact that tumours
other than gastroenteropancreatic neuroendo-
crine tumours (GEP-NETs) and lung NETs have
the potential to become targets for radiolabelled
SST2 antagonists despite of the relatively low
SST2 expression, for example: non-Hodgkin
lymphomas, renal cell carcinoma, breast cancer,
pheochromocytoma, paraganglioma, medullary
thyroid cancer, small cell lung cancer and
paraganglioma.

35.4 Partlll. Clinical Development
of SST Antagonists

Based on these promising in vitro human tumour
data as well as in vivo animal data transition into
clinic was started with the most promising diag-
nostic and therapeutic SST2 antagonists.

35.4.1 Studies with Diagnostic SST
Antagonists

First clinical evidence that imaging with SST2
antagonists may be superior to agonists was pub-
lished in 2011 [6]. In this prospective study,
"Tn-DOTA-BASS total body scintigraphy and
SPECT/CT was compared with the U.S. Food
and Drug Administration-approved radiotracer
HTn-DTPA-octreotide (OctreoScan,
Mallinckrodt) and contrast-enhanced CT studies
in the same five patients with NETs or thyroid
cancer. The affinity profile of '''In-DOTA-BASS
and ""In-DTPA-octreotide are in the same range
(Table 35.1). A lesion-based analyses revealed a
higher tumour detection rate with '''In-DOTA-
BASS (25/28 lesions) than with '''In-DTPA-
octreotide (17/28 lesions).
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Based on affinity studies and preclinical
results, the second generation of SST2 antagonist
%Ga-NODAGA-JR11 = %Ga-OPS202
(Table 35.1) was selected for PET/CT imaging
studies. Nicolas et al. performed a single-center,
prospective phase I/IT study with 12 GEP-NET
patients comparing PET/CT with two microdoses
of ¥Ga-NODAGA-JR11 and one microdose of
the potent SSTR2 agonist **Ga-DOTA-TOC
(ClinicalTrials.gov identifier: NCT02162446).
The amount and activity of 15/50 pg and
150 MBq ®Ga-NODAGA-JR11 was well toler-
ated and showed favourable dosimetry results
and imaging properties with best tumour contrast
between 1 and 2 h after injection [22]. Lesion-
based comparison with %Ga-DOTA-TOC PET/
CT showed a significantly higher sensitivity for
%Ga-NODAGA-JR11 PET/CT: 93.7% (95% CIL:
85.3-97.6%) vs. 59.2% (95% CI: 36.3-79.1%)
[23]. In this study, diagnostic efficacy measures
were compared against contrast-enhanced CT or
MRI as the standard for comparison.

Several studies were performed with
%Ga-DOTA-JR11 despite its 24 times lower
affinity for SST2 compared to
%Ga-NODAGA-JR11 (Table 35.1) [24-26]. Zhu
et al. compared prospectively %Ga-DOTA-JR11
and %Ga-DOTA-TATE PET/CT in the same
patients with NETs [25]. As in the study of
Nicolas et al. they detected significantly more
liver lesions with the SST2 antagonist (552 vs.
365), but at the same time significantly less bone
lesions (158 vs. 388), compared to ®*Ga-DOTA-
TATE. Importantly, ®Ga-DOTA-JR11 showed a
lower tumour uptake than the SST2 agonist
%Ga-DOTA-TATE. This is in contrast to the
study of Nicolas et al. who prospectively com-
pared %Ga-NODAGA-JRI11 and ®Ga-DOTA-
TOC PET/CT in the same patients [23]. Zhu et al.
identified two reasons for this finding: (1)
%Ga-DOTA-JR11 has a much lower affinity for
SST2 than %Ga-NODAGA-JR11 (Table 35.1),
(2) the study design may cause a bias as
%Ga-DOTA-TATE PET/CT was always per-
formed 24 h ahead of ®®Ga-DOTA-JR11 PET/
CT. This can cause a saturation/internalisation of

SST2 [27]. The different compara-
tor—%Ga-DOTA-TATE instead of %Ga-DOTA-
TOC—is unlikely a confounder explaining the
different findings as %Ga-DOTA-TOC showed
higher tumour uptake than %Ga-DOTA-TATE in
a previous study [28].

8Ga-NODAGA-LM3 is another antagonist with
similar SST2 affinity as %Ga-NODAGA-JR11
(Table 35.1). So far, there were only abstracts
available with a brief summary of results from
two retrospective compassionate use studies
with ®Ga-NODAGA-LM3 PET/CT. The first
study showed in 40 patients with GEP-NET,
lung NET, paraganglioma/pheochromocytoma
etc. that PET/CT imaging with
%8Ga-NODAGA-LM3 is feasible [29]. The other
study compared %Ga-NODAGA-LM3 and
%Ga-DOTA-TOC PET/CT in ten paraganglioma
patients. *Ga-NODAGA-LM3 PET/CT detected
many more lesions (243 vs. 177) including many
more bone lesions (190 vs. 143) than *Ga-DOTA-
TOC PET/CT [30].

35.4.2 Studies with Therapeutic SST
Antagonists

Based on affinity studies and preclinical results,
the second generation of SST2 antagonist
Lu-DOTA-JR11 = ""Lu-OPS201 (Table 35.1)
was selected for a therapeutic first-in-human
study: In a single-centre, prospective
proof-of-principle study (phase 0 study), tumour
and organ doses of !"Lu-DOTA-JRI1 and
Lu-DOTA-TATE were compared in the same
four patients with advanced, metastatic neuroen-
docrine neoplasia (NEN), grade 1-3 [31]. The
most relevant findings were a 3.5-fold higher
median tumour dose as well as >two-fold higher
tumour-to-kidney dose ratios with
"Lu-DOTA-JR11 compared to '"Lu-DOTA-
TATE, tumour doses of up to 487 Gy and moder-
ate adverse events with one grade 3
thrombocytopenia after treatment with three
cycles (total 15.2 GBq) of "Lu-DOTA-JRI11.
Reidy-Lagunes et al., however, described grade 4
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Table 35.3 Summary of study results with therapeutic SST antagonists

Best objective Thrombocytopenia,

Radiotracer, Study design, study response (RECIST | 1-year | neutropenia, (CTCAE grade
identifier No. protocol Subjects| 1.1) PFS 3/4)
"TLu-DOTA- Single Centre, phase I, |20 45% ~75% | 20%,
JRI113, 1-2 cycles NETs 15%
NCT02609737 (5.0-15 GBq)
17Lu-DOTA- Multicentre, phase /Il | 35 30% 90% 14%,
JR11°, interims analysis, NETs 6%
NCT02592707 3 cycles (~13 GBq)
"Lu-DOTA- Single Centre 51 36% NA 6%
LM3¢ compassionate use, NENSs NA

1-4 cycles

aData are from Reidy-Lagunes et al. [32]
®Data are from Nicolas et al. [33]
‘Data are from Zhang et al. [34]

hematotoxicity (leukopenia, neutropenia, and
thrombocytopenia) in four of the first seven
patients with NETs treated with two cycles of
7Lu-DOTA-JR11 (total activity between 10.5
and 14.7 GBq) [32]. Hence, their single-centre
phase I study was suspended, and the protocol
modified to limit the cumulative absorbed bone
marrow dose. The most important results of the
whole study are summarized in Table 35.3.
7Lu-DOTA-JR11 (7Lu-OPS201) is currently
evaluated in a phase I/Il multicentre study
(ClinicalTrials.gov identifier: NCT02162446)
and its “sister” compound ""Lu-DOTA-LM3 is
evaluated in a single-centre compassionate use
study. So far, there were only abstracts available
with a brief summary of results from both studies
[33, 34]. Table 35.3 shows the most important
findings of those studies.

35.5 PartlV. Current and Future
Developments

The high potential and promising results of diag-
nostic and therapeutic radiolabelled SST antago-
nists have attracted several research groups to
further evaluate radiolabelled SST antagonists.
Table 35.4 shows an overview of such studies
that are listed within ClinicalTrials.gov. The
results of these studies are expected to be pub-
lished in the near future.

The antagonist approach has huge potential to
offer new and better theranostic procedures for
patients. Here is an overview about possible
future developments to achieve this ambition:

1. There are other tumours than GEP-NETs
that show high potential for theranostic
applications with SST antagonists, for
example, non-Hodgkin lymphoma, renal
cell carcinoma, breast cancer, pheochromo-
cytoma, paraganglioma, medullary thyroid
cancer, small cell lung cancer, lung NET,
and other neoplasms with SST2 expression,
including tumours with low levels of SST2
expression.

2. Optimizing the SST antagonist approach
which includes the reduction of bone marrow
toxicity by using alternative radionuclides, for
example, a-emitters and f~-emitters with suit-
able characteristics such as long half-lives,
short range, etc.

3. Using other receptor systems for the antago-
nist approach, for example, gastrin-releasing
peptide receptor and cholecystokinin receptor
subtype 2.

Last, but not least randomized phase II/III
studies evaluating radiolabelled NODAGA-JR 11/
DOTA-JR11, radiolabelled NODAGA-LM3/
DOTA-LM3 or other promising radiolabelled
SST antagonists are needed in larger-scale multi-
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Table 35.4 Overview about current registered studies

Identifier No. Radiotracer Study design, study aim | Enrolled subjects Status
NCT03220217 %Ga-NODAGA-JR11 Multicentre, 27 GEP-NET Completed
(°*Ga-OPS202) randomized, dose-
confirmation, phase II
study
NCT04491851 %Ga-NODAGA-LM3 Single-Centre, 30 NET Unknown status
vs. %¥Ga-DOTA-LM3 randomized phase II
Ga-NODAGA-LM3 study
Vs.
%Ga-NODAGA-JR11
NCT02592707 "7Lu-DOTA-JR11 Multicentre, open-label | 40 GEP-NET, lung Terminated
(""Lu-OPS201) phase I/IT study to NET,
evaluate safety, peptide | pheochromocytoma,
dose and preliminary paraganglioma
efficacy
NCTO03773133 Theranostic pair Multicentre, open-label |9 SCLC or (HR+)/ Terminated
%Ga-OPS202 and phase I/II study to (HER2-) breast cancer
7TLu-OPS201 evaluate safety and
preliminary efficacy

centre trials as a theranostic approach in patients
with GEP-NETs or other tumours with SST2
expression.

35.6 Conclusion

Until recently it was thought that internalisation
of the radiotracer was mandatory for diagnostic
and therapeutic SST targeting. Ginj et al. pro-
posed 15 years ago that radiolabelled SST antag-
onists are superior to SST agonists despite the
lack of internalisation [5]. Recently it has been
shown  that  ®Ga-NODAGA-JR11 and
%8Ga-NODAGA-LM3 PET/CT revealed the best
clinical results among all tested SST antagonists
and are clearly superior compared to PET/CT
with the potent SST2 agonist %Ga-DOTA-
TOC. PRRT with !"Lu-DOTA-JRIl and
7Lu-DOTA-LM3 is very effective with a high
objective response rate (30-45%) and an excel-
lent 1-year PFS of 90% despite of using treat-
ment protocols with low activities (< 15 GBq)
given in one to three cycles. The dose limiting
organ is the bone marrow, at least for
7Lu-DOTA-JR11. These results warrants larger-
scale randomized phase II/III trials in patients

with GEP-NETs and tumours that have not yet
been in the focus for SST targeting. Current evi-
dence from preclinical work, binding capacity
studies with different human tumour samples and
clinical studies support the shift towards SST
antagonists.
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In 2000, more than two decades ago, genome-
wide gene expression profiling became available
and thereafter led to the dissection of cancer biol-
ogy across almost all entities [1-3]. First, the
molecular portraits based on RNA expression
profiling (termed “heat maps”) were used in
breast cancer to identify luminal, ERBB2-
positive, and basal tumors. Interestingly, these
subtypes not only elucidated the underlying biol-
ogy but also directly suggested targeted treatment
intervention with luminal tumors being hormone-
dependent, ERBB2-positive tumors exposing the
transmembrane receptor Her-2/neu and basal
tumors lacking homogenous expression of typi-
cal targeted treatment options, with the latter
being termed “triple negative” later on.
Interestingly, genome-wide mutation analysis
later on revealed that the luminal subtype, while
bearing most mutations (such as PIK3CA) exhib-
ited lowest immunogenicity and frequently
absence of tumor-infiltrating lymphocytes. In
contrast, the basal subtype turned out to have
lowest rate of classical oncogens, but was domi-
nated by loss-of-function mutation of p53 [4],
while almost half of basal tumors being infil-
trated by large amounts of immune cells. This led
to the assumption that hormone regulation affects
immune cell recognition and three biological
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axes (hormone, immune, and proliferation axis)
were built up for breast cancer as being the coor-
dinates of the biological universe of breast cancer
[5, 6]. The therapeutic implication of these fun-
damental insights were further explored and vali-
dated the distinct sensitivity towards antihormonal
treatment, ERBB2 targeting, and chemotherapy.
Interestingly, the hormone-insensitive, highly
proliferating basal and ERBB2-positive tumors
with higher amounts of immune cell infiltrates
did respond best to neoadjuvant treatment with
superior outcome [7]. As one consequence, the
concept arose to develop RNA-based vaccination
concepts in the post-neoadjuvant situation of tri-
ple negative breast cancer not responding to neo-
adjuvant chemotherapy by targeting individual
neo-epitope patterns [8], which has been investi-
gated in the subsequent “Merit” trial with posi-
tive proof of concept [9]. In line with this, the
first approval of checkpoint therapy treatment in
breast cancer happened in the triple negative
breast cancer subtype [10].

Almost 10 years after their first description in
2000, the molecular subtypes of breast cancer
became integral part for patient stratification in
breast cancer by semiquantitative recapitulation
using conventional immune histochemistry meth-
ods [11] or by molecular methods using standard
PCR methods to quantify key targets after RNA
extraction from routinely fixed tissues using the
in vitro diagnostic “MammaTyper®” test system
[12—-14].
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As a next step, this new IVD technology was
validated in other disease entities in which
molecular subtyping initially identified in breast
cancer just started to be recognized as being
potentially hormone-driven such as ovarian can-
cer [15, 16], lung cancer, [17, 18] and bladder
cancer [19-21].

Importantly the quantitative determination or
the main drug targets in breast cancer, that is,
estrogen receptor (= ESR1, gene name) and the
receptor-tyrosine kinase HER-2/neu (= ERBB2;
gene name) revealed that only high mRNA over-
expression of the targets is associated with addic-
tion to the target and respective response and
efficacy to the treatment. As one example in the
NSABP B 14 breast cancer trial comparing 5-year
tamoxifen vs. placebo in ER-positive tumors by
IHC, only tumors with high ESR1 mRNA expres-
sion did benefit from the antihormonal treatment,
while immunohistochemical staining failed to be
predictive [22]. Moreover, the large NSABP P1
prevention trial validated that the benefit of
Tamoxifen treatment was restricted to the pre-
vention of very high ESR1 mRNA expression
[21]. Similarly, for ERBB2 targeting by the two
antibodies Tratuzumab and Pertuzumab within
the neoadjuvant TRYPHAENA trial, a large
translational program revealed that ERBB2 over-
expression remained to be the only marker for
patient selection of anti-ERBB2 treatments and
therapy benefit prediction [23]. Apparently
molecular in vitro diagnostics in breast cancer
teaches us that it is the quantitation of the treat-
ment target which is of utmost importance for
therapy guidance and precision of treatment effi-
cacy prediction.

Moreover, this directly leads to one of the
hallmarks of in vivo diagnostics/theranostics,
which presumes that uptake of radioactive ligands
is strongly correlated to receptor density on the
surface tissue. We therefore evaluated whether
the surface expression of SSTR2 receptors as
determined by semiquantitative IHC and fully
quantitative PCR methods in vitro might be
related to the uptake of SSTR2 ligands (DOTA-
TOC, DOTA-NOC and DOTA-TATE) in patients
suffering neuroendocrine pancreatic tumors [24].
It turned out that conventional IHC methods by

immune reactivity score (IRS) only trended to
predict uptake as determined by positive correla-
tion with SUV mean (¢ =0.39 p =0.11). In con-
trast quantitative, molecular assessment of
SSTR2 mRNA expression by PCR correlated
very strongly with SUV mean (¢ =0.85 p<0.001)
and equally well as SUV max itself did correlate
with SUV mean (¢ = 0.90 p < 0.001). This dem-
onstrates as proof-of-principle that target assess-
ment by molecular in vitro and in vivo methods
being quantitative by nature do perfectly fit for
patient selection for imaging and potentially sub-
sequent radionuclide treatment approaches.
However, tumor response to radionuclide
treatments does not only dependent on total
uptake, but also on tumor biological aspects such
as intrinsic and neoplastic DNA repair capacity,
proliferation status, hormone dependence, and
tumor microenvironment. Precision oncology
approaches have to take these complex interac-
tions into account to improve completeness of
therapy responses and thereby support long-term
survival. As one example, the biology of the
Prostate-Specific Membrane Antigen (PSMA) in
prostate cancer might serve as being one of the
most advanced radionuclide therapies. PSMA is
a transmembrane glycoprotein, whose expression
on prostate epithelium is of functional impor-
tance for cell migration and chromosome stabil-
ity [25] and inversely regulated by androgens
with increased activity found in tumor cells that
become androgen-independent [26]. Superior
efficacy of radioligand PSMA treatment
(177Lu-PSMA-617) compared to standard of
care in castration-resistant, metastatic prostate
cancer previously treated with at least one
androgen-receptor-pathway inhibitor and one or
two taxane regimens and who had PSMA-
positive gallium-68 (68Ga)-labeled PSMA-11
positron-emission tomographic-computed tomo-
graphic scans has been demonstrated [27].
Median overall survival reached 15.3 month for
PSMA-targeted therapy versus 11.3 months for
standard of care (Hazard ratio 0.62 p < 0.0001).
Systematic review emphasizes clinical benefit for
this radioligand therapy with 46% of patients
achieving a reduction in PSA values >50% (and
75% had a decrease in PSA levels posttreatment)
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and an overall clinical benefit rate of 75.5%
(37.2% of patients with PR and 38.3% SD) [28].
However, despite clear superiority over standard
treatment, this study shows that singular radionu-
clide treatment still has limited efficacy in meta-
static prostate cancer, as most patients progress
and die of the disease. Molecular tissue analysis
of repair genes such as BRCA1, BRCA2, ATM,
CHEK?2 may be one causal role for resistance or
response to PSMA targeting with loss DNA-
damage “recognition and signaling” genes result-
ing in resistance and loss of DNA-damage
“repair” (such as BRCA2) being associated with
increased radiosensitivity [29]. Interestingly,
such “BRCAness” might be induced by PARP
inhibition as has been shown in model systems
[30]. Moreover, hormone receptors and signaling
pathways (PTEN, AKT, PI3K, CDK1) contribute
to development of resistance towards PARP inhi-
bition [31], while PARP2 interacts with AR sig-
naling, which in turn regulates PSMA expression.
The multitude of functional interaction demon-
strates that there is need of precise dissection of
gene alteration, target quantitation and pathway
pattern analytics in vitro to allow precise, multi-
modal approaches and adjusted therapy
sequences, which combine radionuclide thera-
pies with antihormonal, immune/vaccination
therapies and simultaneous multitargeting by
upcoming Antibody-Drug Conjugates (ADC).
However, these therapeutic, multimodal
approaches should in turn be monitored by
molecular means again combining in vitro and
in vivo approaches based on molecular assess-
ment of tissue, urine, and blood diagnostics and
pre- versus post-treatment imaging. Ultimately,
these approaches shall not only be designed to
govern direct tumor cell killing, but rather pro-
voke systemic, longer lasting immune effects,
that allow long-term survival. Most recently, we
could show that long-term survival in metastatic
NSCLC treated with first-line pembrolizumab
monotherapy could be predicted after first cycle
by quantitation of dynamic changes of immune
cell mRNA signatures from peripheral blood pre-
versus post-treatment [32]. Such approaches pro-
vide new early outcome indicators and may
therefore be helpful to accelerate adopted preci-

sion oncology strategies and underline the impor-
tance of inducing immune responses in the
advanced treatment settings. In summary, molec-
ular research in the past decades pave the way for
fundamentally new insights and treatment
approaches with combined molecular in vitro and
in vivo diagnostics emerging as the impartible
basis of wupcoming, multimodal therapy
approaches in precision oncology.
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37.1 Prof. Zhi Yang and His Team

Dr. Yang received his PhD in radiochemistry
from China Institute of Atomic Energy (401
Institute) and got his visiting scholar training in
the University of Texas MD Anderson Cancer
Center. He started his assistant professorship in
1992 and became a professor and the director of
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Nuclear Medicine Department at Peking
University Cancer Hospital in 2014. Dr. Yang
focused on the clinical translational research of
nuclear medicine. The research interests of the
department include nuclear medicine clinical
research, as well as the development of multimo-
dality/multiplexed molecular probes for tumor
diagnosis and therapy. Dr. Yang’s current research
interest mainly focuses on the production, label-
ing, and clinical application of solid target-based
nuclides (**Cu, ¥Zr, ). Dr. Yang has published
about 100 research papers and a number of book
chapters, conference proceedings, and other pub-
lications. Now, 4 postdoctoral scholars, 11 PhD
students, and 2 master students are under his
supervision. Three students have received master
degrees (Figs. 37.1 and 37.2).
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Fig.37.2 Group photo of Prof. Yang and the faculty and staff at the nuclear medicine department (summer 2019)

37.2 Beijing Cancer Hospital:
Nuclear Medicine
Department Clinical
Translation Platform

37.2.1 Introduction
of the Department

Research activities in Nuclear Medicine
Department, Beijing Cancer Hospital (BCH-NM)
are primary focused on three areas:

1. The translational medical research. The

department aims to improve the health of indi-
viduals (especially tumor patients) and the
community by translating basic scientific
findings into radiopharmaceuticals or
radiotracers.

. The development of targeted imaging probes

for noninvasive characterization of molecular
events associated with tumor progression and
regression. Molecular imaging probes which
used in nuclear, optical imaging modalities
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are developed to enhance the sensitivity and
selectivity of early tumor detection, tumor-
marker profiling, and the monitoring of early
treatment responses.

3. The development of new target, novel drug-
delivery systems for selective delivery of
diagnostic and therapeutic agents.

Our long-term goal is to apply the “seek and
treat” strategy in the development of targeted
imaging/therapeutic agents that eventually trans-
late to the clinics to improve the management of
cancer through early tumor detection and indi-
vidualized therapy.

In a word, the overall objective of the labora-
tory is to develop novel molecular imaging
probes for clinical noninvasive detection of
tumor.

BCH-NM holds great advantages in clinical
translational studies (Table 37.1). Two PET/CT
scanners, an HM-20 cyclotron, two SPECT/CT
scanners, two %Ge-%Ga generators, and more
than ten hot cells equipped in the NM depart-
ments. The department holds the fourth level
(highest) of radiopharmaceutical certification
approved by China-FDA (CFDA) which allows
independent clinical studies (Fig. 37.3).

Radio-Nuclide Production

Highest level

Clinical PET application

Automatic Synthesis

37.2.2 PKUCH-NM Honored
to be the First ICPO Partner

On August 27, 2019, the signing ceremony for
the cooperation between Peking University
Cancer Hospital (PKUCH) and the International
Centers for Precision Oncology (ICPO) was held
successfully in the scientific research building of
BCH-NM. The cooperation agreement was
signed by President Ji Jiafu from PKUCH and
President Richard P. Baum from ICPO Academy
and Founding ICPO Board Member (Fig. 37.4).
PKUCH is one of the most recognized large
specialty hospitals in the field of cancer research
and treatment in China. PKUCH is aiming to
build a prestigious international cancer center.
Initial talks in cooperation between PKUCH and
ICPO initiated in December 2018. After half a
year of intense preparations, both parties estab-
lished an official document in June 2019 and
signed the agreement on August 27, 2019. As
such, PKUCH-NM becomes the first ICPO
Cooperation Partner, significantly supporting the
large-scale development of PRRT and PRLT in
clinical trials. PKUCH-NM is also aiming to
establish a Precision Radionuclide Oncology
Center for tumor therapy, contributing to cancer

Tumor model build

Micro-PET/CT imaging & avatiotton

Fig.37.3 Typical clinical translation study in BCH-NM “from bench to bedside”
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prevention and treatment, and provide a platform
for deepening bilateral education/medical coop-
eration between China, Germany, and other
countries.

37.3 Clinical Translational Study
37.3.1 Concise Introduction

Peking University Cancer Hospital’s nuclear
medicine department holds great advantages in
clinical translational studies. More than 1200
clinical PET/CT diagnosis are performed annu-
ally, and this guarantees a large spectrum of
malignancies to enable clinical translational stud-
ies. Approximately 25% of those patients partici-
pate in the novel radiopharmaceutical researches
(Table 37.1).

37.3.2 Clinical Evaluation of *"Tc-
Rituximab for Sentinel Lymph
Node Mapping

Rituximab is a chimeric monoclonal antibody
against the CD20 antigen presenting on the mem-
brane of pre-B and mature B lymphocyte.

Considering the large number of B cells present-
ing in LNs, we hypothesized that radiolabeled
rituximab can serve as an effective imaging tool
for SLN identification. Therefore, in this work
rituximab was directly labeled with the most
widely used SPECT radionuclide, *™Tc. The
resulting tracer, " Tc-rituxmab, was further eval-
uated in a large cohort of breast cancer patients
(total no. of patients 2317; typical images shown
in Fig. 37.5) [1]. This tracer showed great feasi-
bility, safety, and effectiveness for SLN mapping
in breast cancer patients. Further clinical research
and related evaluation on large cohorts of breast
cancer and/or melanoma lymphoscintigraphy are
in process.

37.3.3 Tumor Amino Metabolism PET
Imaging

Glucose is the most common source of nutrient in
normal cells, and glucose generates energy via
aerobic metabolism (TCA cycle in the mitochon-
dria). In certain cancer cells, due to various muta-
tions and the unmet needs for high metabolic
energy, glucose is consumed via the less efficient
anaerobic glycolysis. This phenomenon is com-
mon referred as the “Warburg effect.” Adaptations
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Table 37.1 Present clinical translational studies in BCH-NM department
No. Name of tracer Clinical application Target IRB code
1 9mTe-rituximab SLN detection CD 20 antigen -
2 #mTe-HYNIC-TOC NET detection SSTR 2,012,031,313
3 Ga-DOTA-TATE NET imaging SSTR 2,014,011,313
4 %Ga-PMSA-617 Prostate cancer PSMA 2016YJZ15
5 Radionuclide therapy Tumor therapy - 2017XJS15
6 "Lu-DOTA-TATE NET therapy SSTR 2018YJZ01
7 "Lu-PSMA-617 Prostate cancer therapy PSMA -
8 18F-(2S,4R)-glutamine Tumor metabolism Glutamine metabolism 2017KT38
9 SF-NOTA-PSMA Prostate cancer PSMA 2017KT94
10 “Cu-NOTA-PSMA Prostate cancer PSMA 2017KT110
11 %Cu-NOTA-Trastuzumab Gastric cancer HER2 2018KT02
12 124-Trastuzumab Gastric cancer HER2 2018KT48
13 %Ga-P-15-041 Bone metastasis Bone phosphate 2018KT50
14 I8F-Plaquitide Plaquitide dysfunctional Plaquitide 2018KT51
15 BE-FPY Tumor metabolism Amino acid 2018KT52
16 %Ga-HK Pancreatic cancer AvVp6 -
17 %Ga-HER?2 Affibody Gastric cancer HER2 2018KT61
18. PET/CT vs. PET/MR Tumor Tumor 2018KT110
2018KT110-GZ01
19. E-FHBG Glioma HSV1-tk 2018KT112
20 $7r-CTB006 Solid tumor DRO5 2018YJZ64
21 %Ga-P16-093 Prostate cancer PSMA 2019KT04
22 121-RP215 Solid tumor Tumor IgG 2019KT58
23 %Ga-RM2 Breast cancer GRPR 2019KT61
24 %Ga-WL12 Solid tumor PDLI1 expression 2019KT62
25 %Ga- P14-032 CAA Brain blood 2019KT60
26 %Ga-JR11 NET SSTR agonist 2019KT63
27 1241-JS001 Solid tumor PDI expression 2019KT67
28 %Ga- NOTA-PTDGd Tumor hypoxia Gla-1 2019KT82
29 %Ga /'"F- NOTA-PTDGd Solid tumor FAPI 2019KT95
30 9mTc-RGD Lung cancer RGD 2019YW134
31 SE-HER2 Affibody Gastric and breast cancer | HER2 2019KT114
32 $7Zr-RP215 Solid tumor Tumor IgG 2019KT115
33 BE-WL12 Solid tumor PDLI expression 2019KT116
34 9mTc-MIRC208 Gastric and breast cancer HER2 2019KT117

of cancer cells (and sometimes occurring in fast-
dividing cells) will switch to use glutamine as a
source for energy production. Thus, glutamine
plays an important role in proliferation, espe-
cially in cancer cells. Changes in cellular meta-
bolic mechanism are essential in order to adapt to
glutamine metabolism, which is an important
functional adjustment of fast-growing cells. PET
imaging with 8F-(2S,4R)-4- fluoroglutamine
(*8F-FGIn) has been demonstrated as a highly
attractive approach for studying glutamine
metabolism in cancer patients. '*F-FGln was syn-

thesized in PKUCH NM department by using a
radio-synthesizer module equipped with a semi-
preparation HPLC in 10% radiochemical yield
(decay corrected).

Our preliminary studies evaluated '*F-FGIn in
a small number of different cancer patients sug-
gested that certain tumors (brain metastases,
breast cancers, or gliomas) could display high
uptake of *F-FGln [2].

BE-FGIn displayed a bio-distribution profile
dominated by fast uptake and was excreted via
kidneys. "F-FGln is most likely to have signifi-
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cant uptake in the pancreas because of its exo-
crine function and high rates of amino acid and
protein turnover. Additionally, the very low
uptake in the brain, breast, lungs, and muscle
could represent an advantage in PET imaging. In
our most recent study in a cohort of 44 subjects
(13 healthy volunteers, 8 lung cancer patients, 17
breast cancer patients, and 6 thyroid cancer
patients), 'F-FGIn PET demonstrated higher
uptake in the trabecular bone of the ribs,
vertebrae, and pelvis, which are rich in red mar-
row [3]. This finding may be because that the pro-
liferation of rapidly dividing bone marrow-derived
cells is strongly dependent on the availability of
free glutamine, whose uptake might be mediated
through different amino acid transporters. With
regard to the ®F-FGIn dynamic PET/CT imaging
in 17 breast cancer patients, two breast tumors,
ductal carcinoma in situ, and mucinous carci-
noma showed slight "F-FGln activity (SUVmax
<3) at all stages. Nevertheless, two tumors
appeared unclear on the '8F-FDG scan but were
clear on "*F-FGIn images.

Furthermore, we reported that using clinical
PET VOI-based quantification analysis, '"F-FGIn
gradually accumulated in the bone marrow of
cervical, thoracic, and lumbar vertebra in three
healthy controls, with [SUV(s)mean] from 3.1 to
3.6. Myelosuppression patients (n = 3) showed
reduced "8F-FGln uptakes in bone marrow of the
corresponding regions. The average SUV(s)
mean was 2.0 = 0.2. Significant difference
(P <0.001) in bone marrow uptake was observed

in healthy volunteers (HV) and myelosuppres-
sion patients (MP). The skull cortical bone (bone-
only) in both healthy volunteers and
myelosuppression patients exhibited similar
uptake, with the average SUVmean from 0.4 to
1.0. BF-FGIn/PET imaging may be a useful tool
for assessing reduced bone marrow activity in
cancer patients, who may be at risk of myelosup-
pression after chemotherapy [4].

One hundred and ten patients have been sub-
jected to '®F-FGIn PET scans since 2018, and the
results indicate that '®F-FDG was not an ideal
tracer for identifying benign and malignant medi-
astinal lymph nodes, while '8F-FGIn appeared to
be a suitable agent in these situations. In the
future, additional cancer patients will need to be
enrolled for 8F-FGIn PET imaging studies, and
the results will provide sufficient statistical power
to differentiate between the different types of
tumor metabolism that drives the proliferation.
An increased understanding of tumor metabolism
could be essential not only for assisting diagno-
ses but also for better patient management strate-
gies based on their tumor metabolism status.

37.4 Solid Target Radionuclide
Production and Labeling
Process

The nonstandard positron nuclides copper-64
(“Cu, Ty, = 127 h), zirconium-89 (¥Zr,
T, =78.41 h), and iodine-124 ('**I) have become



37 Molecular Imaging Platform and Radiopharmaceutical Translational Research on Peking University...

373

some of the most fascinating PET nuclides
because of their long half-lives compared with
fluorine-18 (*®F, T,, = 110 min) or carbon-11
(1C, Ty, = 20.4 min). As a result, it is very popu-
lar for using labeled pharmaceuticals with these
isotopes to carry out some long-term clinical
examinations and experiments. For example,
%4Cu-labeled monoclonal antibodies or peptides
can provide a period of several days to allow PET
imaging in vivo which will show the therapeutic
effect of monoclonal antibodies in tumors. The
combination of PET with mAb is referred to as
immunological positron emission tomography
(immune-PET).

We presented a routinely and robust method
for the preparation of novel next-generation PET
radioisotope 2. Key points for the method are:
(1) casting the '#*TeO,/Al,0; mixture by press-
ing; (2) adhering the layer to Pt-disk by sintering;
(3) purifying ' through dry distillation; (4)
reduce 'I contamination by optimizing the
decay time between the end of irradiation and
purification. The micro-PET/CT imaging indi-
cated that '**I we produced could be used for PET
imaging, and as the starting material to synthe-
size other radioligands [5].

As it known, there are no commercial supplies
of such kinds of radionuclides in mainland China.
We are the only center in China that provides
high-quality *I for research.

37.5 The Development of New
Target, Novel Drug-Delivery
Systems

37.5.1 Noninvasive Micro-PET
Predicting Tumor Resistance
to Radiotherapy

Galectins are members of huge carbohydrate-
binding lectins, and characterized by high-affinity
binding to B-galactosides through a highly con-
served carbohydrate recognition domain.
Increasing evidence indicates that the overex-
pression of galectin-1, a member of the galectin
family, is related to tumor progression and inva-

sion, as well as tumor resistance to therapies
(e.g., radiotherapy). We investigated whether
near-infrared fluorescence (NIRF) imaging and
positron emission tomography (PET) were sensi-
tive approaches for detecting and quantitating
galectin-1 upregulation in vivo. An anti-galectin-1
antibody was labeled with either an NIRF dye or
%4Cu, and NIRF and PET imaging using the
resulting probes (Dye-aGal-1 and *Cu- 1,4,7-tria
zacyclononane-1,4,7-triacetic acid [NOTA]-
aGal-1) were performed in 4 T1 breast cancer-
bearing mice treated with several rounds of
sorafenib [6].

37.5.2 Synthesis of Site-Specific
Radiolabeled Antibodies
for RIT Via Genetic Code
Expansion

Radio-immunotherapy (RIT) delivers radioiso-
topes to antigen-expressing cells via monoclo-
nal antibodies for the imaging of lesions or as
the therapeutics. Chelators are conjugated to
the antibody through cysteine or lysine resi-
dues, resulting in heterogeneous chelator-to-
antibody ratios and various conjugation sites.
To overcome this heterogeneity, we developed
an approach for site-specific radiolabeling of
antibodies by a combination of genetic code
expansion and click chemistry [7]. As a proof-
of-concept study, model systems including
anti-CD20 antibody rituximab, PET isotope
%Cu, and a newly synthesized bifunctional
linker (4-dibenzo-cyclooctynol-1,4,7,10-
tetraazacyclotetradecane-1,4,7,10-tetraacetic
acid, DIBO-DOTA) were used. We used heavy-
chain AI122NEAK rituximab and obtained a
homogeneous radio-conjugate with precisely
two chelators per antibody, incorporated only at
the chosen sites. The conjugation did not alter
the binding and pharmacokinetics of the ritux-
imab, as indicated by in vitro assays and in vivo
PET imaging. We believe this research is a
good supplement to the genetic code expansion
technique for the development of novel
radio-probes.



374

Z.Yangetal.

References

. Li N, Wang X, Lin B, Zhu H, Liu C, Xiaobao X,
Zhang Y, Zhai S, OuYang T, Li J, Yang Z. Clinical
evaluation of *MTc-rituximab for sentinel lymph
node mapping in breast cancer patients. J Nucl Med.
2016;57(8):1214-20.

. Xiaoxia X, ZhuH, LiuF, ZhangY, YangJ, Zhang L, Zhu
L, Li N, Kung HF, Yang Z. Imaging brain metastasis
patients with '®F-(2S,4R)-4-fluoroglutamine. Clin
Nucl Med. 2018:43:¢392-9.

. Xiaoxia X, Zhu H, Liu F, Zhang Y, Yang J, Zhang
L, Xie Q, Zhu L, Li N, Kung HF, Yang Z. Dynamic
PET/CT imaging of "“F-(2S,4R) 4-fluoroglutamine
in healthy volunteers and oncological patients. Eur J
Nucl Med Mol Imaging. 2020;47:2280. https://doi.
org/10.1007/300259-019-04543-w.

. Zhu H, Fei L, Zhang Y, Yang J, Xiaoxia X, Guo X,
Liu T, Li N, Zhu L, Kung HF, Yang Z. [*F](2S,4R)-
4-fluoroglutamine as a PET indicator for bone

marrow metabolism dysfunctional: from animal
experiments to clinical application. Mol Imaging Biol.
2019;21:945-53.

. Wang F, Liu T, Li L, Guo X, Duan D, Liu Z, Zhu H,

Yang Z. Production, quality control of next-generation
PET radioisotope Iodine-124 and its thyroid imaging.
J Radioanal Nucl Chem. 2018;318:1999-2006.

. LaiJ, Dehua L, Zhang C, Zhu H, Gao L, Wang Y, Bao

R, Zhao'Y, Jia B, Wang F, Yang Z, Liu Z. Noninvasive
small-animal imaging of galectin-1 upregulation
for predicting tumor resistance to radiotherapy.
Biomaterials. 2018;158:1-9.

. YimingWu HZ, Zhang B, Liu F, Chen J, Wang Y,

Wang Y, Zhang Z, Ling W, Si L, Huan X, Yao T, Xiao
S, Xia Q, Zhang L, Yang Z, Zhou D. Synthesis of
site-specific radiolabeled antibodies for radioimmuno-
therapy via genetic code expansion. Bioconjug Chem.
2016;27(10):2460-8.

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits use, sharing, adaptation, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's Creative Commons license,
unless indicated otherwise in a credit line to the material. If material is not included in the chapter's Creative Commons
license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder.


https://doi.org/10.1007/s00259-019-04543-w
https://doi.org/10.1007/s00259-019-04543-w
http://creativecommons.org/licenses/by/4.0/

®

Check for
updates

Is It Possible to Target HER2 Using
Affibody Receptor Radionuclide

Therapy?

38

Hua Zhu, Xiaoyi Guo, Xiangxi Meng, and Zhi Yang

Abbreviations

ARRT  Affibody receptor radionuclide therapy
HER2 Human epidermal receptor type 2
PRRT  Peptide receptor radionuclide therapies

Human epidermal receptor type 2 (HER2; also
known as ErbB2) is a member of the HER family
that is encoded by the HER2 gene (also known as
HER2/neu or ErbB2 gene). The HER2 pathway
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promotes cell growth and division when it func-
tions normally; however, when it is overex-
pressed, cell growth accelerates beyond its
normal limits. In cancer cells, HER?2 protein can
be expressed up to 100 times more than in normal
cells (2,000,000 vs. 20,000 per cell). This overex-
pression leads to strong and constantly prolifera-
tive signaling and hence tumor formation.
Overexpression of HER2 also causes deactiva-
tion of checkpoints, allowing for even greater
increases in proliferation.

HER2-targeted treatments with trastuzumab
and its derivates or analogues can improve the
overall survival of patients with HER2-
overexpression tumors. HER2 is overexpressed
in about 30% of breast cancer and 7% to 34% of
advanced gastric cancer patients, respectively.
Researches have contributed great efforts on the
development of noninvasive, whole-body HER2-
targeted imaging in both HER2 overexpressed
mice models and patients, by applying the
advanced positron emission tomography (PET)
molecular imaging technique.

38.1 HER2 Overexpression Tumor

Model Construction

Currently, cell derivatives xenografts (CDX)
models are the most commonly used models in
preclinical studies. CDX models are established
by injecting human tumor cells, typically from an
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immortalized cell line, into immunodeficient ani-
mals, which are likely to develop the same type
of lesions. The high HER2-expressing (BT474
human breast cancer cells, SK-BR3 human breast
cancer cells, SK-OV3 human ovarian cancer
cells) and low HER2-expressing (MCF7 tumor
and MDA-MB-231) cell lines are widely used for
developing HER2-targeted drugs and molecular
probes. Almost all cell lines have been subcul-
tured many circles and may have lost most of
patient’s original characteristics. More seriously,
the microenvironments of these tumor models
were completely different from the in situ sce-
nario, due to the lack of blood vessel supply,
tumor-associated stroma, and so on.
Patient-derived tumor xenograft (PDX) models
have become much more popular in the last sev-
eral years and have more advantages than CDX
models. Nowadays, most PDX models are estab-
lished by subcutaneously transplanting tumor tis-
sues of patients into NOD/SCID (Non-obese
Diabetic/Severe Combined Immunodeficiency)
mice, and PDX models form various tumors have
been established, such as non-small-cell lung car-
cinoma, breast cancer, and gastric cancer. PDX
models can not only faithfully preserve the molec-
ular phenotype and genotype changes of the tumor
focus of the patient, but also reproduce the hetero-
geneity of the tumor of the source patient.
Therefore, it is gradually applied to the research of
tumor drug resistance mechanism and antitumor
drug screening, and plays an irreplaceable role in
the research of clinical tumor therapy and transla-
tional medicine. We previously reported the gen-
eration of gastric cancer-based PDX models using
gastroscopic biopsies technology. We built HER2-
positive (case 176) and HER2-negative (case 168)
PDX tumor models based on two gastric cancer
patients. The HER2 expression of both patient
tumor tissues and PDX mice model tumor tissues
were confirmed by H&E, IHC, FISH, DNA ampli-
fication, and/or autoradiography [1]. Cu-NOTA-
Trastuzumab noninvasive PET imaging makes the
monitoring of gastric cancer progresses in PDX
models feasible. There were barely signals in
tumor tissues that could be found using *F-FDG
PET, while brain showed very high uptake. This
means ®F-FDG cannot indicate the tumor tissues
of case 176 PDX mice models and may get false

negative PET/CT results in this patient. Stronger
PET signals in tumor tissues could be detected by
%Cu-NOTA-Trastuzumab in HER2 overexpres-
sion PDX models, whereas the weaker uptake
could be detected in low HER2-expressing PDX
models. According to ROI-based quantification
analysis, the ®Cu-NOTA-Trastuzumab tumor
accumulation was about 3.5 times higher than the
contrast probe *Cu-NOTA-Trastuzumab at 36 h
p.i., further underlining the clinical relevance of
these tumor models. In conclusion, we confirmed
that Cu-NOTA-Trastuzumab could make nonin-
vasive, specific detection of HER2 overexpression
lesions in gastric cancer PDX models.

38.2 HER2Targeting Immune-PET
Imaging

High sensitivity, high spatial resolution, and proven
quantification ability make PET the modality of
choice for applying molecular imaging to the clini-
cal setting. HER2 targeting immune-PET imaging
uses radioactive molecular probes to specifically
and noninvasively detect and evaluate HER2
expression information of systemic lesions of can-
cer patients, which enables patient screening, thera-
peutic monitoring, drug response evaluation, and
early warning of recurrence and metastasis in the
treatment process of HER2 high-expression tumors.

Many of antibody-based HER2-targeted
probes have been used to image HER2-positive
breast cancer over the past 20 years. The mono-
clonal antibody is labeled with long physical
half-life isotopes such as '**I (T,, = 100.2 h) or
87r (T, = 78 h), which matches the biological
half-life of monoclonal antibody (T, about
72 h). For example, Prof. Dijrkes et al. were the
first to label clinical-grade trastuzumab with ¥Zr
and use it for immune-PET imaging in HER2-
positive breast cancer patients. This radiotracer
can detect HER2 status not just in primary tumor,
but in patients with non-accessible metastases.
The best imaging time of ¥Zr-trastuzumab was
4-5 days after the injection.

Our preliminary researches demonstrated that
clinical-grade novel **Cu-NOTA-Trastuzumab can
be formulated with good stability, immune activity,
and specificity. The gastric cancer PDX models
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were successfully established, validated, and evalu-
ated by %Cu-NOTA-trastuzumab. It was highly
consistent with gastric cancer patients regarding
the expression of HER2, which made this model a
superb tumor model for clinical translational study.
He reported that co-injection of nonspecific hIgG1
antibody with #Cu-NOTATrastuzumab appeared
to enhance the tumor uptake in PDX models.
Based on these researches, his team successfully
translated *Cu-NOTA-trastuzumab into clinical
gastric cancer patient PET/CT imaging. It exhibited
comparable lesion detection ability compared with
BE-FDG, even in liver metastases. All those results
guaranteed the further clinical application of
%Cu-NOTA-Trastuzumab in patients.
124]-trastuzumab has been developed by Prof.
Zhu et al. as a PET imaging reagent for assessing
HER2 expression status preclinically and clini-
cally [2]. '**I-trastuzumab gives higher imaging
contrast than %Cu-NOTA-tratuzumab because of
lower nonspecific uptake and better tumor-to-soft
tissue ratios. In animal studies, PET imaging of
12#[-tratuzumab shows significant higher tumor
uptake than that of 'I-IgG1 in HER2-positive
PDX mouse models at 24 h. The low tumor uptake
of 1?I-tratuzumab in HER2-negative PDX models
further confirmed the specificity. In human clinical
studies, the PET images showed significant differ-
ence in tumor uptake between HER2-positive and
HER2-negative lesions at 24 h. Quite striking dif-
ference in tumor uptake was observed between
124]-trastuzumab and "F-FDG in HER2-negative
lesions, further confirming the specific binding of
12#[-trastuzumab in HER2-positive lesions. No
toxicities or adverse effects were observed in any
of the patients. The PET imaging indicated that the
use of '*I-trastuzumab to detect HER2-positive
lesions in primary and metastatic gastric cancer
patients to differentiate HER2-positive and HER2-
negative lesions quantitatively was feasible.

38.3 HER2Targeting Affibody PET
Imaging

However, the clinical application of antibodies
is limited because of their high molecular weight
(MW = 150 kDa), resulting in low tumor pene-

tration and slow clearance. To improve the
imaging performance, alternative ligands have
been developed over the past few years, such as
F(ab”)2, F(ab’), single-chain Fv, and affibodies.
Among them, the HER?2 affibody is extensively
studied preclinically and clinically. Affibody
adapts the short half-life isotopes such as Ga
(T, = 68 min) or "*F (T, = 110 min). Medium
half-life nuclides such as *Cu (T,, = 12.7 h) can
also be used to label monoclonal antibodies and
affibodies. The first clinical study using radiola-
beled affibody was performed by Richard Baum
and the team, %*Ga-labeled ABY-002 for molec-
ular imaging in breast cancer patients. The ini-
tial attempt established the wvalidity of the
strategy, yet further research is need to solve the
problem caused by the high background level in
surrounding nonmalignant liver tissue that
might prevent the detection of liver metastases.
Then, Prof. Sorensen and his team produced a
%8Ga-labeled ABY-025 for the diagnosis of
HER2-positive breast cancer tumors. The results
showed that HER2-positive primary and distant
metastases were clearly visualized at 4 h after
the injection.

Apart from trastuzumab modification, his
team also pursued fancier HER2 targeting PET
imaging. As we all known, HER2-binding affi-
body %Ga-ABY-025 accurately quantified
whole-body HER2-receptor status in patients
with metastatic breast cancer at 2 to 4 h postin-
jection. Recent progress has been made on
labeling novel HER2 affibody (NOTA-MAL-
MZHER?2) with '*F for micro-PET scans in
nude mice bearing HER2-positive tumors
(SKOV-3). Prof. Yang and his team translated
this Ga-ZHER?2 in clinical PET imaging [3].
As shown in Fig. 38.1, the high ®Ga-ZHER2
uptake is compatible with HER2 overexpres-
sion of the primary tumor. Compared with '*F-
FDG, “Ga-ZHER2 PET/CT showed better
image contrast, especially in the bone lesions
(with SUVmax, 66.0).

This novel PET/CT reveals the whole-body
lesions at 1 h postinjection in patients with recur-
rent HER2-positive gastric cancer, which is much
earlier than *Cu-labeled (2 days) or ¥Zr-labeled
(5-8 days) intact antibody.
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%Ga-ZHER2 1h

‘t J

8F-FDG

Fig.38.1 %Ga-ZHER?2 affibody PET/CT was performed
1 h and 2 h after 218 MBq “*Ga-ZHER?2 injection. The
axial PET/CT image (A1) showed the left supraclavicular
lymph node, and maximum intensive projection (MIP)

38.4 HER2Targeting Therapy

Continuous low-dose irradiation from a tumor-
targeted radiolabeled mAb produces tumoricidal
effects. For therapy, a- and -emitters are of prac-
tical relevance. There have been numerous inves-
tigations with a number of these radionuclides;
however with intact antibodies, the most promis-
ing and practical radionuclides are the B-emitters
such as Y, Lu, and **Ac. Currently, the
research on HER2-targeted therapy is still in pre-
clinical stage, and no clinical research report has
been published.

Trastuzumab can be labeled with °°Y and '’Lu
using DOTA, DTPA, or 3p-C-NETA as the chela-
tor. Clearance of '""Lu-DTPA-Trastuzumab in
Swiss mice was predominantly through the hepa-
tobiliary route with minimal bone uptake. Prof.
Nasir Abbas et al. compared the bio-distribution,
normal tissue toxicity, and therapeutic effect of
the a-emitting ?*'Th-trastuzumab and the
B-emitting !”’Lu-trastuzumab in mice with
HER2-expressing SKBR-3 breast cancer xeno-

88Ga-ZHER2 1h

.

68Ga-ZHER2 2h 18F-FDG

PET images (A2-A3) showed multiple ®*Ga-ZHER2-avid
lesions in bones. Bl and B2 exhibit the *F-FDG PET
images in the same patient

grafts. The result showed that the relative bio-
logical effect (RBE) was higher for
2TTh-trastuzumab than for !""Lu-trastuzumab,
while the therapeutic index of 7’Lu-trastuzumab
was superior to that of 2>’ Th-trastuzumab.
Recently, Prof. Tolmachev V et al. prepared
17Lu-CHX-A”-DTPA-F(ab’),-trastuzumab  and
Lu-CHX-A”-DTPA-trastuzumab for nuclide
therapy of HER2-positive SKOV3 models. The
findings of this study indicate that both
7Lu-CHX-A”-DTPA-F(ab’),-trastuzumab  and
""Lu-CHX-A”-DTPA-trastuzumab are equally
effective under in vitro conditions and could be
employed with other apoptosis-inducing chemo-
therapeutic drugs for combinational therapy. The
cellular toxicity exhibited by both ""Lu-CHX-
A”-DTPA-trastuzumab  and  'Lu-CHX-A"-
DTPA-F(ab’),-trastuzumab  was similar in
triggering membrane damage, inducing apopto-
sis, and causing cell death particularly at high
radiation doses of !’Lu-CHX-A”-DTPA-
trastuzumab and its '7Lu-CHX-A”-DTPA-
F(ab’),-trastuzumab. These in vitro results


https://www-ncbi-nlm-nih-gov-443.webvpn.bjmu.edu.cn/pubmed/?term=Tolmachev V[Author]&cauthor=true&cauthor_uid=17363599

38 Is It Possible to Target HER2 Using Affibody Receptor Radionuclide Therapy?

379

indicate  that '""Lu-CHX-A”-DTPA-F(ab’),-
trastuzumab could be a potential theranostic
agent; however, its in vivo efficacy needs to be
studied extensively.

38.5 HER2 Using Affibody
Receptor Radionuclide
Therapy

Based on the mentioned molecular imaging tech-
nology, especially the HER2-affibody-based PET
image, SUVmax reaches to incredible high 66.0.
This initial study strongly shows that *Ga-ZHER?2
PET/CT can supply a whole-body vision of
tumor load and HER2 expression including the
heterogeneous as early as 1 h postinjection.

Inspired by recently most popular peptide
receptor radionuclide therapy with lutetium-177
dotatate ("”’Lu-DOTATATE) for advanced gastro-
enteropancreatic neuroendocrine tumors (GEP-
NETs) and '""Lu-PSMA-617 for metastatic
castration resistant prostate cancer therapy
(mCRPC), the establishment of affibody receptor
radionuclide therapy (ARRT) has the potential to
provide an alternative treatment option for HER2
positive resistant patients. As shown in Fig. 38.1,
the high uptake of Ga-HER?2 affibody in sys-
temic bone metastases indicated a high affinity of
this probe for the lesions, and it is expected that
these patients would benefit from the '""Lu
labeled HER?2 affibody therapy.

38.6 Clinical Significance
of HER2 ARRT

HER2 PET molecular probe can provide a
whole-body view of the tumor load and HER2
expression status, and since lesions with very
high uptake indicated that the drug had a very
high affinity to the lesion, this method also
reveals what the response to anti-HER2 drug

will be, if de novo resistance occurs. Combined
HER2 PET examinations and ctDNA sequenc-
ing is promising and may conquer the heteroge-
neity of HER2-positive cancer. These results of
these indicators have a great impact on the over-
all prognosis of patients. The treatment plan of
HER2-positive patients is different from that of
HER2-negative patients, which can be inter-
vened from the early stage of patients’ treatment
and affect the whole course of patients. During
the treatment, some of patients may develop
trastuzumab  resistance; monitoring HER2
expression by PET imaging could help us to
adjust the treatment plan in time [4].

Radionuclide-targeted therapy provides a new
therapeutic method. These biological missiles
can be fired with pinpoint accuracy, more in line
with our concept of individualized and precise
treatment for patients. When patients have intol-
erance to chemotherapy, targeted therapy can be
used as a supplementary means.
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