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1. INTRODUCTION:

When breast cancer (BCa) patients develop bone metastases, their 5S-year survival rate declines by more than 70%.
External beam radiation is used primarily for palliative treatment for patients with bone metastases.
Bisphosphonate and anti-receptor activator of nuclear factor kB ligand (RANKL) antibody to decrease bone
resorption can reduce the onset of pain, but they ultimately fail to improve overall survival. Radium-223
(?*RaCl,) can extend overall survival of prostate cancer patients with bone metastases, but only to a limited extent.
Since these treatments mainly target bone remodeling, new approaches that target factors other than bone
remodeling are needed.

Cancer-induced bone pain is the most common and intractable symptom of bone metastases, and it substantially
impairs quality of life. Eighty percent of patients with bone metastasis have cancer-induced bone pain, and its
management is a tremendous challenge for patients and caregivers. It has also been suggested that cancer-induced
bone pain may be a negative indicator of survival. The ALSYMPCA trial, which investigated the role of 22*RaCl,
in prostate cancer patients with bone metastases, revealed that decreased pain levels corelated with increased
overall survival. Thus, treating bone metastases by targeting pain signals are a promising approach to improve
mortality.

Calcitonin gene-related peptide (CGRP), a 37-amino acid neuropeptide widely distributed in the peripheral and
central nervous systems, is closely associated with pain behavior. Sensory nerves that express CGRP were
enriched in the periosteum and bone marrow of a murine model of BCa bone metastasis. Patients with bone
metastatic prostate cancer have elevated serum levels of CGRP. Sensory nerve-derived CGRP stimulated lung
cancer growth. We have also found that: (i) bone metastatic prostate cancer directly affects sensory nerves to
induce bone pain; (ii) sensory nerves that express CGRP are enriched in the marrow of those with bone metastatic
prostate cancer; (iii) prostate cancer patients with bone metastatic disease have elevated serum levels of CGRP;
(iv) samples from patients with bone metastatic BCa expressed higher levels of a CGRP receptor, calcitonin
receptor-like receptor (CRLR); and (v) CGRP induces proliferation of BCa cells through CRLR. These data
suggest that the CGRP/CRLR axis influences bone metastatic progression and could be a valuable therapeutic
target.

The recent therapeutic efficacy of alpha particle 2°RaCl, (t12 = 11.4 d; Eamax = 6-7 MeV) for treatment of prostate
cancer patients with bone metastases has renewed interest in the development of alpha particle-based therapies.
The effectiveness of 22’RaCl, results from its ability to form complexes with hydroxylapatite in remodeling bone.
223RaCl, emits alpha particles and deposits substantial ionizing energy via high linear energy transfer (LET) over
< 100 pm within bone tissue. When DNA is exposed to high LET, irreparable double-stranded breaks occur,
resulting in cell death. 2°RaCl, is more potent than low LET B-emitting bone-seeking agents, and its cytotoxicity
is not affected by hypoxia or mechanisms of radio- or chemoresistance. However, its chemical properties make it
difficult to conjugate to molecular delivery systems, such as antibodies that target solid tumors.

There is growing consensus that actinium-225 (**Ac) (ti2 = 10 d; Eomax = 6-8 MeV) could be a superior
alternative for targeted alpha particle therapy of bone metastases. Unlike other alpha particles, 2°Ac of high
specific activity and radionuclide purity is available. It has a long half-life, which synergizes well with the
biological half-life of a circulating antibody. At the target site, it releases a large amount of kinetic energy per
nuclear decay, making it highly cytotoxic when properly targeted. Unlike 22*RaClL,**Ac¢’s chemistry is
amenable to chelation and conjugation to targeting molecules such as antibodies and peptides. Recent in
vivo preclinical evaluation of 2?Ac radiotherapeutics demonstrates that >>Ac may provide new strategies for
targeted alpha particle therapy development. Although the recent clinical success of 22°Ac radiotherapeutics that
target prostate-specific membrane antigen (PSMA) demonstrate that targeted alpha particle therapy approaches
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could have a significant and positive impact on the management of prostate cancer, targeting PSMA is not
applicable for other cancer types including breast cancer.

Hypothesis:

The delivery of alpha particle radiation to bone metastatic foci using CRLR-targeting ligands will reduce BCa
tumor burden and cancer-induced bone pain.

Specific Aims:
Aim 1: Determine the best alpha particle radiopharmaceuticals targeted to the CRLR.

We will develop CRLR-targeted peptide (CGRP»7.37) conjugated with actinium-225 (**Ac, 22Ac-CGRP27.37).
Then, the binding affinity of 22Ac-CGRP27.37 to CRLR will be determined in vitro. The biodistribution of 22> Ac-
CGRP27.37 and organ dosimetry will be determined in vivo.

Aim 2: Determine the impact of CRLR-targeted alpha particle therapy on BCa bone metastases and
cancer-induced bone pain.

Using an in vivo bone metastatic model that allows us to measure tumor growth, bone remodeling, skeletal
innervation, and pain behaviors within each mouse, we will determine the safety and efficacy of 22°Ac-CGRP2;.
37 in the treatment of bone metastatic progression and its resultant pain.

Our proposal would be the first to rigorously investigate the use of 22>Ac-based targeted alpha particle therapy to
target the CRLR, a receptor for the pain-related neuropeptide CGRP, in breast cancer bone metastases. If
successful, the proposed studies will yield a paradigm-shifting treatment strategy for BCa patients with bone
metastases.

The immediate benefits of this research will provide essential preliminary data for the design of subsequent
clinical translational studies. Our results could be quickly translated into novel treatment strategies to reduce
breast cancer-associated morbidity and mortality.

The potential for long-term and positive impact of our work is substantial. This work will inform new treatment
strategies to address both bone metastatic progression and cancer-induced bone pain of BCa.

2. KEYWORDS:

Breast Cancer; Bone metastasis; Cancer-induced bone pain; Radiopharmaceuticals; Calcitonin receptor-like
receptor; Actinium-225
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3. ACCOMPLISHMENTS:

What were the major goals and objectives of the project?

This application will test a new and innovative approach for 22°Ac-based targeted alpha particle therapy of breast
cancer bone metastases by exploiting CRLR as a potential therapeutic target for breast cancer bone metastases,
with the goal of improving both patients’ quality of life and overall survival.

Task 1: In vitro selection of CRLR-targeted alpha particle radiopharmaceuticals.
Months 1-12.
e Synthesize the CGRP27.37 (Months 1-2; Dr. Shiozawa).
e Conjugate CGRP,7.37 to 2> Ac-PCTA (Months 3-5; Dr. Wadas).
e Test the serum stability of 22> Ac-CGRP»7.37 (Months 6-8; Dr. Wadas).

e Establish CRLR-down-regulated, CRLR-overexpressed breast cancer cells (Months 6-8; Dr.
Shiozawa).

e Perform receptor binding assays and internalization assays (Months 9-12; Dr. Wadas).

Task 2: In vivo selection of CRLR-targeted alpha particle radiopharmaceuticals.
Months 1-18.
e Submit documents for local IACUC review. (Months 1-2; Dr. Shiozawa).

e Submit JACUC approval and necessary documents for review by the Animal Care and Use Review
Office (ACURO). (Months 3-4; Dr. Shiozawa).

e Perform biodistribution and dosimetry assays (Months 13-18; Drs. Shiozawa and Wadas).

Task 3: Determine the maximum tolerated dose of CRLR-based targeted alpha particle therapy.
Months 18-24.

e Perform maximum tolerated dose studies (Months 18-24; Drs. Shiozawa and Wadas).
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e Co-author comprehensive review of radiopharmaceutical treatment and bone metastasis. (Months 20-
14; Drs. Shiozawa and Wadas).

Task 4: Determine treatment efficacy of CRLR-based targeted alpha particle therapy.
Months 25-34.

o Test the effects of 22°Ac-CGRP27.37 on tumor growth in the marrow, bone remodeling, and pain-related
behavior within the same animal (Months 25-34; Drs. Shiozawa and Wadas).

e (Co-authored manuscript summarizing all the results. (Months 33-36; Drs. Shiozawa and Wadas).

What was accomplished under these goals?
(2019-2020)

The Award Transfer (Drs. Wadas and Shiozawa).

As of 12/01/19, the Partnering PI, Dr. Wadas accepted a position as an Associate Professor at the University of
Iowa. Upon his arrival at the University of lowa, Dr. Wadas has been working on obtaining the necessary
institutional approvals (Institutional animal care and use committee, Institutional biosafety committee, etc) to
submit the grant transfer request to the Department of Defense from the Wake Forest University Health Sciences
(WFUHS) to the University of lowa. Currently, the award has been transferred and all necessary institutional
approvals have been obtained for studies to commence at the University of lowa.

Additionally, to accomplish the remaining goals of the award at Wake Forest, Dr. Shiozawa was required to
obtain approval for his own radioactive materials protocol. Currently, he has received the necessary didactic
training provided by WFUHS Radiation Safety Committee. However, before his protocol is approved, the
WFUHS Radiation Safety Committee has required him to gain “hands-on” training at the University of lowa
from Dr. Wadas, who is an internationally recognized expert in the safe use of alpha-particle-emitting
radionuclides. Unfortunately, The University of lowa shut-down and non-essential air travel restrictions put in
place due to the COVID-19 outbreak have delayed this training.

225A¢-PCTA-CGRP;7.37 was stable in human serum (Dr. Wadas).

To assess the stability of 22°Ac-PCTA-CGRP27.37, we first synthesized the CGRP»7.37 by conjugating with a
PCTA chelator (Fig. 1A) and radiolabeling it with >>Ac using standard protocols (Tafreshi NK et al., J. Nucl.
Med. 2019; 60:1124-33) (Fig. 1B). Formation of >’ Ac-PCTA-CGRP»7.37 was verified by Radio-TLC (Fig. 2)
as well as Radio-HPLC (Fig. 3). Then, in vitro stability of *>Ac-PCTA-CGRP27.37 was determined by
incubating with 500 pL of human serum at 37°C. The radiopharmaceutical was stable after 10 days in human
serum at 37°C (Fig. 4).
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Fig. 1: Radiochemistry strategy for preparing 25Ac-
PCTA-CGRP27.37.

The chemical structures of (A) PCTA-CGRP2737 and
(B) 2 Ac-PCTA-CGRP27.37.
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Fig. 3: Size-exclusion chromatography (SEC) of
225A¢-PCTA-CGRP27.37.

(Upper panel) UV-retention time of unlabeled
CGRP27.37 correlates well with retention time of the
radiotracer. (Lower panel) Successful conjugation of
25A¢c-PCTA to CGRP27.37. Black diamonds = SEC
fractions analyzed by gamma-counting..
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Fig. 2: Radiochemical purity of 225Ac-PCTA-
CGRP27.37 by Radio-TLC.

The reaction efficiency and purity of the 2>Ac- PCTA-
CGRP2737 were determined with ITLC-SA as the
stationary phase and 50 mM DTPA, pH 7 as the mobile
phase. ITLC-SA was analyzed by TLC scanner and
quantified by gamma-counter.

150 200

% Intact
Day TLC scanner Gamma-counter

0 100 100

1 98.5+ 0.5 98.1+0.4
3 96.6 + 0.7 96.1+ 0.8
5 93.9+0.4 93.2+1.1
7 92.4+0.8 91.7+ 0.9
10 90.1+ 0.6 89.8+ 0.5

Fig. 4: In vitro serum stability of 2°Ac-PCTA-
CGRP27.37.

In vitro serum stability was carried out by adding 50
puL of ?2Ac-PCTA-CGRP2737 (45 pCi) to 1 mL of
human serum. The solutions were incubated at 37°C for
10 days and were analysed at suitable time points by
TLC scanner and quantified by gamma-counter.
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The CALCRL in breast cancer cells were down-regulated using shRNA (Dr. Shiozawa).

<15 To test the binding affinity of 2°Ac-PCTA-CGRP27.37 to CRLR
£ 10 on breast cancer cells, we first needed to manipulate the levels of
En CRLR in breast cancer cells. To do so, we tested 4 different
§ 0.5 shRNAs targeting CALCRL (gene name of CRLR). Three out of
S four shRNAs successfully down-regulated CALCRL in MDA-

0.0 MB-231 cells (Fig. 5), while one of them (shRNA CALCRL 2)

S killed cells (data not shown). Based on the knock-down
évocy efficiency, we chose CALCRL-down-regulated MDA-MB-231
cells by shRNA CALCRL 1 and 4 to be used in future binding
affinity analyses.

Fig. 5: The down-regulation of CALCRL in
breast cancer cells .

CALCRL knockdown in MDA-MB-231 cells. “p <
0.05, *p < 0.001 vs. shRNA control (One-way
ANOVA, Dunnett’s multiple comparisons).
Presented as mean fold change = SEM.

What opportunities for training and professional development did the project provide?

(2019-2020)
Dr. Shiozawa was invited to give a talk at The U.S. Bone and Joint Initiative (USBJI) and Bone and Joint
Canada (BJC) Young Investigator Initiative Workshop Spring 2019 (Rosemont, IL) on April 27, 2019.

Dr. Shiozawa was invited to give a seminar at University of North Carolina at Chapel hill, Adams School of
Dentistry (Chapel hill, NC) on December 03, 2019.

Dr. Wadas gave a lecture at the University of lowa’s Free Radical and Radiation Biology Program. This lecture
dealt with the use of alpha particle therapy in cancer care. University of lowa, lowa City, IA (February 25,
2020).

Dr. Wadas accepted the role as Guest Editor of a Special Issue of Molecules that focuses on the use of
radiotherapy of disease. The Issue description and «call for papers can be found at
https://www.mdpi.com/journal/molecules/special issues/radiopharmaceutical chemistry radiotherapy.

How were the results disseminated to communities of interest?

There is nothing to report currently.
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What do vou plan to do during the next reporting period to accomplish the goals and objectives?

Currently, research at both institutions has ceased due to the COVID-19 pandemic. Once normal research
operations resume the following tasks will be initiated. These include:

1) Determine the binding affinity of radiopharmaceuticals to breast cancer cells in vitro (Aim 1).

2) Determine the biodistribution and dosimetry of radiopharmaceuticals in vivo (Aim 1).

3) Dr. Shiozawa will complete his radioactive material handling training with Dr. Wadas.

4) Drs. Shiozawa and Wadas will write together a review manuscript relevant to this study.
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4. IMPACT:
What was the impact on the development of the principal discipline(s) of the project?
(2019-2020)

1. We found that 2Ac-PTCA-CGRP,, ;; were stable in human serum.
2. We were able to down-regulate CRLC expression levels in BCa using shRNA.

What was the impact on other disciplines?

We were able to develop new methods of radiopharmaceutical production. While specific to this project, they
may have broad applicability to radiopharmaceutical development in general.

What was the impact on technology transfer?
There is nothing to report at this time.
What was the impact on society beyond science and technology?

There is nothing to report at this time.
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5. CHANGES/PROBLEMS:

Changes in approach and reasons for change

Nothing to report.

Actual or anticipated problems or delays and actions or plans to resolve them

Nothing to report.

Changes that have a significant impact on expenditures

Nothing to report.

Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or select agents

Nothing to report.
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6. PRODUCTS:

Publications., conference papers, and presentations

Journal Publications

Peer reviewed journal
(2019-2020)

1. Lycan TW, Hsu F, Ahn CS, Thomas A, Walker FO, Sangueza OP, Shiozawa Y, Park SH, Peters
CM, Romero-Sandoval EA, Melin SA, Sorscher S, Ansley K, Lesser GJ, Cartwright MS, Strowd
RE. Neuromuscular ultrasound for taxane peripheral neuropathy in breast cancer. Muscle and
Nerve. 2020; 61(5):587-594. PMID: 32052458. PMCID: In Progress.

Status of Publication: Published
Acknowledgement of federal support: Yes

2. Tafreshi NK, Tichacek CJ, Pandya DN, Doligalski ML, Budzevich M, Kil H-J, Bhatt NB, Kock
ND, Messina J, Ruiz EE. Delva NC, Weaver A, Gibbons WR, Boulware DC, Khushalani NL, El-
Haddad G, Triozzi PL, Moros EG, McLaughlin ML, Wadas TJ, Morse DL. Melanocortin 1
Receptor-Targeted a-Particle Therapy for Metastatic Uveal Melanoma. J. Nucl. Med. 2019; 60(8):
1124-1133. PMID: 30733316. PMCID: PMC6681690.

Status of Publication: Published
Acknowledgement of federal support: No

3. Tichacek CJ, Budzevich MM, Wadas TJ, Morse DL, Moros EG. A Monte Carlo Method for
Determining the Response Relationship between Two Commonly Used Detectors to Indirectly
Measure Alpha Particle Radiation Activity. Molecules. 2019; 24(18): 3397-3402. PMID:
31546752. PMCID: PMC6767018.

Status of Publication: Published
Acknowledgement of federal support: No

4. Tafreshi NK, Doligalski ML, Tichacek CJ, Pandya DN, Budzevich MM, El-Haddad G, Khushalani
NI, Moros EG, McLaughlin ML, Wadas TJ, Morse DL. Development of Targeted Alpha Particle
Therapy for Solid Tumors. Molecules. 2019; 24(23): 4314-4362. PMID: 31779154. PMCID:
PMC6930656.

Status of Publication: Published
Acknowledgement of federal support: No

Invited reviews

(2019-2020)

Nothing to report.
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Book

(2019-2020)

. Park SH, Shiozawa Y. (2019) Genomic mutation as a potential driver of the development of bone-

related cancers. In Zaidi M (Ed.), Encyclopedia of Bone Biology. In Press. Elsevier.
Status of Publication: In Press
Acknowledgement of federal support: Yes

Shiozawa Y. (2019) The roles of bone marrow-resident cells as a microenvironment for bone
metastasis. In Birbrair A (Ed.), Tumor Microenvironments in Different Organs — Part A. In Press.
Switzerland: Springer Nature.

Status of Publication: Published

Acknowledgement of federal support: Yes

Presentation

(2019-2020)

Strowd RE, Lycan T, Thomas A, Hsu FC, Ahn C, Sangueza O, Shiozawa Y, Park SH, Peters CM,

EA Romero-Sandoval, Melin SA, Sorscher S, Lesser GJ, Walker FO, Cartwright MS.

Neuromuscular ultrasound for the non-invasive assessment of breast cancer patients with peripheral
neuropathy from taxanes. The American Academy of Neurology 71st Annual Meeting,
Philadelphia, PA, USA, May 4-10, 2019. Poster.

Tsuzuki S, Park S, Eber M, Widner B, Kamata Y, Kimura T, Bianchi-Frias D, Coleman I, Nelson
P, Hsu F-C, Peters C, Shiozawa Y. A pain-related neuropeptide calcitonin gene-related peptide
promotes bone metastatic progression of prostate cancer through p38. American Society for Bone
and Mineral Research (ASBMR) 2019 Annual Meeting, Orland, FL, USA, September 20-23,
2019. Poster.

. Park S, Eber M, Tsuzuki S, Cain R, Widner B, Kamata Y, Kimura T, Bianchi-Frias D, Coleman I,

Nelson P, Hsu F-C, Peters C, Shiozawa Y. The role of the SCF/c-kit pathway in cancer-induced
bone pain. American Society for Bone and Mineral Research (ASBMR) 2019 Annual Meeting,
Orland, FL, USA, September 20-23, 2019. Poster.

e Selected as a Plenary Poster

Cain R, Park SH, Eber M, Martin TJ, Parker R, Jimenez-Andrade JM, Shiozawa Y, Peters C.
Characterization of a syngeneic mouse model of prostate cancer induced bone pain. Neuroscience
2019, Chicago, IL, USA, October 19-23, 2019. Poster.
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Website(s) or other Internet site(s)

Nothing to report.

Technologies or techniques

Nothing to report.

Inventions, patent applications, and/or licenses

Nothing to report.

Other products

Nothing to report.
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7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

What individuals have worked on the project?

Name: Yusuke Shiozawa

Project Role: PI, W81 XWH-19-1-0045

Researcher Identifier (e.g. ORCID ID): orcid.org/0000-0001-9814-9230

Nearest person month worked: 1.2

Contribution to Project: Dr. Shiozawa is an Assistant Professor in the Department of Cancer Biology. He has
extensive experience in the study of prostate cancer bone metastasis, and will provide oversight of the entire
program including development and implementation of all policies, procedures, and processes. In this role, Dr.
Shiozawa will be responsible for the completion of the project and for ensuring that systems are in place to
guarantee institutional compliance with US laws, including biosafety and animal research guidelines, data
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1 | INTRODUCTION

Chemotherapy-induced peripheral neuropathy (CIPN) is a common tox-
icity of many classes of chemotherapy, including taxanes, platinums,
vinca alkaloids, and others. Taxanes, such as paclitaxel and docetaxel,

Glenn J. Lesser MD?! |

Michael S. Cartwright MD* |

Abstract

Background: Our study aim was to evaluate neuromuscular ultrasound (NMUS) for
the assessment of taxane chemotherapy-induced peripheral neuropathy (CIPN), the
dose-limiting toxicity of this agent.

Methods: This cross-sectional study of breast cancer patients with taxane CIPN mea-
sured nerve cross-sectional area (CSA) by NMUS and compared with healthy histori-
cal controls. Correlations were determined between CSA and symptom scale, nerve
conduction studies, and intraepidermal nerve fiber density (IENFD).

Results: A total of 20 participants reported moderate CIPN symptoms at a median of
3.8 months following the last taxane dose. Sural nerve CSA was 1.2 mm? smaller than
healthy controls (P < .01). Older age and time since taxane were associated with
smaller sural nerve CSA. For each 1 mm? decrease in sural nerve CSA, distal IENFD
decreased by 2.1 nerve/mm (R? 0.30; P = .04).

Conclusions: These data support a sensory predominant taxane neuropathy or
neuronopathy and warrant future research on longitudinal NMUS assessment
of CIPN.

KEYWORDS

breast cancer, chemotherapy, neuropathy, taxane, ultrasound

have had an increasing role in the treatment of breast cancer and are
now used in the majority of patients receiving perioperative chemo-
therapy.! When chemotherapy cannot be given as intended due to
dose reductions, it is associated with worse progression-free and over-
all survival.2 Although spontaneous recovery is possible, in roughly half

Abbreviations: AANEM, American Association of Neuromuscular & Electrdiagnostic Medicine; ALS, amyotrophic lateral sclerosis; BMI, body mass index; CIPN, chemotherapy-induced peripheral

neuropathy; CSA, cross-sectional area; DRG, dorsal root ganglion; DWC, distal wrist crease; H&E, hematoxylin and eosin; IENFD, intraepidermal nerve fiber density; LMN, lower motor neuron;
NCS, nerve conduction study; NMUS, neuromuscular ultrasound; PGP, protein gene product; QLQ, Quality of Life Questionnaire; SNAP, sural sensory nerve action potential.

Muscle Nerve. 2020;1-8.
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of cases functional disability and risk of falls from CIPN persists for
years.>* Currently, there is no predictive method to identify patients
who are at high risk for developing permanent, debilitating CIPN.

There are few clinically available point-of-care tests to objectively
predict, diagnose, or monitor CIPN. Self-reported symptom scales
such as the European Organization for Research and Treatment of
Cancer CIPN 20 Quality of Life Questionnaire (QLQ)° are potentially
predictive of CIPN but have inter-scale and inter-observer variabil-
ity.%” Quantitative sensory testing fails to predict the severity of
CIPN.2? Nerve conduction studies (NCSs) are insensitive to small fiber
changes; typical findings include mild conduction velocity slowing at
sites of entrapment or reduction of sural sensory responses.'®*? Skin
biopsy for measuring intraepidermal nerve fiber density (IENFD) is the
gold standard for the diagnosis of sensory-predominant small fiber
neuropathy but is not an ideal test due to its invasive nature.>®

Studies have found that neuromuscular ultrasound (NMUS) can
detect peripheral nerve lesions generally with enlargement of CSA in

1314 inflammatory,*>%¢

patients with demyelinating hereditary,
entrapment,!” and diabetic neuropathies!® though reduction of CSA
has also been reported (eg, amyotrophic lateral sclerosis [ALS],'? spi-

nocerebellar ataxia syndrome?°-2%)

. CSA is generally larger in demye-
linating than axonal polyneuropathies?* and more commonly reported
in large fiber neuropathies, though one study of patients with small
fiber neuropathies demonstrated enlargement of CSA compared with
matched-healthy controls.2’

Less is known about the usefulness of NMUS for assessing the
effect of chemotherapy upon peripheral nerves. Four studies have used
NMUS for the detection of CIPN among gastrointestinal cancer
patients who received oxaliplatin. Compared with historical reference

values, three studies found no consistent change in CSA24%¢

although
one did note an increase in peripheral nerve CSA at compression sites
(median nerve at wrist, ulnar nerve at elbow).?” The fourth study com-
pared neurological measures before and after chemotherapy and found
increased CSA of the tibial nerve and at one compression site of the
fibular nerve (fibular head), but did not find changes in CSA in other
nerves (sural, median, ulnar, radial).?® Importantly, the mechanism and
symptoms of neurotoxicity are markedly different between taxanes (eg,
microtubular stabilization, hypoesthesia) and oxaliplatin (eg, inhibition
of sodium channels; cold-induced paresthesias). Therefore, while prior
studies of oxaliplatin CIPN are certainly informative, taxane-specific
studies are needed to further characterize this syndrome.

In this study, our aim was to test NMUS as a noninvasive, point-
of-care test to measure nerve CSA in patients with active taxane CIPN

symptoms with the hypothesis that nerve CSA would be altered.

2 | METHODS

2.1 | Eligibility characteristics
Our single-arm, prospective pilot study enrolled breast cancer patients
with self-reported symptomatic CIPN for comprehensive neurological

assessment, including NMUS. The trial was conducted in accordance

with the International Conference on Good Clinical Practice Standards
and the Declaration of Helsinki. The protocol was approved by institu-
tional review board and ethics committees of our institution and the
trial was registered on ClinicalTrials.gov (NCT03139435). All patients
provided informed consent. Eligible patients were 218-year-old
women with breast cancer (any stage) and clinical symptoms of
peripheral neuropathy due to either previous or current taxane expo-
sure, as clinically attributed by the patient and their medical oncolo-
gist. We noted the presence of comorbidities (such as diabetes),
which can predispose toward peripheral neuropathy with nerve
enlargement.*® We excluded patients with a self-reported or docu-
mented history of pre-existing peripheral neuropathy before initiation
of the taxane. Patients were followed, either by telephone or in per-

son, for 30 days to ensure the biopsy site healed.

22 | Assessments
Participants underwent a cross-sectional assessment that included
focused history, neurological exam, and diagnostic testing by a neurol-
ogist at a single visit. NMUS with a GE S8 system and a routine
15-MHz linear transducer (GE Healthcare, Chicago, IL) was used to
measure CSA at nerve sites as per previously described methodology
and institutional practice.?’ These sites were at the posterior distal leg
(sural nerve), the ankle (tibial nerve), and the forearm and distal wrist
crease (DWC; median nerve). The median nerve was assessed at two
places to control for enlargement that can occur just proximal to
entrapment at the carpal tunnel (at the DWC) due to subclinical carpal
tunnel syndrome. Reference values for NMUS were from a published
historical dataset.?’ The 20-item self-reported neuropathy scale
(QLQ-CIPN20) was administered as previously described with the
exception of the hearing loss item; this item was excluded from data
collection because taxanes are not associated with ototoxicity.*°

NCS assessed the tibial motor nerve, median motor nerve, and
the sural sensory nerve (antidromic, taken at two sites on the ankle)
as per AANEM standards®! and compared with reference values from
healthy adults.3?> IENFD was measured with two skin biopsies
(4-5 mm), one at the upper thigh and the second on the ipsilateral dis-
tal leg in sural nerve territory (10 cm above lateral malleolus). As previ-
ously described, biopsied tissues were cut into 50-uM sections for
H&E staining and immunostaining with an antibody to protein gene
product (PGP) 9.5, a neuron- and neuroendocrine cell-specific
ubiquitin carboxy-terminal hydrolase expressed throughout the
peripheral nervous system.®®

Slides were processed and read by two collaborators in
dermatopathology with experience in reading skin biopsy samples for
IENFD. The same two dermatopathologists reviewed all cases. IENFD
was measured as the linear density (per millimeter) of PGP 9.5-positive
fibers that crossed the dermal-epidermal junction. Serum and addi-
tional unstained biopsy slides were stored and transferred for explor-
atory analyses. Although not blinded to the diagnosis of CIPN, the
examiner performing NMUS did not review the patient's symptoms

before performing the study and was not aware of the cumulative dose,
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timing since taxane therapy, severity of clinical symptoms, or IENFD
results at the time of testing. Dermatopathologists were not blinded to
the patient but did not have access and were blinded to the NCS and
NMUS data at the time of their analysis.

2.3 | Study endpoints

The primary outcome was tibial nerve CSA by NMUS compared with
historical controls. Secondary outcomes included sural nerve CSA by
NMUS and determination of whether tibial or sural nerve CSA corre-
lated with QLQ-CIPN20, NCS, or IENFD. Exploratory outcomes
included measures of median nerve CSA.

24 | Statistical analysis

The tibial nerve CSA, sural nerve CSA, and sural nerve amplitude were
compared with historical data?*®* from healthy patients using two-
sample t-test; primary historical data were used for the analysis of
CSA measures. Phase of treatment was defined as active (<30 days
since last taxane administration), recent (>30 and <180 days), and
remote (>180 days). Comparison of CSA, QLQ scales, and IENFD

)
A
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measures between different phases of taxane exposure were per-
formed using the Kruskal-Wallis tests. Spearman's rank correlation
coefficients were used to study the associations between two mea-
sures (eg, distal and proximal IENFD). Linear regression models were
used to examine the associations between the dependent variable
(nerve CSA) and covariates of interest (NCS measures, self-reported
neuropathy scale, and IENFD). Clinical factors (eg, age) that were
thought to be potentially associated with nerve CSA were fitted in the

model one at a time.

3 | RESULTS
Between May 4, 2017, and November 13, 2018, 25 patients were
screened for eligibility; 3 did not meet inclusion criteria, and 2 declined
to participate as summarized in CONSORT flow diagram (Figure 1).
Recruitment was by provider referral and by paper fliers posted in
both patient and provider areas of the oncology clinic. All patients
completed their planned evaluation and follow-up. One patient was
excluded from median nerve analysis due to symptoms and NCS find-
ings that were diagnostic of carpal tunnel syndrome.

A total of 20 patients underwent evaluation with their baseline

clinical characteristics summarized in Table 1. Average cumulative

CONSORT

L7, 1 TRANSPARENT REPORTING of TRIALS

CONSORT 2010 Flow Diagram

[ Enroliment 1

J
Assessed for eligibility (n = 25)

Excluded (n=5)

+ Did not meet inclusion criteria (n = 3)

+ Declined to participate (n = 2)

[ Allocation

A4

o

Allocated to intervention (n = 20)

e Received allocated intervention (n = 20)

[ Follow-Up

| ,

Completed follow-up (n = 20)

¢ Discontinued intervention (n = 0)

[ Analysis

1 v

FIGURE 1 CONSORT flow diagram [Color
figure can be viewed at wileyonlinelibrary.com]

Analysed (n = 20)

e Excluded from analysis (n = 0)
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taxane dose was 817 mg/m?; for reference, the typical dosing regi-
men for adjuvant paclitaxel in breast cancer is 80 mg/m?/week for
12 weeks (total cumulative dose of 960 mg/m?). CIPN patients
reported moderate-to-severe CIPN symptoms by QLQ-CIPN20,
which were predominantly sensory (19.1 + 4.9; max 32) as opposed
to motor (15.6 + 5.8; max 32) or autonomic (3.3 + 1.6; max 8). All
patients had normal strength (5/5) in foot dorsiflexion; deep tendon
reflexes at the ankles were absent in 13/20 (65%), reduced in
4/20 (20%).

Sural nerve amplitude was significantly lower (mean 10.9
+5.8 V) than healthy historical controls (mean 17.2 +10.1 pV;
P <.01) with 8 patients below the normal range (<7.1 pV).34 There
were no associations between tibial nerve CSA and tibial compound
muscle action potential amplitude (Spearman's r = 0.12), distal latency
(—0.24), or conduction velocity (0.21). There were no associations
between sural nerve CSA and sural sensory nerve action potential
(SNAP) amplitude (Spearman's r = 0.20), latency (—0.26), or conduc-
tion velocity (0.27). Sural SNAP amplitude was not associated with
symptom severity by QLQ-CIPN20 (Spearman rs [18] = —0.23).

Distal IENFD had mean 6.6 *+ 3.8 nerves/mm (range, 2.4-15 nerves/

mm) with 30% of participants below the normal range, defined as the 5th

TABLE 1 Demographic and disease characteristics of the
participants
Mean (SD) or
Parameter n (%)
Age, mean (SD) 55.4(10.5)
BMI, mean (SD) 29.8 (6.9)
Stage of breast Stage | 8 (40%)
cancer, n (%) Stage I 5 (25%)
Stage Il 2 (10%)
Stage IV 5(25%)
Prior radiation 10 (50%)
therapy, n (%)
Prior surgery for breast cancer, n (%) 19 (95%)
Prior hormone therapy for breast cancer, n (%) 8 (40%)
Prior lines of systemic cancer therapy, 1(1-3)
median (IQR)
Most recent taxane, Paclitaxel 10 (50%)
n (%) Docetaxel 8 (40%)
Nab-paclitaxel 2 (10%)
Cumulative taxane dose, mg/m?, mean (SD) 817.3 (414.9)
Months since last taxane dose, median (IQR) 3.8 (1.0-6.1)
Relevant Diabetes, no end-organ 4 (20%)
comorbidities, damage
n (%) Hypothyroidism 3 (15%)
Depression 3(15%)
Alcoholism 1 (5%)
Cerebovascular disease 1 (5%)
Vitamin B12 deficiency 1 (5%)

IQR, interquartile range; Nab, nanoparticle albumin-bound.

percentile among historical healthy controls (3.8 nerves/mm). Proximal
IENFD had mean 11.0 + 6.0 nerves/mm (range, 9-24 nerves/mm) with
15% of participants below the normal range, defined as the 5th percentile
among historical healthy controls (5.2 nerves/mm).2> Distal and proximal
IENFD were associated with each other (Spearman rs [19] = 0.49;
P =.03). Neither distal nor proximal IENFD was associated with symptom
severity by QLQ CIPN20 (Spearman rs [19] = —0.16; 0.12, respectively)
or with cumulative dose (Spearman rs [20] = 0.42; 0.19, respectively).
Proximal |ENFD was negatively associated with tibial amplitude
(Spearman r = —0.46; P = .04); otherwise, there was no association
between IENFD (either proximal or distal) and any other NCS measures.

CSA was evaluated by NMUS at 74 nerve sites among the
20 patients with no repeated measurements. The average sural nerve
CSA was significantly smaller than healthy historical controls (Table 2).
Older age was associated with significantly smaller sural nerve CSA
(Spearman rs [20] = —0.65, P < .01). More days since taxane chemo-
therapy was also associated with smaller sural nerve CSA (rs [20] =
—0.46; P = .04). Sural nerve CSA was not significantly associated with
either body mass index (BMI) (Spearman rs [20] = 0.25) or cumulative
taxane dose (Spearman rs [20] = 0.40); neither were the CSA of other
nerves. Unadjusted sural nerve CSA did not have an association with
distal IENFD, but when controlled for age and days from last taxane
administration, distal IENFD reduced by 2.1 nerve/mm for each
1 mm? decrease in sural nerve CSA (Table 3).

Descriptive data of nerve findings by phase of treatment (active,
recent, remote) are summarized in Table 4. When compared by phase
of treatment and independently from each other, tibial nerve CSA
(P = .44), sural nerve CSA (P = .17), proximal IENFD (P = 0.43), distal
IENFD (P = .32), QLQ sensory scale (P = .46), and sural amplitude
(P = .45) did not meet statistical significance by Kruskal-Wallis one-
way analysis of variance.

Median nerve CSA at the compressive site (DWC) was larger than
among healthy historical controls, whereas at the noncompressive site
(forearm), there was no significant difference. These results were the
same even when including the participant with carpal tunnel syn-
drome (n = 20), with median nerve CSA at the DWC larger than
healthy historical controls (P = .02) and no significant difference at the

TABLE 2 Comparison of nerve CSA by NMUS between CIPN
patients and healthy historical controls

Healthy
CIPN controls,
patients, mm?,
mm?, mean
mean (SD) (SD) tvalue Pvalue
Tibial nerve CSA 13.0 (3.6) 14.0 (4.3) 0.94 .35
Sural nerve CSA 4.1 (1.3) 5.3(1.8) 2.85 <.01*
Median nerve CSA 7.3(1.4) 7.7 (1.7) 0.89 .37
(forearm)
Median nerve CSA 12.5(3.9) 10.1 (2.7) -2.39 .03**
(DWC)

*Statistically significant at « < .05. Df = 138.
**Statistically significant at « < .05. Satterthwaite unequal variances; Df = 16.
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TABLE 3 Multiple regression analysis

of factors to predict distal IENFD
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Multivariate model 1*

Multivariate model 21

Univariate
Factors Beta P value
Sural CSA 0.35 .13
Days since last taxane -0.29 21
Age -0.12 .62

*Model 1: R2 = 0.19; F(2,19) = 2.03; P = .16.
TModel 2: R2 = 0.30; F(3,19) = 2.32; P = .11.

*Statistically significant at « < .05.

TABLE 4 Comparison of findings between different phases of taxane exposure

No. of participants

Cumulative dose (taxane mg/m?)
Tibial nerve CSA (mm?)

Sural nerve CSA (mm?)

Forearm median nerve CSA (mm?)
DWC median nerve CSA* (mm?)
QLQ sensory scale

QLQ motor scale

QLQ autonomic scale

Proximal IENFD (nerves/mm)

Distal IENFD (nerves/mm)

Active taxane, mean (SD)
6
995.8 (95.8)
14.2 (4.8)
4.8 (1.6)
7.3(1.9)
13.8 (6.5)
17.2 (4.3)
12.3 (3.4)
2.5(0.5)
13.1(6.7)
8.9 (4.9)

*P value significant to <.05 (.0219) by Kruskal-Wallis one-way analysis of variance.

9

713.9 (440.7)

13.2(3.2)
3.9 (0.6)
8(1.0)
13.6(3.0)
204 (5.2)
18.6 (6.6)
3.9(1.8)
8.9 (3.6)
5.5(2.9)

Beta
0.99
-0.01

Recent taxane, mean (SD)

P value
15
.25

Beta
2.10
0.19

-0.01

P value
.04%
13

.09

Remote taxane, mean (SD)

5

789.0(587.1)

11.2(2.3)
3.6 (1.5)
6.2 (0.4)
11.0(2.4)
19.2(5.4)
14.2 (4.4)
3.2(1.6)
12.2(8.5)
5.9 (3.0)

FIGURE 2

forearm (P = .41). Representative NMUS imaging is shown in Figure 2.

Descriptive data from all participants is shown in Supporting Informa-
tion Table S1, which is available online.

Representative imaging by NMUS. A, Median nerve at forearm in participant 3 (CSA, 9 mm?). B, Median nerve at wrist in
participant 3 (CSA, 25 mm?). C, Sural nerve in participant 6 (CSA, 4 mm?). D, tibial nerve in participant 6 (CSA, 19 mm?) [Color figure can be
viewed at wileyonlinelibrary.com]

The study was well-tolerated without any adverse effects and

with a high uptake among participants with just 2 of 25 participants

declining to complete the study protocol after registration. Skin
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biopsy led to one adverse event in a patient who had redness and irri-
tation attributed to an inflammatory local reaction and not an

infection.

4 | DISCUSSION

The key findings of this study are that, compared with healthy histori-
cal controls, patients with a small fiber neuropathy caused by taxane
exposure had (1) decreased sural nerve size, (2) increased median
nerve size but only at a compression site, and (3) NMUS findings that
correlated well with IENFD loss on skin biopsies. Reduced CSA was
specific to the sural sensory nerve and was not seen in the tibial
nerve. This is likely reflective of the predominantly sensory manifesta-
tion of taxane CIPN, which was confirmed in our sample using a vali-
dated symptom scale.

NMUS assessment of the median nerve at its compression site
(DWC) found that CIPN patients had increased CSA compared with
healthy controls. When moved proximally to assess the median nerve at a
noncompressive site (forearm), there was no difference in CSA between
CIPN patients and healthy controls. This discrepancy is often seen with
NMUS evaluation of symptomatic carpal tunnel syndrome and other
polyneuropathies.®® These findings suggest that, at compression sites,
CIPN may aggravate nerve entrapment and cause an increase in CSA of
peripheral nerves. This discrepancy in the effects of CIPN between com-
pression and noncompression anatomic sites has been described in
NCS! and was suggested in a prior study of oxaliplatin CIPN.?”

The finding of decreased peripheral nerve CSA is uncommon and has
been reported in ALSY and spinocerebellar ataxia syndrome.2°2® In
vitro®” and animal studies®® have shown that the neurotoxicity of
microtubule-targeting agents (eg, taxanes) is predominantly due damage
to the dorsal root ganglion (DRG).3%40 This leads to axonal loss in the lon-
gest sensory nerves and contributes to the clinical symptoms consistent
with a ganglionopathy. In ALS, the reduction in nerve CSA is thought to
reflect nerve atrophy from lower motor neuron (LMN) dropout*! and
may have utility as a marker of LMN involvement.*? We hypothesize that
the decreased CSA observed in our study may reflect the sensory
ganglionopathy of taxane CIPN with sensory nerve atrophy. Because this
study was limited to taxane CIPN, these results are not broadly applicable
to other classes of chemotherapies whose neurotoxic mechanisms vary.

Multivariable analysis was notable for two confounding factors
between CIPN and CSA, that is, age and time since taxane exposure.
Age has previously been reported as having a very small negative cor-
relation with peripheral nerve CSA.?° The association with time is a
novel finding; we hypothesize that this may be due to the gradual
atrophy of damaged peripheral nerves following the initial insult. This
is supported by the finding of decreased distal IENFD among patients
with more time since taxane. Future studies will need to further
account for these confounding factors.

There were several limitations of this pilot study, most of which
were inherent to its design and small sample size. This study was
designed to provide a broader evaluation of the pathophysiology of

CIPN by including participants at all timepoints during and after

taxane (active, recent, remote). However, this heterogeneity
decreased the statistical power to detect changes in CSA, which may
only occur in a time-specific manner. Because there is no intervention
available for CIPN once the patient has completed taxane chemother-
apy, there is little clinical utility for improved evaluation of chronic
CIPN. Therefore, future studies of the clinical use of NMUS, including
one that is currently enrolling patients,*® will focus on patients with
CIPN who are being considered for additional taxane chemotherapy
so that dosing may be adjusted accordingly. This study was limited to
female participants; reassuringly, in the prior study of healthy controls,
there was no significant difference in nerve CSA by sex.?’ Prior stud-
ies** have reported variability among healthy controls with sural nerve
CSA approximately 2-6 mm?, our healthy control data had a mean of
around 5 mm2. Our study was not funded to support collection of
another set of matched control values, which is why we used our

previously published set.??

A newer high-resolution probe could also
be considered for future studies, as ultrahigh-frequency NMUS has
been found to be useful for assessing changes at the fascicular
level.*

CIPN is a common complication of breast cancer treatment with a
critical need for a better diagnostic imaging modality. NMUS was
found to be a rapid, noninvasive assessment of CIPN, which was well-
tolerated and available at the point-of-care using a routine 15-Hz lin-
ear probe. This study's findings warrant future research on the longi-
tudinal assessment of sural nerve CSA in CIPN.
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New effective therapies are greatly needed for metastatic uveal
melanoma, which has a very poor prognosis with a median survival
of less than 1y. The melanocortin 1 receptor (MC1R) is expressed in
94% of uveal melanoma metastases, and a MC1R-specific ligand
(MC1RL) with high affinity and selectivity for MC1R was previously
developed. Methods: The 22°Ac-DOTA-MC1RL conjugate was syn-
thesized in high radiochemical yield and purity and was tested
in vitro for biostability and for MC1R-specific cytotoxicity in uveal
melanoma cells, and the lanthanum-DOTA-MC1RL analog was
tested for binding affinity. Non-tumor-bearing BALB/c mice were
tested for maximum tolerated dose and biodistribution. Severe
combined immunodeficient mice bearing uveal melanoma tumors
or engineered MC1R-positive and -negative tumors were studied
for biodistribution and efficacy. Radiation dosimetry was calculated
using mouse biodistribution data and blood clearance kinetics from
Sprague-Dawley rat data. Results: High biostability, MC1R-specific
cytotoxicity, and high binding affinity were observed. Limiting toxic-
ities were not observed at even the highest administered activities.
Pharmacokinetics and biodistribution studies revealed rapid blood
clearance (<15 min), renal and hepatobillary excretion, MC1R-specific
tumor uptake, and minimal retention in other normal tissues. Radiation
dosimetry calculations determined pharmacokinetics parameters and
absorbed a-emission dosages from 225Ac and its daughters. Efficacy
studies demonstrated significantly prolonged survival and decreased
metastasis burden after a single administration of 225Ac-DOTA-
MC1RL in treated mice relative to controls. Conclusion: These
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results suggest significant potential for the clinical translation of 225Ac-
DOTA-MC1RL as a novel therapy for metastatic uveal melanoma.

Key Words: melanocortin 1 receptor; 225Ac alpha therapy; uveal
melanoma; mouse model
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Uveal melanoma is the most common primary intraocular
malignancy and differs from the more common cutaneous mela-
noma in terms of risk factors, primary treatment, anatomic spread,
molecular changes, and response to systemic therapy (/,2). Patients
who develop uveal melanoma metastases, primarily in the liver,
have a very poor prognosis with a median survival of about 1 y.
Because uveal melanomas have different characteristic mutations
from cutaneous melanomas, targeted therapies that have been ef-
fective for the latter, such as BRAF, are not indicated for the
former (3). Immune checkpoint inhibition therapies that are suc-
cessful in cutaneous melanoma have had poor efficacy in ocular
melanoma, with fewer than 10% of patients responding and with
rapid recurrence (3).

The melanocortin 1 receptor (MC1R) is highly expressed in
uveal melanoma metastases (4). MCI1R is a member of a family of
5 G-protein—coupled melanocortin receptors, 4 of which bind me-
lanocyte-stimulating hormone (MSH) and related ligands (MC1R,
3R, 4R, and 5R) (5). Unlike the other members of this G-protein
family, MCIR is not expressed in most normal human tissues (6),
lessening concern for therapy-related toxicity. Although expression
is found in the brain (7) and normal melanocytes (8), this is not a
major concern because conjugates can be designed to not cross
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FIGURE 1. Radiochemical synthesis of 22Ac-DOTA-MC1RL.

the blood-brain barrier and, in the most severe cases of melanocyte
loss, the most serious symptom is vitiligo (9). MCIR expression has
been reported on activated monocytes, macrophages, and dendritic
cells derived from monocytes (10). This is also not a significant
concern since the population of activated monocytes and macro-
phages can be replenished within days and lymphoid dendritic cells,
which do not express MC1R, will not be depleted. MCIR is highly
polymorphic (/7), but the wild-type frequency is about 50% (8) and
the most common mutations occur with a frequency of 21.5% in
cytoplasmic domains, 19.7% in transmembrane domains, and 0% in
the extracellular domain (/7). Hence, most patients will have an
MCIR isoform that is suitable for ligand binding. An MC1R-spe-
cific ligand (MCIRL) and conjugates were previously developed
with high specificity (>200 fold) and affinity (0.2-0.4 nM inhibi-
tion constant) for MC1R (/2,13). A fluorescent-dye conjugate was
rapidly internalized by MCI1R-expressing tumor cells, does
not cross the blood-brain barrier, and is rapidly cleared from
circulation (7).

Herein is reported the preclinical development and testing of a
novel MC1R-targeted radiopharmaceutical, 22>Ac-DOTA-MCI1RL,
for targeted a-particle therapy (TAT) (/4,15) of uveal melanoma.
a-particle emissions consist of dicationic helium nuclei (He?*) that
have high linear-energy transfer and a short mean free path of
only a few cell diameters (<100 wm) in tissue (/6). 225Ac is an
a-particle—emitting radionuclide that has a 10-d half-life (/7), 4
a-emissions in its decay chain, and high (28 MeV) total energy
release (/8).

MATERIALS AND METHODS

Compound Synthesis and Loading with Lanthanide

MCIRL (/3) was synthesized according to a conventional N*-fluo-
renylmethyloxycarbonyl (Fmoc) peptide synthesis strategy, except the
Fmoc-Lys(Alloc)-OH was coupled to allow orthogonal alloc depro-
tection of the linker on the e-amino group of the lysine after the linear
peptide synthesis. The alloc group is removed, and Fmoc-aminohexanoic
acid linker and tri-t-butyl-1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetate (DOTA; TCI Chemicals) were coupled sequentially using
O-(1H-6-chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexa-
fluorophosphate activation. The DOTA-MCIRL peptide was cleaved

MCI1R-TARGETED -PARTICLE THERAPY *

from the resin with a cocktail of trifluoroacetic acid (Chem-Impex In-
ternational), water, and triisopropylsilane (Sigma-Aldrich) (95:2.5:2.5,
v/v), precipitated in cold diethyl ether, pelleted/decanted, and lyophilized.
The crude white powder was purified by reverse-phase high-performance
liquid chromatography (Agilent) and characterized by both matrix-assisted
laser desorption/ionization time-of-flight mass spectroscopy (JEOL
USA Inc.) and analytic high-performance liquid chromatography. A
scrambled peptide ligand (DOTA-substance P [SP]) was synthesized
by changing the order of amino acids (sequence: 4-phenylbutyric acid-
Trp-Gly-His-Arg-(p)-Phe-Lys(aminohexanoic acid-DOTA)-CONH,).
The europium—diethylenetriaminepentaacetic acid (DTPA)-MCIRL
was synthesized as described before (/9) except that MC1RL was used
as the binding ligand (Supplemental Figs. 1A—1C; supplemental mate-
rials are available at http://jnm.snmjournals.org). Competition bind-
ing assays were performed as previously described using the
europium-DTPA-NDPa-MSH  ligand. The europium-DTPA-MCIRL
binding affinity was determined using saturation binding assays. To
determine MC1RL binding affinity for murine MC1RL, saturation bind-
ing assays were performed using the europium-DTPA-MCI1RL and
B16-F10 murine melanoma cells with high expression of murine
MCIR (12).

Cell Culture and Characterization
Uveal melanoma cell lines were acquired (OCM1, OCM3, and
OCMS from June Kan-Mitchel, University of Southern California;

TABLE 1
In Vitro Serum Stability of 225Ac-DOTA-MC1RL
% intact

Day Thin-layer chromatography scanner y-counter
0 100 100
2 97.3+0.5 96.9 + 0.4
4 95.6 £ 1.1 95.1 £ 0.8
6 93.5+0.8 93.2+1.3
8 91.4+1.2 91.0 £ 0.9
10 90.2 £ 0.7 899+ 1.3
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FIGURE 2. MTD study for non-tumor-bearing mice: percentage weight gain (A), blood urea

nitrogen (B), and blood creatinine (C).

OMMI from Gregorius P. Luyten, University Hospital at Rotterdam;
and MEL270, MEL290, and OMM2.3 from Timothy Murray, Bascom
Palmer Eye Institute) and grown in RPMI medium, 10% fetal bovine serum,
a 100 units/mL concentration of penicillin, a 100 mg/mL concentration of
streptomycin, 1% 200 mM L-glutamine, 1% 100 mM sodium pyruvate, 1%
minimal essential medium essential vitamin mixture (x100), 1%
nonessential amino acid mixture (x100), and 1% 1 M (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid) in 5% CO, at 37°C. A375, A375/MCIR
human cutaneous melanoma cells, and Hek293/MCIR cells were
obtained and grown as before (/2,20). Cells were authenticated per
American Type Culture Collection guidelines (27), monitored for
original morphology, and tested for Mycoplasma (MycoAlert kit; Lonza),
and only passage numbers of less than 25 cells were used. MCIR
expression and receptor number were determined as previously de-
scribed (/2,13) except that europium-DTPA-MCIRL was used for
saturation binding. Cytotoxicity was determined as described in Sup-
plemental Figure 2.

Radiochemical Synthesis and Characterization

DOTA-MCIRL or DOTA-SP (10 wg/10 L of water), 22 Ac(NO3)3
(3.4 MBq), 90 pL of water, and 10 pL of 20% L-ascorbic acid were
added to a 1.5-mL tube followed by pH adjustment to 5.5-6 (1 M Tris
buffer;10-12 pL) and incubation at 60°C for 1 h (Fig. 1). Specific
activity was calculated using a standard method (22). Radiochemical
purity was assessed 24 h after collection by a -y-counter, and in vitro
serum stability was determined by adding 50 pL of 225Ac-DOTA-
MCIRL (2,072 kBq) to 1 mL of human serum (n = 4), incubated at
37°C for 10 d, and quantified at multiple time points by thin-layer
chromatography and y-counting using established methods (23).
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FIGURE 3. Plot of rat blood clearance: exponential decay nonlinear
regression line fit of 225Ac a-activity in rat blood over time, after intra-
venous administration of 225Ac-DOTA-MC1RL (n = 4 rats).
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River). Nontumor studies used BALB/c mice
(10-12 wk old, 18-22 g; Charles River). Se-
vere combined immunodeficient (SCID) mice
(6-8 wk old, 15-20 g; Charles River) were
used for xenografting cell lines. Tail vein catheters were used for agent
administration to mice.

For xenografting, 10 X 10° cells in 80 wL of phosphate-buffered
saline and 20 pL of Matrigel (phenol red—free; Corning) were injected
subcutaneously into the flank. Tumor volumes were determined by
caliper using the following formulas: volume = (length x width?)/2
for A375 and A375/MCIR, and volume = (length X width x height)/2
for MEL270 tumors, which were initially flat with a gradual shift to a
rounded shape.

Histology and Immunohistochemistry

Excised tissues were prepared for histology, hematoxylin and eosin
staining, MC1R immunohistochemistry staining, and slide scanning as
previously described (/2). Metastasis burden was determined using
images of 3 sections (25%, 50%, and 75%) through each liver and
lung. Metastasis area was determined by segmentation using intensity
and size threshold classifiers on the triple-red channel (Visiopharm
software, version 6.7.0.2590). Total tissue area was determined with
an intensity threshold classifier on the immunohistochemistry inten-
sity channel, and the percentage metastasis was calculated.

To quantify MCIR expression in tumors, images from serial hema-
toxylin and eosin and immunohistochemistry sections were analyzed
using Visiopharm, version 2017.7. Each serial section pair (hema-
toxylin and eosin and immunohistochemistry) was aligned using the
tissue align module, and viable tumor was segmented by thresh-
olding the hematoxylin channel. A multithreshold-marker-area anal-
ysis was then performed within the viable tumor region on each
immunohistochemistry image. Each pixel was categorized as nega-
tive, weak, moderate, or strong on the basis of thresholds set by a
pathologist, and the percentages of each category were normalized by
total area of interest.

Maximum Tolerated Dose (MTD)
The MTD study was performed as previously described (23).

Measurement of Activity

Because a-particles from ?25Ac cannot be directly measured in
tissue because of the short mean free path (18), >*>Ac a-activities
were estimated using measurements of related y-emissions. For the
initial MTD study, syringes were prepared with a range of activities as
determined by the y-counter (Wallac 1470 Wizard; Perkin-Elmer). For
subsequent studies, a dose calibrator (Atomlab 500; BioDex) was used
to prefill syringes with 148 kBq = 10% (per Appendix E of the
BioDex manual) of ?>>Ac-conjugate activity. Activities were measured
for 2 min using dial number 38.2 as recommended by Biodex. Activities
of 22°Ac, and the 22'Fr and 2'3Bi daughter products (8), were measured
by acquiring isomeric y-spectra (Supplemental Fig. 3) before adminis-
tration using a 41 well-type wipe-test y-counter (Atomlab 500). Activ-
ities (**Ac) were calculated using factors for y-ray abundance per
a-decay using calibration parameters and correction coefficients from
Appendices A and E of the instrument manual. A full energy window
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(0-800 keV) was used for spectra acquisition

from 225Ac (99.8-keV peak, 1% abundance) and 2 y-emitting daugh-
ters, 22'Fr (218.1-keV peak, 11.4% abundance) and 2'3Bi (440.5-keV
peak, 25.9% abundance) (24). The a-activities were determined by fitting
each peak with a multigaussian fit and integrating to determine the net
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number of counts while incorporating the ac-
quisition time. Spectra were acquired at least
24 h after radiosynthesis or tissue rendering,
ensuring that >>>Ac and daughters were in sec-
ular equilibrium (25). Activity remaining in the
syringe and catheter after injection was calcu-
lated and subtracted to determine net adminis-
tered activity.

Blood Pharmacokinetics

Sprague-Dawley rats were weighed before
injection with radioactivity and injected with
148 kBq (£10%) of 22> Ac-DOTA-MCIRL in
the syringe. Serial blood draws (45 L) were
taken from 5 min to 24 h after injection.
225Ac a-activity was calculated as described
above. Data were fitted using an exponential
decay nonlinear regression.

Biodistribution

Non-tumor-bearing BALB/c mice, or SCID
mice bearing MEL270 xenografts (160-650 mm?)
or A375 and A375/MCIR bilateral xenografts
(189-1,680 mm?3), were intravenously adminis-
tered 148 kBq (£10%) of ?*Ac a-activity in
the syringe. Tissues were rendered and weighed
at multiple time-points between 24 h and 3
wk after injection. For each tissue, 2*Ac,
221y, and 2'3Bi a-activities were calculated
as described above and reported as percentage
injected activity per gram (%IA/g).

Radiation Dosimetry
Biodistribution data for the different tis-
sues were fitted using an exponential decay

nonlinear regression, and dosimetry calculations were performed for
225A¢, 221Fr, 217At, 213Bi, and 2'3Po using the generalized internal dosim-
etry schema of the MIRD Committee for a-particle emitters (26,27). The
B~ decay branching ratio for 217At to 2'7Rn is only 0.01%; therefore, it
was assumed that all decays of 2'7At were by a-emission to 2'3Bi. The

branching ratios for decay of 2!3Bi to 2!3Po
(98%) or 299T1 (2%) were included in the cal-
culation. Because of the relatively low linear-
energy transfer and the small dimensions of
the target tissues, the B~ emissions from
217A¢, 213Bi, 209T1, and 2%°Pb were assumed
negligible and were not included in the calcu-
lations (28). The following assumptions were
made: uniform distribution of activity in the
tissue volume; no a-particles escaping from
the source tissue due to the short range; and
electron and photon contributions that were
negligible compared with a-particle energy
deposition (28). It was also assumed that
a-particles from 22'Fr (4.9-min half-life), 2!7At
(32.2-ms half-life), 2'3Bi (46-min half-life), and
213Pg (4.2-us half-life) were deposited in the
same location as 22Ac (10-d half-life) because
of the relatively shorter half-lives of these
daughter isotopes. Although 2!7At and 23Po
do not have detectable y-emissions, under the
assumption that the decay chain had reached
secular equilibrium, the accumulated activity
of these 2 daughters would equal that of 22'Fr
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TABLE 2
Radiation Dosimetry and Clearance Kinetics Parameters for 225Ac-DOTA-MC1RL in Non-Tumor-Bearing BALB/c Mice
Parameter Blood Brain Heart Intestine Kidney Liver Lung Muscle Skin Spleen
225AC
Initial activity/organ (kBaq) ND 0.0065 0.0161 1.9113 0.7647 7.6597 0.0512 0.0044 0.0483 0.0426
Effective decay rate constant (h™") ND 0.0070  0.0030 0.0060 0.0060 0.0040 0.0030 0.0030 0.0050 0.0030
Effective decay half-life (d) ND 4.1259 9.6270 4.8135 4.8135 7.2203 9.6270 9.6270 5.7762 9.6270
Accumulated activity/organ (kBq x h) ND 0.7621 3.8089 260.3419 104.1599 1484.6038 12.1242 1.0529 7.7927 10.0784
Absorbed dosef/injected activity (Gy/kBq) ND 0.0002  0.0023 0.0102 0.0300 0.1485  0.0042 0.0004 0.0024 0.0092
221 Fr
Initial activity/organ (kBq) 0.0153 0.0222 0.0349 1.9927 1.3795 8.4464 0.0723 0.0211 0.0705 0.0647
Effective decay rate constant (h~") 0.0010 0.0030 0.0050 0.0070 0.0080 0.0040 0.0020 0.0030 0.0040 0.0040
Effective decay half-life (d) 28.8811 9.6270 5.7762 4.1259 3.6101 7.2203 14.4406 9.6270 7.2203 7.2203
Accumulated activity/organ (kBq x h) 5.6907 5.2622 5.6292 232.2869 139.2517 1637.0734 21.2642 49899 13.6614 12.5317
Absorbed dose/injected activity (Gy/kBq) 0.0022  0.0013  0.0037 0.0098 0.0434 0.1770  0.0080 0.0018 0.0045 0.0124
217 At
Initial activity/organ (kBq) 0.0153 0.0222 0.0349 1.9927 1.3795 8.4464 0.0723 0.0211 0.0705 0.0647
Effective decay rate constant (h~") 0.0010 0.0030 0.0050 0.0070 0.0080 0.0040 0.0020 0.0030 0.0040 0.0040
Effective decay half-life (d) 28.8811 9.6270 5.7762 4.1259 3.6101 7.2203 14.4406 9.6270 7.2203 7.2203
Accumulated activity/organ (kBq x h) 5.6907 5.2622 5.6292 232.2869 139.2517 1637.0734 21.2642 4.9899 13.6614 12.5317
Absorbed dose/injected activity (Gy/kBq) 0.0025 0.0014  0.0042 0.0110 0.0486 0.1983  0.0090  0.0021 0.0050 0.0139
21SBi
Initial activity/organ (kBq) 0.0236  0.0195  0.0309 1.8886 1.0318 6.5122  0.0717 0.0152  0.0627  0.0511
Effective decay rate constant (h™") 0.0010  0.0010  0.0020 0.0050 0.0040 0.0040  0.0020  0.0020  0.0030  0.0030
Effective decay half-life (d) 28.8811 28.881 14.4406 5.7762 7.2203 7.2203 14.4406 14.4406 9.6270 9.6270
Accumulated activity/organ (kBq x h) 8.7917 7.2573 9.0914 304.6111 199.9839 1262.1858 21.0948 4.4603 14.8376 12.1064
Absorbed dose/injected activity (Gy/kBq) 0.0001 0.0000 0.0001 0.0002 0.0012 0.0025 0.0001 0.0000 0.0001 0.0002
213P0
Initial activity/organ (kBq) 0.0236  0.0195  0.0309 1.8886 1.0318 6.5122  0.0717 0.0152  0.0627  0.0511
Effective decay rate constant (h™") 0.0010  0.0010  0.0020 0.0050 0.0040 0.0040  0.0020  0.0020  0.0030  0.0030
Effective decay half-life (d) 28.8811 28.881 14.4406 5.7762 7.2203 7.2203 14.4406 14.4406 9.6270  9.6270
Accumulated activity/organ (kBq x h) 8.7917  7.2573  9.0914 304.6111 199.9839 1262.1858 21.0948 4.4603 14.8376 12.1064
Absorbed dose/injected activity (Gy/kBq) 0.0044 0.0023 0.0079 0.0168 0.0811 0.1778 0.0103 0.0021 0.0063 0.0156
Total absorbed dose/injected activity (Gy/kBg) ~ 0.0092  0.0053  0.0183 0.0481 0.2042 0.7042 0.0317 0.0064 0.0182 0.0512

ND = not detected.

and 2'3Bi, respectively. The total absorbed a-particle dose was calcu-
lated from the summation of doses from 225Ac, 22!Fr, 217At, 213Bi, and
213po,

Antitumor Efficacy

Tumor-bearing mice (n = 11/group) were injected with activities of
225A¢-DOTA-MCIRL or 225Ac-DOTA-SP, cold lanthanum-DOTA-
MCIRL, or saline solution (0.9%, Cardinal Pharmaceuticals). Sur-
passing a 2,000 mm? tumor volume was the experimental endpoint
unless clinical endpoints, such as 20% weight loss, tumor ulceration,
hunched back, lack of grooming, or lethargy, were observed. Metas-
tasis formation was identified by necropsy.

Statistical Analysis

The ¢ test was used for the MTD study. The following analyses
were used for comparison of the efficacy study groups: Kaplan—
Meier for time to endpoint, a mixed-model analysis for tumor
growth change, a paired Wilcoxon signed-rank test for initial de-
crease in tumor volume, a Fisher exact test with corrections for
multiple testing using the Holm stepdown method for metastasis

1128 THE JOURNAL OF NUCLEAR MEDICINE ¢ Vol. 60 *

burden, and a nonparametric Kruskal-Wallis test for immunohisto-
chemistry staining.

RESULTS

Synthesis and Characterization of Parent Compound and
Lanthanide Chelates

The unmetallated DOTA-MCIRL was synthesized and, since
there are no nonradioactive isotopes of actinium, the analogous
lanthanum-DOTA-MCIRL chelate was prepared for use as a non-
radioactive control (Supplemental Figs. 4-8) (23,29). Both DOTA-
MCIRL and lanthanum-DOTA-MCIRL had high binding affinity
for human MCIR, 0.24 = 0.20 and 0.23 = 0.18 nM inhibition
constants, respectively (Supplemental Fig. 9A). The binding affinity
of europium-DTPA-MCI1RL to human MCIR was determined to
be a 44 = 2.3 nM dissociation constant (Supplemental Fig. 9B).
Lower, 1.3 uM, dissociation constant affinity was observed for
europium-DTPA-MCIRL binding to murine MC1R (Supplemental
Fig. 9C). The scrambled peptide controls, lanthanum-DOTA-SP and
europium-DOTA-SP, did not bind (Supplemental Figs. 9D and 9E).

No. 8 * August 2019


http://jnm.snmjournals.org/

Downloaded from jnm.snmjournals.org by Carpenter Library on April 27, 2020. For personal use only.

0620'0 9G90°0 95000 O¥00'0 89,00 2+v820 99€1'0 §900'0  SLLO0 12000  €6L00 20000 (bad/AD) Auanoe pejosful/esop peglosqe [ejol
1900°'0 LOLO'0 60000  ¥000'0 02000 95200 26€0'0 91000 81000 +000'0 25000 20000 (bax/AD) Auanoe pejos(ui/esop peqosqy
GOS9'v 9e€lv'e  Ll9g'€  6G8€0  vSEl'e  9vel.¥  ¥20L' L6 ¥8E29L  2beel  1e€GL°0  89€6'C¢ 96070 (y x bgy) uebio/AnAnoe pajeNWNoOY
GEI8Y 0.296  29/.°S  9QOvvvL GEI8Y  GEISY €022, 18882 €022/ 88SZly 90FF¥L €9lgee () a4li-41eY ABO89p BAIOBYT
0900'0 0€00'0  0S00°'0  0200'0 09000 09000 0v00'0  00L0'0  O¥00'0 Z000'0 02000 €000 (,-u) ueISUOD B)BI ABOBP BAOBYT
I8€0°0 €100  O¥20'0  ZL00'0  S/LO0 6806°C 9960  09L2’0 28000 /2000  €€L00  9L00°0 (bgx) uebiosAnanoe ey
Odgiz
G0-389'8 v0-Ir’'L G0-32€+ 90-361°9 G0-388'C €0-380°L  ¥0-319'G G0-3ge'c G0-31G'C 90-396'GS S0-36€°.L 90-302°2 (bax/AD) Auanoe pejos(ui/esop pequosqy
G9G9'v 9el¥'Z  L19€°€ 65880  ¥SEL'Z  9¥e /¥ $20L16 ¥8829lL 2reSl  LE€SL0 85662 96070 (y x bgy) uebio/AnAoe pajeINWNOOY
GEI8Y 0.296  29/.°S  9OvvvL  GEI8Y  GEISY €0ze’,  1888'¢c  €02Z. 889 Ly 90Wr¥L €9lZee (P) ayiI-Hey Aeoep aAnoey3
0900'0 0€00'0  0S000 02000 09000 09000 0v00'0  00L0'0  O¥00'0 20000 02000  €L000 (,-u) eISUOD B)BI ABOSP BAIOBYT
18600 €100 O¥20'0  ZL000  SZL00 6806°€ 9960  09l20 28000 22000  €E€L00 91000 (bg>) uebio/Aunioe eru|
19¢12
/6000 9€200 6L000  SL0OO'0  S9000 9¥200 /9600 6L000 Y000 /0000  €S00'0  €000°0 (bax/AD) Auanoe pajos(ui/esop pequosqy
/0v9'8  €0€.9 99108 6695l  29L08  Gev'lbS G/v866 LI€e'2Z 6G29'€ 9689l 0967°€  0/€8°0 (y x bgy) uebio/AnAloE pajeINWNJdY
6SZLy 18882 90vY¥L  9OvVvL  €022L GELSY €022, 0602€ 0/296 L188'8C 0/296 68869l () a4ii-4reY Aedep oAoaY]
0/000 0l000 020000 02000 0vOO'0 09000 0v¥00'0 06000 0£00'0 0LOO'O  0€000  ZLOOO (,-u) ueISUOD B1EI ABOBP BAOBYT
9080°0 /G200 29800 L/00'0  G6Y00 8Z8YY /9190  G592°0  26L0°0 65000  G8LO0 92000 (bg) uebio/Aynioe eyl
Wiz
9800°0 L1200 ZLO0O0 #1000  8S00'0 99900 82600 /1000 €000 Z000°0  Z¥000 20000 (bax/AD) Auanoe peros(ui/esop pequosqy
L0v9'8 €089 99108 66991  ¢9L08  Gev'iPS G/¥8'66 LLEEeC 6GC9€ 9669l 096V 0.€8°0 (y x bgy) uebio/AnAnoe pajeNWNOOY
6GZLy 18882 90vv'vL  9Ovb'vE  €022L GELSY €02z, 0602€  0/296 118882 0/296  6886'9l () a4ii-41eY ABOSp BAIOBYT
0/00'0 0}00'0 020000 02000 0VOO'0 09000 0v00'0 06000 0S00'0 0LOO'0  0€000  ZLOO'O (,-y) eISUOD B}RI ABOBP BAOBYT
9080°0 /G200 29200 1000  S6Y0°0 828Y'Y /919'0 69920  2¢6L00 65000  G8LO'0  9€00°0 (bgx) uebio/Ananoe ey
Id\zz
G000 Z0L00  0LOO0 20000  S2000 29900 €/200 2ZL00'0  0200°0 €000°0  L¥OO'0O  LOOOO (bax/AD) Auanoe pajos(ui/esop pagquosqy
GG06'y 6.69°€  I¥PE'S 9626’0  680L°€  €1G88G O0V06'68 LI¥L9L PSLL'C €890 E¥beEe  92/20 (y x bgy) uebio/AAoE pajeINWNOOY
1019’ €02g’L  9Ovv'vL  9Q0WP¥L  29..°G  GELSY 29/.'S  9lgze  ¢9.L°S 90Wr¥lL 0/296 118882 (P) ayiI-Hey Aeoop aAnooy3
08000 0v00'0 020000 0200°0  0S000 09000 0S000  0€L0°'0  0S00°0 02000 0€000  0LOOO (,-u) ueISUOD BlEI ABDBP BAOBYT
81600 82200 2ve0'0  2¥00'0  S92Z00 €618F Z1¥90 92060 IGO0 L€00'0 200 01000 (bgx) uebiosAnanoe [emu|
OVszz
Jownj] uss|ds us 9|osny Bun JOAIN Asuply]  aunsey| HesH ureig auog poo|g Jejaweled

siown] 02z 13N Buueeg 821N AIOS Ul TH LOIN-VLOQ-OVszz 104 SONBUIY 80UBIES|) PUE Aljewisoq uolelpey
€ 31avl

1129

Tafreshi et al.

MCI1R-TARGETED o-PARTICLE THERAPY


http://jnm.snmjournals.org/

Downloaded from jnm.snmjournals.org by Carpenter Library on April 27, 2020. For personal use only.

62 days after injection
Control mice

La-DOTA-MC1RL ??°Ac-DOTA-SP

Treated mouse
25Ac-DOTA-MC1RL

Saline

B - saline
== Saline —* La-DOTA-MC1RL
~200] = La-DOTA-MC1RL - 25A¢.DOTA-SP
E == 2257¢c.DOTA-SP —— 250¢.DOTA-MC1RL
= ——225A¢-DOTA-MC1RL
5 3 100/
S 100 z
[ -
=] d
E T 50
= o P < 0.001
[ ] &
0 o
0 10 20 30 40 "o 50 100 150

Time after inculation with tumor cells (d) Time (d)

Agent administration on day 22

FIGURE 6. Efficacy study in mice bearing MEL270 tumors: represen-
tative images of tumors (outlined) (A); initial tumor growth volumes (B);
and Kaplan-Meier plots (C).

Radiosynthesis and Characterization of
225Ac¢ Radiopharmaceutical

Radiochemical purity of 99.8% and specific activity of 181.3 =
92.5 kBg/pg and 140.6 * 55.5 kBg/p.g for 22>Ac-DOTA-MCIRL
and 22°Ac-DOTA-SP, respectively, were observed (Supplemental
Fig. 10). In vitro serum stability was high, with 90% intact after
10 d (Table 1).

MC1R Expression on Uveal Melanoma Cell Lines and
Xenograft Tumors

MCIR messenger RNA and protein expression were confirmed
in a set of uveal melanoma cell lines (Supplemental Fig. 11).
Only MEL270, OMM2.3, and OMMI1 cells carry the GNAQ or
GNA11 mutations found in nearly all uveal melanomas (30). The
MEL270 and OMMI cells formed tumors in immunocompromised
mice, and all xenografts had high and uniform MCIR protein
expression.

Receptor Number for Tumor Cell Lines

MEL270 cells were selected for the in vivo studies, and it was
determined that MEL270 cells have 410,000 receptors per cell
(Supplemental Fig. 12), which is a higher level of endogenous
expression than that of the engineered A375/MCIR cells, which have
75,000 receptors per cell (12). The parental A375 melanoma cell line
has extremely low expression, at 400 = 93 MCI1Rs per cell (31).

In Vitro MC1R-Specific Cytotoxicity

Cytotoxicity assays were performed with the goal of demon-
strating target-specific cytotoxicity. Assay conditions were not
optimized to demonstrate maximal toxicity. Significantly reduced
proliferation (P < 0.0001) was observed in uveal melanoma cells
and the engineered A375/MCIR cells treated with 22Ac-DOTA-
MCIRL relative to the untargeted 22> Ac-DOTA-SP or phosphate-
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buffered saline controls (Supplemental Fig. 2). All cell lines also
had a significant (P < 0.001) response to incubation with 2?3Ac-
DOTA-SP relative to phosphate-buffered saline. However, there
was no significant difference in A375 cell proliferation (ex-
tremely low MCIR) when treated with either the targeted or
the untargeted radiopharmaceutical. These results demonstrate
MCI1R-specific cytotoxicity. Assay replicates yielded compara-
ble results.

MTD

The MTD was evaluated in immune-competent non—tumor-
bearing BALB/c mice (n = 5/cohort). Cohorts received a single
intravenous injection of 22>Ac-DOTA-MCIRL over the range of
0-148 kBq in the syringe. At completion of the study (>11 ?2°Ac
half-lives, 118 d after injection), serum and tissues (adipose, bone,
cecum, colon, duoden, esophageal, heart, ileum, kidney, liver, lung,
lymph nodes, muscle, pancreas, small intestine, spleen, and stomach)
were collected for histology and then examined in a masked manner
by a veterinary pathologist to assess radiation-induced tissue damage.
No remarkable damage was observed in any of the tissues (Supple-
mental Figs. 13-16). For example, the control kidneys had minimal
multifocal interstitial fibrosis and minimal medullary protein in
tubules, which were both considered to be incidental findings.
The incidental minimal medullary protein was also found in some
kidneys from the groups that received treatment activities, but each
treatment group also included kidneys that were within normal
limits for all types of damage. The cortex of one kidney from
the group with the highest administered activity had a focal
extracellular cortical hyaline substance that was healing and was
considered to be an incidental finding (Supplemental Fig. 14D).
Blood urea nitrogen and creatinine, which are important indicators
of renal function, were also determined and were not signifi-
cantly elevated among the groups (Figs. 2B and 2C). All animals
had gained weight by the end of the study, albeit less weight
was gained by animals at the highest dose level than in the lowest
(Fig. 2A).

Pharmacokinetics and Biodistribution

In rats, 2>Ac-DOTA-MCIRL rapidly cleared (<15 min after injec-
tion) from blood circulation (Fig. 3). After administration to non—
tumor-bearing BALB/c mice, ?>>Ac activities were observed primarily
in clearance tissues. At 24 h after injection of 2>Ac-DOTA-MCIRL,
the liver, kidneys, spleen, and intestine had 21.2 = 2.8, 6.9 = 0.9,
29 * 0.8, and 2.9 = 2.0 %IA/g, whereas negligible activity was
observed in the other tissues measured. Activity had largely cleared
from the tissues at 1-3 wk (Fig. 4A). For tumor-bearing animals,
activity was retained in MC1R-positive tumors, that is, MEL270
(Fig. 4B) and A375/MCIR tumors (Fig. 5A), which had 3.6 = 1.2
and 2.8 = 0.8 %IA/g, respectively, compared with the nominal 0.30
* 0.1 %IA/g in the MCIR-negative A375 tumors at 24 h after
injection. The clearance tissues in tumor-bearing animals had lower
activities than in non—tumor-bearing mice: for example, 14.4 =
1.7 %IA/g in the livers of MEL270 tumor-bearing mice at 24 h (Fig.
4B), compared with the 21.2 = 2.8 %IA/g in the non—tumor-
bearing mice (Fig. 4A). The 225Ac-DOTA-SP tumor distri-
bution in the bilateral A357 and A375/MCIR model was also
determined, and as expected, uptake was minimal and did not
differ between the positive and negative A375 tumors (Fig.
5B). The distribution of 2?'Fr and 2!3Bi was also determined (Figs.
4 and 5). However, since >>>Ac and daughters are at secular equi-
librium by 24 h after injection and the 22'Fr and 2!'3Bi atoms
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FIGURE 7. Metastasis study in MEL270 uveal melanoma mouse model and MC1R expres-
sion in tumors reaching endpoints from each treatment group: representative hematoxylin and
eosin staining and corresponding threshold segmentations of sections containing liver and lung
metastases (cold = lanthanum-DOTA-MC1RL; scrambled = untargeted; treated = 225Ac-DOTA-
MC1RL; blue = normal tissue; green = metastasis) (A); quantified metastasis burden (B); graph (C)
and sections (D) for MC1R immunohistochemistry staining of MEL270 tumors after reaching

Antitumor Efficacy

SCID mice bearing MEL270 tumors (124
+ 36 mm? pretreatment tumor volumes)
were injected with a single administration
of 22Ac-DOTA-MCIRL (92.5 * 9.3 kBq),
225 Ac-DOTA-SP (999 = 9.9 kBq), lanthanum-
DOTA-MCIRL (1 pmol/mouse), or saline.
Representative images show much smaller
tumors in treated mice than in controls
(Fig. 6A), and tumor volumes decreased im-
mediately after treatment relative to controls
(P = 0.001) before eventual regrowth (Fig.
6B). Treated mice had a significantly delayed
time to experimental or clinical endpoint (P
< 0.001), with a median survival of 148 d,
compared with the median survival of control
groups (79-108 d), and differences among the
controls were not significant (Fig. 6C). In this
study, some animals were euthanized because
of reaching clinical endpoints instead of the
experimental endpoint (Supplemental Table
1). Some of the animals that reached clinical
endpoints had metastases in the liver or lungs,
and metastasis burden was significantly lower
in the 22Ac-DOTA-MCIRL treated group
than in the controls (P = 0.024) (Figs. 7A
and 7B). Mice bearing A375/MCIR tumors
(240 = 110 mm? pretreatment volume) were
also injected with either sterile saline, lan-
thanum-DOTA-MCIRL, 107.3 £ 11.1 kBq
of 225Ac-DOTA-SP, or 59.2 * 5.9 kBq of
225Ac-DOTA-MCIRL, and significant de-
creases in tumor volume (P = 0.005) and

endpoints.

present during injection will be mostly decayed, the 22!Fr and
213Bj detected in the samples are from decay of the 225Ac taken
into the tissues.

Radiation Dosimetry

Biodistribution data were fitted (Supplemental Fig. 17), and
clearance kinetics, tissue biologic half-life, accumulated activity,
and absorbed dose/injected activity (Gy/kBq) were estimated for
each radionuclide in each tissue for non—tumor-bearing and
MEL270 tumor-bearing mice (Tables 2 and 3). The effective decay
half-lives calculated for 22°Ac in tissues—for example, 7.2 d in
liver—were shorter than the radiodecay half-life of 22Ac (10 d),
indicating biologic clearance. The calculated total absorbed dose
per injected activity (Gy/kBq) for 22Ac-DOTA-MCIRL was min-
imal in all tissues except clearance organs and positive tumor. Since
the positive tumors shrank rapidly in response to the treatment
and the total absorbed doses were extrapolated from data col-
lected over a 2-wk period, the dose values for the tumors are likely
subdued relative to the clearance organs, which did not have apprecia-
ble cellular toxicity at the administered activities. The total
absorbed dose in the liver was generally lower in mice with tumors
than in nontumor mice: for example, 0.284 and 0.704 Gy/kBq,
respectively.

MCI1R-TARGETED -PARTICLE THERAPY *

tumor growth delay (P < 0.0001) were ob-
served. Some tumors that disappeared did
not recur, and those mice lived their natural
life span (Supplemental Figs. 18 A—18C). After tumors reached an
endpoint, MCIR staining was quantified, and the level of MC1R
expression was not significantly different in treated tumors that
responded by shrinking before regrowth relative to control tu-
mors (P = 0.60 for MEL270 and P = 0.82 for A375/MCI1R)
(Figs. 7C and 7D; Supplemental Fig. 18D).

DISCUSSION

We have developed and evaluated a novel MCI1R-targeted
radiopharmaceutical, 22> Ac-DOTA-MCI1RL, for TAT of metastatic
uveal melanoma. The choice of using a peptide-targeting ligand is
reinforced by the recent preclinical and clinical successes of TAT
radiopeptides (/4,15,32-34). Another group has also reported the
development of a peptide-based TAT, 212Pb-CCMSH, that is tar-
geted to melanocortin receptors for treatment of melanoma (35).
However, 21?Pb-CCMSH was associated with renal toxicity. This
is likely due to the use of an a-MSH derivative—targeting ligand,
as o-MSH has specificity for multiple melanocortin receptor isoforms,
including MCSR, which is expressed in the human kidney and lungs
(6). The MC1RL-targeting moiety used in the current work has spec-
ificity for the MCIR isoform (/3), greatly reducing the potential for
renal toxicity. Another advantage of 22>Ac-DOTA-MC1RL over the
212Ph-TAT agent is that >Ac has greater cell-killing potential through
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generation of 4 a-particle emissions per radionuclide, compared with
the single a-emission of 212Pb, in their relative decay chains (35,36).

225 Ac-DOTA-MCIRL has high affinity for MC1R, high radio-
chemistry yield and purity, high biostability, and MC1R-specific
cytotoxicity in vitro. In vivo studies demonstrated low toxicity,
rapid blood clearance, and uptake into MCIR-positive tumors
and clearance organs. Biodistribution studies demonstrated that
225Ac remains in the compartments where 22>Ac-DOTA-MCI1RL
was initially distributed, that is, tumors and clearance organs,
and the corresponding clearance kinetics parameters and radia-
tion dose delivered by all a-particle—emitting radioisotopes in
the decay chain were calculated. Considering the 10-d half-life
of 225Ac, most of the administered 22°Ac-DOTA-MCIRL will
have either been taken into tumor cells (7) or cleared from the
blood before decay. Hence, >>>Ac-DOTA-MCIRL likely functions
as an in vivo a-particle generator, concentrating a-emissions in the
target tumor tissues, with limited translocation of daughter isotopes
(32). This is consistent with the recent observations of efficacy with
low toxicity observed for an 22>Ac-PSMA-—targeting small-molecule
conjugate (37).

In vivo efficacy studies demonstrated significant tumor and
metastasis growth delay and prolonged survival in human uveal
and cutaneous melanoma xenograft models in mice after a single
treatment of 22>Ac-DOTA-MCIRL, including some cures. Tumors
that shrank and regrew after treatment had the same MCIR expres-
sion levels as controls, suggesting that multiple treatment regimens
would increase efficacy.

CONCLUSION

We have developed and evaluated a novel MCI1R-targeted
radiopharmaceutical for TAT of metastatic uveal melanoma. In
vivo studies demonstrated low toxicity, rapid blood clearance,
uptake into MC1R-positive tumors and clearance organs, signif-
icant tumor and metastasis growth delay, and prolonged survival in
human uveal melanoma xenograft models in mice after a single
treatment of 22>Ac-DOTA-MCIRL. This novel radiopharmaceuti-
cal has strong potential to benefit patients with metastatic uveal
melanoma, which has had no significant improvement in treatment
in the last 20 y.
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Abstract: Targeted alpha-particle therapy (TAT) aims to selectively deliver radionuclides emitting
a-particles (cytotoxic payload) to tumors by chelation to monoclonal antibodies, peptides or small
molecules that recognize tumor-associated antigens or cell-surface receptors. Because of the high linear
energy transfer (LET) and short range of alpha (o) particles in tissue, cancer cells can be significantly
damaged while causing minimal toxicity to surrounding healthy cells. Recent clinical studies have
demonstrated the remarkable efficacy of TAT in the treatment of metastatic, castration-resistant prostate
cancer. In this comprehensive review, we discuss the current consensus regarding the properties of the
a-particle-emitting radionuclides that are potentially relevant for use in the clinic; the TAT-mediated
mechanisms responsible for cell death; the different classes of targeting moieties and radiometal
chelators available for TAT development; current approaches to calculating radiation dosimetry
for TATs; and lead optimization via medicinal chemistry to improve the TAT radiopharmaceutical
properties. We have also summarized the use of TATs in pre-clinical and clinical studies to date.

Keywords: targeted alpha-particle therapy; solid tumors; mechanism of cell death; targeting moieties;
chelation; radiation dosimetry; medicinal chemistry; clinical studies

1. Introduction

Over the past two decades, radioimmunotherapy (RIT) has proven to be an effective treatment
for non-solid tumors (reviewed in [1,2]); e.g., radiolabeled anti-CD20 monoclonal antibodies for the
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treatment of lymphoma. These antibody-radionuclide conjugates have typically used beta (f3)-particle
emitting radionuclides; e.g., 1311 67Cy, 177Lu or 2°Y. However, due to the relatively long range of the
associated 3-emissions and the poor tumor penetration of antibodies, there has been concern regarding
the use of RIT for treatment of solid tumors, where much of the energy is deposited in the surrounding
normal tissues relative to the tumor, particularly in the case of small tumor cell foci or metastases [1].
Alpha (x)-particle-emissions have a much shorter range and greater linear energy transfer (LET)
relative to (3-emissions, depositing more energy into smaller volumes [3]. Hence, there has been
significant interest in the development of targeted alpha-particle therapy (TAT) for the treatment of
solid tumors. Recently, the FDA approved the use of 22>RaCl, (Xofigo®) for the palliative care of
prostate bone metastases, and the efficacy of 223RaCl, and 225 Ac-PSMA-617 have been demonstrated
in the treatment of prostate bone metastases (Figure 1) [4-6]. These developments have further elevated
interest in the development of novel x-emission cancer treatments [7,8]. Typically, TAT for solid
tumors involves attaching an «-particle-emitting radionuclide to a tumor targeting scaffold, followed
by the intravenous administration and systemic targeting of tumors and metastases. The «-particle
range is only a few cell diameters, ensuring that the greatest effect of tumor TAT remains within the
tumor volume [3]. Herein we discuss the current progress, challenges and approaches toward the
development of novel TATs for the treatment of solid tumors.

cyclel cycle 2 cycle 3 11 months

Figure 1. ®®Ga-PSMA-11 PET/CT images of a treatment-naive patient with extensive bone metastasis at

primary diagnosis. A complete remission was observed after three cycles of 22> Ac-PSMA-617 with
de-escalating activities of 8/7/6 MBq. The patient remained symptom-free with undetectable serum
PSA and a negative ®®Ga-PSMA-11 PET/CT at 11-month follow-up evaluation. This figure and legend
were reproduced from Sathekge, et al. [6].

There are differences in the mechanism of tumor cell killing when comparing (-emission to
x-emission therapies. -particles scale to the size of electrons, travel over a relatively longer range
(0.5-12 mm) in tissues in comparison to a-particles, have relatively lower LET and generate hydroxyl
free-radicals by breaking covalent bonds of water molecules in the tissue [9]. These free radicals
result in oxidative damage to the cellular DNA macromolecules, causing double-strand breaks [10].
In contrast, x-particles are heavier (size of He atom), travel over a much shorter range (40-90 um),
and thus, have hundreds fold higher LET (« = 100 keV/um versus 3 = 0.2 keV/um) [11-14]. Hence,
x-emissions deposit large amounts of energy in a smaller volume relative to 3-emissions and result
in the direct breaking of covalent bonds; e.g., DNA double-strand breaks. In either case (& or
f3), the DNA damage can activate DNA damage checkpoints and double-strand break repair [15].
Where the damage is significant or if there are defects in the checkpoint or repair pathways such that
repairs cannot be made, i.e., irreparable damage, programmed cell death (apoptosis) is initiated [16].
In apoptosis-deficient tumor cells, the resulting damage to the cellular machinery eventually results
in necrotic cell death [16]. Hence, x-emission therapy potentially has several distinct advantages
relative to (3 therapy. First, the shorter range of «-emissions result in lower off-target damage but will
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still allow for killing of adjacent tumor cells. Since tumors are known to be heterogeneous in marker
expression [17], nearby cells that do not express the target can also be damaged and killed, potentially
eliminating a mechanism of resistance; i.e., killing of marker expressing cells with the clonal expansion
of non-marker expressing cells. Second, the greater energy deposition will result in greater DNA
damage and a correspondingly greater level of cell killing. Third, x-emission-mediated DNA damage
does not rely on the generation of free radicals, potentially eliminating the development of a major
mechanism of resistance to radiation therapy; e.g., upregulation of superoxide dismutase, etc. [3].

There are many o-emitting radionuclides available for use in the development of TAT, and factor,
including nuclear characteristics, availability, chemistry, specific activity, synthesis yield, chemical and
biological stability of conjugates, and costs, need to be considered. Choice of targeting scaffold is also
a major consideration in TAT development. Antibodies, antibody fragments, peptides and passive
targeting strategies have been employed and the type of targeting moiety chosen will have a bearing
on the type of radionuclide attachment used, the route of clearance and blood pharmacokinetics (PK),
tissue biodistribution (BD) and radiation dosimetry. The relative merits of available radionuclides,
attachment chemistries and targeting moieties are discussed herein. Radiation dosimetry (RD) is an
area of key importance in development of TATs. The discrete decay chains of some «-particle-emitting
radionuclides involve the generation of daughter products with individual radioactive emission
properties. Hence, the biological fate of the daughter products and resulting tissue exposure to ionizing
radiation is a major concern that must be evaluated and the current status of RD studies in the context
of TAT development are also discussed. Strategies for lead optimization via medicinal chemistry to
improve the TAT radiopharmaceutical properties and methods of current good manufacturing practice
(cGMP) production are discussed. Also included are brief reviews of preclinical and clinical TAT
studies conducted to date.

2. Mechanism of Action/Tumor Cell Killing

Since the discovery of radioactive materials, the effect of radiation on the properties of matter has
been of significant interest in the disciplines of material science, geology and astrophysics. For example,
the first large-scale effect of radiation on solid material was observed by E.P. Wigner via exposure
to a nuclear fission reactor, and that was thus named the Wigner effect, or “Wigner’s disease” [1].
Since then, the large spread of medical technology involving sources of ionization radiation [2] and
the development of nuclear weapons has caused a spike in studies on the effect of radiation on living
tissue. That work increased our understanding of the concept of radiation risk and created new fields
of scientific study; for example, radiation health safety, radiation dosimetry and radiation oncology.

Because of the high energy of x-particles and stochastic nature of ionization radiation, their effects
may be observed on all levels of a biological system. Any molecule, cell, tissue or organ can display
a-decay radiation damage, and such damage can be localized, or occur throughout the entire body of
any multicellular organism [3].

The first step in producing radiation effects is the generation of a primary recoil atom and
a-particles by a radioactive decay. Such events take place very rapidly in much less than 1 fs [4]. In the
case of a-decay of radiopharmaceutical isotopes of interest, the average kinetic energy per recoil atom
is ~100 keV, and the average kinetic energy deposited within the range of a single «-particle is 5 MeV.
It is clear that the relatively high levels of energy deposited by the combination of the fast-moving
heavy ions and high energy o-particles can cause large amounts of damage to solid matter. There are
many methods to estimate the effect of radiation in solid materials; e.g., the stopping theory based on
coulombic interactions, molecular dynamics and transport theory. However, unlike solid materials,
biological tissues do not consist of solid crystalline structures, and this significantly increases the
complexity of estimating the effects of x-decay (as well as other ionization radiation), making the
application of the aforementioned methods impossible or extremely difficult numerically. To overcome
such limitations, a semi-quantitative approach has been applied. First, the biological effects observed
in irradiated subjects were separated into one of two categories [3,6]: deterministic effects, which have
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a practical threshold absorption dose below which effects are negligible or not evident; and stochastic
effects, where the relationship between dosage and severity of effect is either less evident or absent.

Maintaining the integrity of many different types of macromolecular structures is important to cell
viability and all cellular organic molecules are subject to damage by ionizing radiation. However, the
genomic DNA molecules are considered to be the most critical targets for the biological effects of ionizing
radiation because intact DNA is required for cellular replication and damaged but repaired DNA can
result in the fixation of genetic mutations that can affect normal cellular function and viability [18].
Ionizing radiation interacts with DNA either by directly transferring energy to the biological material
or indirectly by creating reactive free radicals from the radiolysis of water. These interactions result in
damage to the DNA'’s structure via broken covalent bonds. Linear energy transfer (LET) is an approach
to describe the spatial distribution of ionization and excitation produced by direct or indirect effects
of different types of radiation along a linear path [15]. Alpha (x) particles have high LET radiation
because they create dense ionizations and excitations in matter due to coulombic interactions with
atoms. Being a heavy charged particle, an «-particle will continuously slow down along its track with
minimal deflection. Through the process of slowing down, the interaction cross-section towards the
end of travel increases, resulting in increased LET, which is known as the Bragg Peak (Figure 2) [19,20].

Relative biological effectiveness (RBE) is the ratio of the dose of a reference radiation and the
dose of a test radiation that produces the same biological effect. Some of the most common biological
effect measurements are necrotic and apoptotic (programmed) cell death, DNA damage, chromosomal
aberrations and genetic mutations. The RBE of a-particles can range from 3.5 to 4 for cell killing or 6 to
12 for mutation, and be up to 10 for cell transformation [15]. As a comparison, the RBE for low LET
electrons and photons is 1.

An important biological endpoint is cell killing. Damage to cells can be classified as either
sub-lethal events or lethal events. Sub-lethal events are due to the accumulation of damage that has
the potential to be repaired, typically as a result of exposure to lower doses, and lethal events typically
result from irreparable damage due to exposure to higher doses [3]. The ability to repair these events
is seen as a shoulder on the cell survival curve and is characteristic of low LET radiation (Figure 3) [21].
A single event of high LET radiation can be lethal. The cell survival curve for a lethal event does not
have a shoulder, indicating the inability to repair [22].

The DNA double-strand break is the most biologically significant type of damage, which occurs
as a result of two single strand breaks in close proximity or a rupture of the double-strand at the
site of interaction [23]. Cell survival is highly dependent on the spatial distribution of double-strand
breaks [15]. Given the same dose, high LET radiation can create up to four times more double-strand
breaks of low LET radiation. Additionally, the formation of high LET double-strand breaks are more
complex compared to low LET in that they are less randomly distributed and form clustered DNA
damage to multiple base-pairs [19]. It has been widely accepted that high oxygen levels play a large
role in a cell’s sensitivity to ionizing radiation, and hence, tumor hypoxia is an established factor
in resistance to radiation therapy [24]. This is due to enhancement of free radical production by
the presence of oxygen. Free radical production occurs as a result of indirect action, or low LET
interactions. Since a-particles interact directly with the DNA, the level of oxygen becomes irrelevant;
hence, eliminating a major mechanism of resistance to therapy [3].
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Figure 2. (A) Linear energy transfer (LET) versus distance in water traveled by typical x-particles
emitted by radionuclides in development for a-particle radioimmunotherapy: 22> Ac (5.829 MeV)/?13Bi
(8.375 MeV), 211 At (5.867 MeV), 212Bi (6.08 MeV)/?1?Po (8.78 MeV), ?23Ra (5.716 MeV). The range of the
a-particle and the position of the Bragg peaks are correlated with the initial energy of the x-particles.
LET of x-particles in water was calculated using stopping-power and range tables (continuous slowing
down approximation range) for electrons, protons and helium ions from the National Institute of
Standards and Technology (NIST). (B) The deposition of heavy ion energy as a function of penetrating
depth of (a) a pristine beam and (b) a modulated beam with widened stopping region (spread out
Bragg peaks). This figure and legend were reproduced from [19].
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Figure 3. Survival of a human kidney T-cell culture irradiated with ionizing particles of different kinds:
(1) particles with E = 2.5 MeV, LET = 165 keV/m; (2) particles with E = 27 MeV, LET = 25 keV/m;
(3) deuterons with E = 3.0 MeV, LET = 20 keV/m; (4) X-rays with E = 20 keV and LET = 6 keV/m;
(5) X-rays with E = 250 keV and LET = 2.5 keV/m; and (6) particles with E = 2.2 MeV, LET = 0.3 keV/m.
This figure and legend were reproduced from [21].

After exposure to radiation that results in DNA damage, the cell cycle can be stopped at cell-cycle
checkpoints which allow the cell to repair the damage via multiple repair mechanisms in order to
preserve genomic integrity [23]. In the case of irreparable damage, the cell will eventually undergo
cell death by apoptosis or necrosis. The two main repair mechanisms of double-strand breaks are
homologous recombination and non-homologous end joining. Homologous recombination occurs in
the late S and G2 phases of DNA synthesis where an intact DNA template is available, resulting in
more efficient and higher-fidelity repair. Non-homologous end joining occurs throughout the cell
cycle but is the only means of repair in G1 and early S phases. In this error prone repair method,
DNA ends are rejoined with no sister templates [22]. In this case, chromosomal aberrations can occur
as a result of recombining incorrect DNA ends; i.e., combining a loose end to some other molecule,
and the truncation of ends. If incorrect repair occurs prior to DNA replication, these errors can be
replicated in daughter DNA which can lead to mitotic cell death or can lead to the generation of
genomic mutations without cell death [22]. There is also the situation where double-strand breaks
are not repaired and the dividing cell enters mitosis, leading to mitotic catastrophe and eventual cell
death. A higher proportion of double-strand breaks remain un-rejoined after exposure to high LET
radiation [15]. When it comes to damage from high LET «-particles in close proximity to the cells being
irradiated, the main radiobiological effect is complex and irreparable DNA damage resulting in cell
death by either apoptosis or necrosis.

In the last few years, successful attempts have been made to explain the bystander effect [24,25].
The bystander effect is defined as a group of effects that are observed in cells that have not been directly
irradiated following the irradiation of other nearby cells. Two mechanisms were proposed. One is the
transfer of genomic instability through p53-mediated pathways, and the other suggests that irradiated
cells secrete cytokines or other factors that transit to other cells that are not irradiated and signal for
increased levels of intracellular reactive oxygen species [26]. One of the defined sub-classes of the
bystander effect is the “abscopal effect,” in which radiation treatment of a tumor propagates to tumors
outside the irradiated volume [26]. A more recent publication demonstrated an effect that might
explain the abscopal effect [27]. It was demonstrated that x-particle treatment of prostate cancer cells
generated an adaptive antitumoral immune response, as has been previously reported for other forms
of radiation. Combinations of bystander effects and the abscopal (likely immune) response in vivo
are potential mechanisms of the efficacy for tumors that are not venerable to the targeted o-emitter
radiotherapy in a patient with heterogeneous target expression.
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3. Alpha-Particle Emitting Radionuclides

Using radiation as a method of cancer therapy requires delivering the maximum dose to the
tumor while minimizing the dose to healthy tissues. Targeted radionuclide therapy is advantageous
in that it seeks molecular and functional targets within patient tumor sites [28]. Beta (3)-emitting
radionuclides (*°Y, 13, 177Lu and 86Re) are used for cancer-targeted therapy but have problems with
cross-fire irradiation of normal tissues due to their relatively long range in tissue, which is 0.5-12 mm.
In contrast, a-particles deposit higher energy over a much shorter range (40-90 um), potentially
causing higher cytotoxicity to tumor cells while delivering a lower dose to normal, adjacent tissues [29].
Alpha (o)-emission is the process by which an unstable nucleus ejects a highly-energetic, heavy,
charged particle consisting of two protons and two neutrons. Alpha («)-particles have a higher
LET (100 keV/um) compared to 3-particles (0.2 keV/um) which results in a dense ionization track in
matter. The short range of x-emission provides specificity to the target cell population with a minimal
effect on surrounding normal cells, and the high LET leads to a high frequency of irreparable DNA
double-strand breaks [18]. This limits cytotoxic effects to within a small distance from the location
of decay. It has been estimated that only one cell traversal by an o-particle track is necessary to kill
a cell while, thousands of 3-particle traversals are required for the same effect [30]. Because of the
long range of 3-particles and the need of a high number of hits for cell killing, a large portion of the
dose deposited is outside of the intended target. In addition to treatment of solid tumors, the use of
a-particles for targeted treatment of circulating disease could be an improvement due to the potentially
reduced damage to normal tissues. Use of TAT has been considered for killing isolated cancer cells in
transit in the vascular and lymphatic systems, in regressing tumors by disruption of tumor capillary
networks and in treatment of micrometastatic foci [31]. In particular, TAT may be ideal for treatment of
solid metastases, as the short range will primarily kill tumor cells, with little deleterious impact on
surrounding normal tissue. Additionally, heterogeneity of target expression has been observed within
a given tumor or metastasis [32] and this is thought to be a mechanism of developing resistance to
targeted therapies; non-target expressing cells survive treatment and clonally expand into a resistant
population. In this case, o or 3-emissions from a targeted cell will serve to kill surrounding untargeted
cells within the effective range, potentially reducing the development of resistance.

A number of factors need to be considered when choosing an x-emitting radionuclide for therapy.
These include proper nuclear characteristics, ease of radiochemical incorporation, specific activity,
synthesis yields, chemical and biological stability, availability and cost [29].

The physical half-life of the radionuclide should be long enough to allow for radiosynthesis
preparation and be compatible with the pharmacokinetics of tumor localization [33]. The decay
pathway of the a-emitter should be carefully analyzed. Due to the conservation of energy and linear
momentum, a daughter nuclide which subsequently decays by a-emission could detach from the
radioimmunoconjugate; see for example [34]. These free products could travel away and deposit
doses to healthy tissues. A decay chain that is long and complicated, having many different decay
types, could also present an issue dosimetrically, especially if the daughter products are metabolized
differently than the parent. A possible way to overcome this issue is to use 2> Ac as an in vivo generator
in which the delivery system is designed to be internalized into the target cell where the toxic daughter
elements may detach from the targeting vector but remain trapped in the cell [35].

Another important nuclear characteristic is having a large number of x-emissions per decay.
The radiotoxicity associated with having multiple emissions could be high enough to kill a tumor
cell in a single decay. An accompanying gamma (y) photon emission with energy suitable for in vivo
imaging is also beneficial for assisting with pharmacokinetic and dosimetric evaluations [33].

Another important element for radionuclide selection is availability. Alpha (x)-emitters are
produced either by cyclotron bombardment or by reactor irradiations, are incorporated into a generator
and are eluted from a parental source. Obtaining radionuclides in pure form with high specific activity
and large quantities is essential for adequate therapeutic evaluation. High specific activity is important
to avoid receptor saturation by the unlabeled targeting agent [36]. If membrane antigenic density is
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low, insufficient binding to tumor cells will occur [36]. Transportation of these radionuclides safely
and economically is also a key issue in selection.

While there are over 100 x-emitting radionuclides, only several have been investigated in preclinical
and clinical studies. This is mostly due to radionuclides lacking nuclear properties, the absence of
viable chemistry, complicated decay chains and production and economic issues [37]. Therefore,
radionuclides meeting the criteria for therapeutic use have been limited to 25 ¢, 21 A, 212B;, 213B;,
212pp, 223Ra, 224Ra, 1*9Tb and 22’ Th. The physical characteristics of these isotopes can be seen in Table 1.

Table 1. Physical characteristics of a-emitting radioisotopes investigated for clinical use.

Isotope Half-Life Max Energy Emissions Per Decay

25A¢ 10.1d 5.83 4 «, 2p-
2 At 72h 5.87 1a,1EC
212g; 1.01h 6.09 1o, 1P-
213p4 45.6 min 5.87 1o, 2B-
212py, 10.6 h 6.09 1o, 2B-
223Ra 114d 5.87 4 «, 2p-
224Ra 3.6d 8.8 5,2 B-
19T 41h 3.96 1o, 1P+
227Th 18.7d 6.04 5, 23-

The first a-emitter to be used in human clinical trials for therapy was ?!3Bi in 1997, when it was
labeled to the anti-leukemia antibody HuM195 [38]. 2!%Bi is available through generator based 22°Ac
and decays with a 45.6 min half-life by emission of one « (8.37 MeV) and two [3-particles. The generator
is produced at Oak Ridge National Laboratory in the US and at the Institute for Transuranium Elements
in Karlsruhe Europe. In the decay of 2!®Bi, there is an emission of a 440 keV isomeric y, which is
beneficial for imaging studies.

211 At decays with a half-life of 7.2 h and emits two o-particles through a split decay pathway with
energies of 5.87 and 7.45 MeV. One path is to 2’Bi by a-emission followed by electron capture to 2/Pb
and the other is by electron capture to 2! Po followed by a-emission to 2/Pb. An advantage of this decay
path is that ?!'Po emits 77-92 keV characteristic X-rays which can be used for imaging [37]. The main
disadvantages are availability and purity. Conventionally, the production of 2! At requires «-particle
cyclotrons, which are only available in a few places worldwide, to produce the 2 Bi(,2n)?!! At reaction
with minimal 219At contamination [39]. Astatine has significant metallic characteristics that lead to
complications in standard antibody labeling and results in a rapid release of free 2!' At [37,40,41].
To resolve this problem, approaches have been developed by several research groups based on
small linker molecules that create an aryl carbon-astatine bond involving an astatodemetallation
reaction using tin, silicon or mercury precursors [42]. Other alternative methods for astatination,
e.g., boron-astatine, rhodium-astatine or nanoparticle encapsulation, are also being pursued [43].

225 Ac is a radiometal with a half-life of 10.1 days and produces six radionuclide daughters in
the decay path to stable 2?Bi. For each decay event of 2° A, there are successively, four o and two
B emissions with high energy (« 8.38 MeV, B 1.42 MeV). In the decay of ?>Ac and its daughters
there are several isomeric y emissions with energy suitable for imaging studies. The relatively long
half-life allows for a centralized production site that can ship 22> Ac to users [44]. The main method for
generating 22> Ac for clinical studies is through the decay of ?°Th which originates from 2>3U. In the
world there are three main sources of ???Th: Oak Ridge National Laboratory (USA), The Institute of
Physics and Power Engineering (Russia) and The Institute for Transuranium Elements (Germany).
The quantities produced are not enough for a global application of 22° Ac. To keep up with the increasing
demand for 22° Ac for clinical applications, it has been found that large scale quantities can be produced
through high-energy proton irradiation of 232Th [45,46]. To address the shortage, the US Department
of Energy formed a Tri-lab collaboration of Los Alamos (LANL), Brookhaven (BNL) and Oak Ridge
(ORNL) National Laboratories with the goal of developing an alternative route for production of Ac [47].
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Another limitation for this radionuclide has been with the radiochemical stability of the attachment to
immunoconjugate. McDevitt et al. [34], state that the instability of these attachments is due to the high
classical recoil energy (100-200 keV) of the daughter product which breaks the molecular bonds of the
chelator. Significant advances have been made in developing chelators that form thermodynamically
stable and kinetically inert complexes with 22> Ac. Khabibullin et al., recently calculated the chelation
stability of 225 A¢ and daughters in the 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)
chelator [48].

As one potentially abundant starting material, 2'?Bi (1.01 h half-life) can be obtained from ??8Th
and decays via a branched pathway to 208T] (36% «) and 212Po (64% B); then, both decay to stable
208Pp [33]. However, >1?Bi has several disadvantages that potentially limit its use. First, its short
half-life can be problematic if the production and shipping processes are lengthy. This issue can
be solved by using ***Ra as a generator to locally produce ?!2Bi. Another complication is the high
energy y emission (2.6 MeV) which requires a considerable amount of shielding to minimize exposure.
This, along with the short half-life, makes shipping difficult, resulting in an availability problem.

223Ra is found naturally in trace amounts following the decay of 2°U, but it is mainly produced
artificially by the decay of 22’ Th (Ty/, = 18.7 days), which is produced from 2?’ Ac (Ty, = 21.77 years).
Since 2?7 Ac is found only in traces in uranium and thorium ores, it is mainly synthesized by *?°Ra
(T12 = 1600 years) irradiation in a nuclear reactor [49]. 223Ra has a half-life of 11.4 days and emits
four x-particles, two (-particles and y rays on the path to stable 207Pb [34]. While the emission of
four a-particles is advantageous for tumor toxicity, 2!Rn in gaseous form is also emitted, which can
redistribute in the body and dose non-targeted cells. See Figure 3 for comparable energies of o-particles.

The major challenge using ?*’Ra is finding a suitable ligand for in vivo sequestration. However,
similarly to cations of the alkaline earth elements, radium has natural bone-seeking properties without
the need for a carrier agent. As radium mimics calcium, when ?>’Ra dichloride (Xofigo®) is injected
intravenously, it forms complexes with the bone mineral hydroxyapatite at areas of increased metabolic
bone activity, such as bone metastases, thereby exerting a highly localized antitumoral effect [7].
In addition, the ?*3Ra daughter isotopes are also retained in the bone matrix [50].

Thanks to this characteristic, 22>Ra dichloride (*?*RaCl,) has demonstrated improvement in overall
survival for the treatment of bone metastases in castration-resistant prostate cancer and has received
FDA approval for this application [34], making it the first FDA approved TAT.

227Th can be produced continuously from ??”Ac and decays with a half-life of 18.7 days to
223Ra [51]. The long half-life is beneficial for radiolabeling and targeting. 2*’Th also decays with
accompanying y emissions of 236 keV and 50 keV, which can be used for imaging but are low enough
to avoid the need for patient shielding.

212Pb has a 10.6 h half-life and is produced either from the decay chain of 28Th or by the ?*!Ra
generator [39]. Because of its long half-life and the fact that 212Pp is a B-emitter that decays to 212g4,
one approach has been to use this radionuclide as an in vivo generator to compensate for the short
half-life of 2!2Bi [52]. 2!2Pb can deliver over ten times the dose per unit of administered activity
compared to 2'?Bi or 213Bi [53]. The major issue with 212Pb is the electron capture and auger electron
emissions which can cause significant recoil of the 212p; daughter [54]. The free 212Pp has been
shown to cause severe bone marrow toxicity [55], while the free Bi has shown to cause kidney toxicity.
By co-injecting DTPA or EDTA chelating agents, rapid release of free 212Bi can be achieved [56].

4. Targeting Moieties

In the burgeoning field of targeted radiopharmaceuticals, there is no universal answer to the
question: what is the best targeting molecule? Rather, the abundance of target molecule classifications
allow for a more customized approach to developing TATs. Globally, the requirements of a targeting
ligand include the ability to concentrate at and bind to extracellular targets and the availability
of chemical functional groups amenable to the attachment of linkers and chelators. A balance of
many other factors like off-target binding, biodistribution and pharmacokinetics (particularly with



Molecules 2019, 24, 4314 10 of 48

respect to the decaying half-life of the chosen radionuclide) are all critical factors for the selection
of a proper targeting ligand. Recently, small molecules, peptides, antibodies, antibody fragments
and even some passive targeting strategies have been investigated to deliver radioisotope payloads.
See Tables 2 and 3 for examples of TAT conjugates that have been studied in the pre-clinical and clinical
environments. This section will explore the advantages and challenges of the aforementioned targeting
ligand categories.

4.1. Small Molecules

An advantage of using low molecular weight ligands as targeting moieties for a-therapy include
rapid penetration into the tumor and rapid clearance of unbound conjugates from circulation; thus,
reducing toxicity. Internalizing ligands are particularly beneficial for 2> Ac’s application in order
to harness the multiple x-particles emitted in its decay chain. A successful example of using small
molecules in TAT is 2 Ac-PSMA-617 for the therapy of metastatic, castration-resistant prostate
cancer [57,58]. The favorable pharmacokinetics properties of the PSMA-617 small molecule include its
fast tumor uptake, high internalization rate, extended tumor retention and rapid clearance of unbound
ligand [58]. These features make the molecule highly desirable for labeling with an «-emitter with a
half-life of several days and multiple x-emissions in its decay chain, like 22> Ac. The first report of the
significant therapeutic efficacy of 2> Ac-PSMA-617 involved two patients with late-stage, metastatic,
castration-resistant prostate cancer (mCRPC) and complete remissions [59]. Additional clinical studies
have further revealed the remarkable anti-tumor activity and the promising duration of tumor-control
of treatment with 225 Ac-PSMA-617 [6,59,60]. These studies have further demonstrated the significant
potential of TAT (Table 3, Figure 1). Xerostomia (dry mouth syndrome) was the main side effect,
indicating that further modifications in clinical trial design might be necessary to further enhance the
therapeutic range.

4.2. Peptides

Peptides are oligomers of amino acids that may sometimes exhibit secondary structure; they may
have branched or linear frameworks, and may be composed of varying amounts of non-canonical
monomers. The polypeptide chains of peptides can have anywhere from 2 to 70 amino acids but
more typical examples of targeting peptides are made of less than 10-15 amino acids (1000-1500 MW).
Owing to this molecular weight and their capacity to be synthesized and modified with conventional
organic synthesis techniques, peptides have long been utilized as targeting agents for radionuclide
therapies and diagnostic applications.

Since the 1980s, analogs of the endogenous peptide hormone somatostatin have been developed as
therapeutics for neuroendocrine disorders [61]. The FDA approved octreotide (OC, Figure 4), the cyclic
octapeptide, upon which much of the early peptide receptor radionuclide therapy (PRRT) was based.
Chelating molecules attached and various radionuclides for 3 and a-emission therapies have been
reported. Figure 4 details the structure of OC and two of its commonly-used PRRT ligand analogs,
DOTATOC and DOTATATE.

Nephrotoxicity is often one of the highest concerns in PRRT due to tubular reabsorption of the
labeled peptide after glomerular filtration [62]. Seventy-four human patients were followed (>1 year)
after PRRT with the B-emitter 7 Lu-Octreotate. Renal function was monitored by accessing glomerular
filtration rate (GFR). Somewhat surprisingly, renal impairment was minimal, with only 43% of patients
experiencing a decrease in GFR (<2 mL/min/m2 per year) and 11 patients actually saw increased
GFR (>10 mL/min/m?2 per year) [63]. The first published account of the x-emitter 213Bj in an OC
analog (DOTATOC, Figure 4) was reported in 2006. The radio-peptide ligand was shown to retain its
affinity for the somatostatin receptor and inhibited tumor growth in a somatostatin receptor-positive
rat pancreatic tumor model (CA20948) [64]. Importantly, the study followed major organ toxicities in
rodents. Little to no nephrotoxicity was observed at the various administered activities (13-22.2 Mbq).
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More recently, even tumors that had become radioresistant to 3-therapy (*°Y and 17 Lu-DOTATOC)
responded to 2*Bi~-DOTATOC in a clinical model of eight human patients [65]. The treatment for each
patient was individualized according to each particular disease state and each patient had substantially
positive outcomes in terms of tumor regression and survival. Critically, the acute hematological
toxicity normally associated with the analogous [3-therapies was only moderate. This limited report
suggested only a mild reduction in acute renal function. No other major acute toxicities were reported.
This first-in-human report of this peptide-targeted alpha therapeutic may lay the ground work for
future human TAT using peptide-targeted systems.

o
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Figure 4. The somatostatin mimetic octreotide and its DOTA-containing analogs. Octreotide: R; = H,
Ry =Hand R3 = CH,OH; DOTATOC (endotreotide): Ry = DOTA, R, = OH and R3 = CO,H; DOTATATE
(Octreotate): Ry = DOTA, Ry = OH and R3; = CH,OH.

It has been the common supposition that TAT would work well for small, disseminated tumors
but not as well for large, solid tumors. Recently, DOTATATE (Figure 4) was labeled with 2!3Bi
and used to investigate efficacy differences in tumor size among two tumor models, rat pancreatic
(CA20948) and human small cell carcinoma (H69) with each containing a small (50 mm?) and large
(200 mm?®) tumor group [66]. Both tumor lines maintained high expression of SSTR, and all tumor
groups saw delayed tumor growth and higher survival over controls. Three mice from the smaller
tumor groups were effectively put into remission through the end of the study. This report has
implications for TAT in regard to tumor receptor heterogeneity, tumor size and perfusion. More
recently, a-emitting radionuclides have been conjugated to melanocortin 1 receptor targeting peptides
and efficacy determined in the pre-clinical treatment of mouse xenograft models of cutaneous and
uveal melanomas [67-69].

4.3. Antibodies

Full length immunoglobulins (IgGs) are typically in the 150 kDa molecular weight range, and have
been proven to have high binding affinity and specificity to a broad range of extracellular receptors.
Developments in hybridoma cell line technology have opened the door to the production of monoclonal
antibodies (mAbs) which can be labeled with chelating molecules, to which radionuclides can be added.
This approach to specifically deliver ionizing radiation payloads is termed radioimmunotherapy (RIT).
While many of the examples here will involve radioactive payloads directly conjugated to the protein,
antibodies have also been employed to target macromolecular payloads, such as nanoparticles and
liposomes, to cellular targets [70-72].
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A research group based in the Memorial Sloan-Kettering Cancer Center (MSKCC) has reported
several accounts of their work labeling trastuzumab with actinium 225. This mAb is the well-known
and FDA approved HER2/ERRB2-targeting agent. Initially, they showed through a three cell line,
spheroid in vitro model that their a-RIT scheme could penetrate spheroids, retard growth and prevent
regrowth of colonies in a dose dependent manner [73]. While a promising start, this work underscored
the importance of target expression and also suggested challenges of RIT due to extravasation of
targeting agents in normal tissues and toxicities of released/free decaying daughter products [74,75].

The MSKCC Scheinberg group’s work eventually led to the first clinical trial of an actinium 225
chelated targeting antibody (Clinical Trials.gov Identifier: NCT00672165). This x-RIT scheme utilized
the previously-explored humanized anti CD33 antibody, limtuzumab, to target acute myeloid leukemia
cells. Subsequently, that preliminary work led to the birth of Actinium Pharmaceuticals, Inc. and a
portfolio of targeted %> Ac conjugated constructs in both preclinical and clinical pipelines.

Astatine-211 has also been utilized for «-RIT. In 2013, Orozco and coworkers coupled a decaborate
cage structure (B10, Figure 5) with 2! At to anti-CD45 antibody in an attempt to target acute myeloid
leukemia [76]. More recently Green and coworkers reported an example using anti-CD20 mAb
conjugated with a 2! At with a similar B10 labeling scheme [77]. This study sought to eliminate minimal
residual disease (MRD) in a mantle cell lymphoma animal model. Their remarkable results showed
70% eradication of the MRD in animals bearing a disseminated model. However, the subcutaneous
lymphoma xenograft group treated with the same agents only saw prolonged survival (two to
three-fold) without any cured animals. This study is clear evidence of the need for tumor perfusion of
the TAT.
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Figure 5. Common metal chelators and binders used to attach radionuclides to targeting ligands.

4.4. Antibody Fragments

A limitation of full-size IgGs is their typical 1-3 week serum stability. While this kind of
circulation may be advantageous for certain therapeutic applications, for radioimmunotherapy (RIT) it
presents a serious liability. Excess antibody can continue to circulate, lowering the tumor-to-nontumor
(T/NT) ratio, particularly with respect to the tumor-to-blood (T/B) ratio. Finally, high levels of
continuously-circulating «-emitters result in hematological toxicities, as well as extravasation in
normal tissues.

In attempts to shorten the long plasma half-life of full-length antibodies, many groups have sought
to reduce the sizes of the mAbs while retaining their remarkable binding characteristics. To those ends,
antibodies have been cleaved into smaller sections through enzymatic digestion and also engineered
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ab initio [78,79]. For comparison, the engineered antibody fragments of diabodies (Db) and minibodies
(Mb) have typical circulating half-lives of 2-5 and 5-12 h, respectively, while the circulating half-life
of full-length IgGs is more typically 1-3 weeks. Monovalent and bivalent affibodies (7 and 15 kDa
respectively) have been developed with targeting specificity to HER-2 and they have plasma half-lives
of roughly 45 min [80]. The science of antibodies is ever progressing and new classes are still being
observed in nature; nanobodies (13-14 kDa) are heavy chain-only antibodies, that have been isolated
from Camelidae and have lately been conjugated with theranostic radionuclides [81]. These new
categories of targeting constructs are adding to the growing body of evidence that there may be a
so-called ‘Goldilocks” zone in terms of the size of targeting constructs.

4.5. Passive Targeting

Another strategy often employed for TAT is based on the natural selective uptake and accumulation
of certain elements. For instance, the actively restructuring environment of osteoblastic bone metastases
is conducive to calcium accumulation in the form of hydroxyapatite. Due to the resemblance of
radium-223 to calcium, it can act as a surrogate and be incorporated into the rapidly-growing
matrix [7,29]. Indeed, the recent approval of 22>Ra dichloride therapies for metastatic castrate-resistant
prostate cancer has been followed in patients for over twelve months with moderately successful
outcomes [82]. Other studies have looked to 223Ra dichloride for the treatment of the bone metastases
from hormone-refractory breast cancer [83,84].

The enhanced permeability and retention (EPR) effect is often regarded as a rationale for the
passive targeting of large macromolecules like nanoparticles and liposomes. This accumulation
of macromolecules through the leaky vasculature of quickly-dividing tumor cells also provides
the opportunity to incorporate multiple radionuclides into the framework of a targeting molecule.
Additionally, it has been proposed that nanoparticles or liposomes could be used to sequester decaying
daughter products that would otherwise be released to freely circulate in the blood because of damage
to molecular bonds due to x-decay or metabolism of the radiopharmaceutical [85,86].

5. Chelation/Attachment

5.1. Radiosynthesis

The recent approval of 22>RaCl, has reinvigorated research into TAT development [87]. Several
o-particle-emitting radionuclides have been described in the literature, and these include 2'1At,
212213g; 212p and 225 Ac [44,88,89]. With the exception of 21 At [41,42,90], all are radiometals that
require a bifunctional chelator for the attachment of the therapeutic radioisotope to the targeting
moiety. The chemistries of 212/213Bj and 212Pb have been covered extensively elsewhere [91-94].
The radiochemistry of radium has recently been reviewed [95]. This section will cover recent advances
in 22°Ac chelation chemistry that have occurred since the publication of the excellent review by
Scheinberg and McDevitt in 2011 [96].

225 A ¢, whose decay chain was not finally resolved until the middle of the 20th century is one of 29
radioactive isotopes of actinium, which is the first element of the actinide series [97]. Although the lack
of non-radioactive actinium isotopes has hindered the exploration of 2> Ac chemistry, the pioneering
work of Seaborg and others has provided an important understanding of the basic reaction chemistry
of this element [97-99]. Actinium chemistry has been observed to closely follow that of lanthanum
chemistry, since both exist as trivalent ions in solution. These observations have led to the belief that
La®* can be an important non-radioactive surrogate for Ac**, with the caveat that the differences in
ionic radii must be considered carefully [100].

Despite the relatively limited knowledge of actinium chemistry, the medical community has
seized upon its therapeutic potential in TAT. Using lanthanide chemistry as a guide, many attempts
to attach this radioisotope to targeting molecules have been reported with a variety of acyclic
and cyclic ligands that would effectively chelate this radioisotope [101-106]. To date, however,
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only 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) has found widespread acceptance
as an 22’ Ac chelator in both preclinical and clinical applications [96], despite the low radiochemical
yields and specific activities that have been reported [73,104,107]. Maguire et al. have described an
improved, one-step ?2° Ac radiolabeling procedure of monoclonal antibodies that resulted in a 10-fold
increase in radiolabeling yield and a 30-fold increase in specific activity [108]. The authors concluded
that the improvements in yield and specific activity resulted from greater control over the DOTA-mADb
conjugation reaction and the improved chelation of 22> Ac during radiosynthesis. Additionally, the new
procedure did not alter antibody activity or therapeutic efficacy in vivo, which further suggests the
usefulness of this strategy. More recently, Poty et al. reported a single-step click chemistry approach to
225 Ac-radioimmunoconjugate synthesis [109]. The click approach generated superior radiochemical
yields compared to the standard two-step strategy, suitable specific activities, good in vitro stability
and excellent biodistribution profiles. The authors proposed that said novel click strategy could be
applied when the targeting vector is unstable under the conditions used for the standard method.

Despite improving the radiochemical yield and specific activity of 2> Ac radiopharmaceuticals,
important challenges, which include minimizing the detrimental effects of recoil energy and effectively
sequestering the cytotoxic daughter products 22!Fr and 2!3Bi after 22> Ac decay, remain to be overcome.
While several reports have described cellular internalization as an effective method of sequestering
225 Ac and its daughter products [35], scientists are increasingly turning to nanotechnology to resolve
this issue, and a variety of nanoparticles, including liposomes and carbon-based nanoparticles,
have been explored [96,110-115]. Recent reports have demonstrated that LaPO,4 nanoparticles hold
promise as safe and effective nanocarriers for 2°Ac [71]. In these studies, the authors synthesized
LaPOy (monazite) nanoparticles doped with 22> Ac. These particles were prepared with functionalized
surfaces that facilitated the attachment of 201B mAb, which targets murine thrombomodulin on lung
epithelium. Upon in vivo injection, targeted particles accumulated rapidly in the lung through specific
interactions between the 201B mAb and its antigen. Moreover, retention of 22> Ac and half of the 2! Fr
and 2!3Bi daughter nuclei within the particles demonstrated the potential for trapping radionuclides
after high energy emissions. McLaughlin et al. improved upon this work by examining %2> Ac-doped
LaPOy4 nanoparticles that were encapsulated by GdPO4 and Au shells [86]. These particles had an
average diameter of 27 nm, and were easily conjugated to the 201b mAb using standard bioconjugation
techniques. Biodistribution and small animal single-photon emission computed tomography (SPECT)
studies revealed the specific targeting of murine thrombomodulin within the lung epithelium that
was reduced upon the administration of non-radioactive 201b mAb. Interestingly, the multi-layered
nanoparticle design seemed to increase the retention of 225 A¢, 221Fr and 213Bi within the particle,
which reduced the radiation dose experienced by the kidney. Approximately four and five-fold
reductions were observed at 1 and 24 h post-injection, respectively. These data demonstrate that
multi-functional, layered nanoparticles have the potential to deliver and retain 22> Ac and its daughter
radionuclides at the target site, while minimizing off-target toxicities that can occur from errant
daughter products in the 22° Ac decay chain.

5.2. Linkers/Rational Design

The most utilized chelating molecules for targeted radionuclide therapies using biological
molecules are 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) and diethylene triamine
pentaacetic acid (DTPA), and their related analogs (Figure 5). Depending on the how the compound is
linked to the targeting ligand, these organic structures feature 3 or 4 carboxylates that are negatively
charged at physiological pH, and along with the lone pair electrons from each of the 3 or 4 nitrogens,
they can coordinate metal ions like & and B-emitting radionuclides. Often, these chelating molecules
are linked to the targeting molecule by forming a new amide bond between an amine on the targeting
molecule and a carboxylate on the DOTA/DTPA. This strategy is particularly advantageous in the case
of peptide synthesis since the reaction, characterization and purification of the linker addition can be
part of the overall synthesis of the targeting ligand.
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When DOTA or DTPA are linked to proteins like antibodies, amide bonds are typically created
between a primary amine of surface-exposed lysine residue and an activated carboxylate on the DOTA
or DTPA (Figure 6). Another widespread chemistry available to link protein lysines with DOTA or
DTPA is through an isothiocyanate which yields a stable thiourea (Figure 6) [53,116]. While these
newly formed amide bonds create the same covalent structure as the peptide-synthesized version,
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and coworkers with PEG12 linker used to link 2> Ac containing nanoparticles to mAb [86].

6. Radiation Dosimetry

Dosimetry provides means for evaluating the efficacy of a radiation therapy modality [3].
Because the goal is to a deliver high dose to tumor cells with a minimal dose to normal tissues, it is
of great importance to quantify accurately where, when and how a dose is being deposited. The
Medical Tnternal Radiation Doce Committee (MIRD) developed an approach to determine the
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6. Radiation Dosimetry

Dosimetry provides means for evaluating the efficacy of a radiation therapy modality [3]. Because
the goal is to a deliver high dose to tumor cells with a minimal dose to normal tissues, it is of great
importance to quantify accurately where, when and how a dose is being deposited. The Medical
Internal Radiation Dose Committee (MIRD) developed an approach to determine the average absorbed
dose from internal radionuclides [121]. The absorbed dose method accounts for low LET radiation
where thousands of statistically independent deposition events across a cell are required to induce a
biological effect [3]. With respect to an x-particle’s interactions, the averaged absorbed dose will fail to
characterize biological outcome. Because the o-particle range is only a few cell lengths, some cell nuclei
will receive multiple traversals while others will receive zero traversals. Additionally, the location
of the x-particle track will determine the energy absorption by the cell. These factors result in large
statistical variability of energy deposition and stochastic effects become important. To account for
those effects, Roeske developed a microdosimetric methodology based on the mean dose to target cells,
probability distribution of specific energy absorbed by target cells, and the fraction of cells receiving
zero hits [122]. Kellerer and Chmelevsky described the requirement that microdosimetry must be
used when the relative deviation of local dose is greater than 20% [122]. Following this criterion,
microdosimetric techniques are more important in analyzing non targeted cells where the local average
dose is small, resulting in larger variations than targeted cells.

In most cases, the activity level and mean absorbed doses to the target are large, resulting in a
low expected stochastic deviation, and therefore, there is no need to use microdosimetric techniques.
The MIRD Pamphlet No. 22: Radiobiology and Dosimetry of Alpha-Particle Emitters for Targeted
Radionuclide Therapy recommends using the conventional MIRD formalism [3]. The mean absorbed
dose to the target region, rr, from a source region, rs, due to a particular emission type, x, over a dose
integration period, Tp, is given by:

— Y A’F(p(rT — rS;EJ.‘)
Dy(rr, Tp) = A(rs, T d d
«(r1, Tp) (rs,Tp) Mr7)

)

where A(rs, Tp) is the total number of nuclear transitions in the target region; A7 is the mean energy

emitted per disintegration for the i-th emission of type x; (p(rT —r5; Ef) is the fraction of energy
emitted per nuclear transition in the source region that is absorbed in the target region by the i-th
emission of type x that is emitted with initial energy E; and M(rr) is the mass of the target region.
The total number of nuclear transitions is determined by measuring activity levels in tissue samples at
several points in time post administration. The activity levels plotted against time gives a time-activity
curve which is integrated to obtain the total number of nuclear transitions. The mean energy emitted
per emission A, is a physical property of the radionuclide and can be obtained from nuclear decay
tables. The absorbed fraction for each decay type is dependent on the reference phantom geometry
and obtained through Monte Carlo calculation. The dose contribution from each emission type is then
weighted by its relative biological effectiveness, and then summed:

Drpe(rr, Tp) = RBEaDa(rr, Tp) + RBEeD,(r1, Tp) + RBEy Dy (11, Tp) 2)

Several assumptions are made when using this formalism of dose calculation. It is assumed
that the activity is uniformly distributed in the organ and that o-energy deposition is also uniformly
distributed in the organ. It is also assumed that dose from both « and (3-emissions are locally deposited.
The calculation of the absorbed fractions is based on idealized phantoms that have standard geometries
which cannot account for the individual anatomy of a patient. It is also important to note that
radioactive daughters are not taken into account. Therefore, daughter decays must also be calculated,
as well as accounting for daughters’ biodistribution. The formalism was developed as an adequate
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method for the dosimetry of internal radionuclides used for diagnostic purposes and lacks the accuracy
needed for therapeutic applications.

As a first method to improve on the original MIRD formalism, phantoms were developed to better
match the standard human anatomy. For example, Christy and Eckerman developed phantoms that
represented a male, a female and children [123]. Later, as computational power increased, voxelized
phantoms like VoxelMan were created based off 3D imaging [124]. MIRD Pamphlet No. 17 describes a
method to extend the S value formalism to the voxel level to account for nonuniform distributions
of activity [125]. The most extensive software that has adapted the MIRD S factors is OLINDA/EXM,
which has calculated an internal dose for over 200 radionuclides, including x-emitters, in 10 different
phantoms [126].

The voxel S method is still a model-based approach to dosimetry. There is much less tolerance
for inaccuracies in therapeutic applications, which calls upon the need for patient-specific dosimetry.
In order to accomplish this, the patient’s own anatomy, obtained from CT, is used in combination with
SPECT imaging to obtain 3D spatial distribution of activity. It is advantageous for the x-emitting
radionuclide to also have y photon emission as it decays so that SPECT imaging can provide information
about regional uptake. The method to calculate a 3D, imaged-based dose is as follows [127]. Serial
SPECT studies taken over time post administration of the radiopharmaceutical can determine the
pharmacokinetic variations within an organ on the voxel level. The SPECT/CT images are registered
together and integrated voxel by voxel over time to obtain the 3D, time-integrated activity. The CT
provides a map of tissue electron density for each voxel, which is necessary for dosage calculations.
A Monte Carlo package is then employed using the activity distribution as the source definition
and energy deposition is tallied in each voxel. Several software packages are available for 3D,
patient-specific dosimetry, including MCID [128], OEDIPE [129] and SCMS [130] which are based
on MCNP, 3D-RD [131] and DOSIMG [132] which are based on EGS [133], RAYDOSE [134] and
RAPID [135] which are based on GEANT4 [136], and DPM [137], which is not a public domain
code. Both MCNP and GEANT4 can simulate x-particles, while EGS can only transport photons
and electrons.

While imaging-based dosimetry can account for non-uniformity and calculate dose at the voxel
level, it is still a macroscopic quantity. The spatial resolution of current SPECT imaging ranges from 5
to 25 mm [31]. These dimensions are much larger than the 40-90 um range of an x-particle. This results
in the stochastic variations due to «-particle energy depositions not being taken into account and the
voxel dose could be misleading. For a-particles, the ideal dosimetric targets are isolated cancer cells in
transit in the vascular and lymphatic systems, micro-metastases and tumor capillary networks [31].
The only way to study the dosimetry of a-particles on a small scale is pre-clinically. These have been
limited to in vitro measurements and microdosimetric Monte Carlo models. However, recently, several
groups have developed alpha cameras, such as the Ionizing-Radiation Quantum Imaging Detector,
which provides images of the ex vivo activity distribution with a spatial resolution on the order of tens
of microns pum [138,139]. Monte Carlo methods can then be employed to calculate the dose absorbed
on that scale. This is viewed as an important advancement in alpha dosimetry because no further
modeling was needed to obtain the spatial and temporal activity distribution.
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Table 2. Preclinical targeted alpha-particle therapy (TAT) studies.
Isotope Study Molecular Target ~ Targeting Moiety Drug(s) & Route Cancer Type & Animal Model Key Results Ref
Human LNCaP prostate s.c. Both effective
25A¢ Efficacy, toxicity PSMA, CD19 J591 & B4 mAbs 225 Ac-DOTA-J591, 25 Ac-B4,i.v.  xenografts & disseminated Daudi X . [35]
. . without toxicity.
lymphoma in male nude mice.
225 . - 225 . SKOV3 human ovarian cancer s.c. . . . )
Ac Efficacy, toxicity HER-2/neu Trastuzumab Ac-DOTA~-trastuzumab, i.p. . . Effective with no toxicity. [148]
xenografts in female nude mice.
Cynomolgus monkey leukemia 12 d blood Ty, dosimetry
25A¢ PK, RD, toxicity CD33 HuM195 Ab 225 Ac-DOTA-HuUM195, i.v. (does not express the human kinetics estimated, efficacy [149]
CD33 target). without renal toxicity.
NMB-7 human neuroblastoma
xenografts in nude mice (BD),
255, BD, e'ffl.cacy, Ganglioside GD2 3F8 Ab 25 A ¢ _DOTA-ES, iv. menmg.eal carcinomatosis Tumor spec1f1c1ty, 1r.1c.reased [150]
toxicity xenografts in nude rats (efficacy) survival, no toxicity.
& cynomolgus
monkeys (toxicity).
' ) . . 225 Ac-TAT had greater
225 C ad greate
Tho Moo S DOTIOC s potatocss AMIIPROSes g e 11
¥ P pep S ’ 177Lu-TBT with low toxicity.
neu-N transgenic mouse model 225
25¢, BD. dosimeter with rat HER-2/neu expression ff.AC_T/tT thaqtiglreatei‘
2135, o o HER-2/neu 7.16.4 mAb 257¢, 21381 and °Y-7.16.4,i.v.  and spontaneous lung metastases S oocy OUt WItA Tena [152]
90 efficacy, toxicity toxicity relative to ~'”Bi-TAT
Y & NT2.5 mouse mammary fat pad & OVTBT
xenografts with rat HER-2/neu. '
225 Ac-TAT had greater
A, BD, efficacy, i . 225 Ac-DOTA-F3, 21°Bi-DTPA-F3, MDA-MB-435 human peritoneal efficacy relative to 21>Bi-TAT -,
213R: - nucleolin F3 peptide . . o . . i [153,154]
Bi toxicity ip. carcinomatosis in SCID mice. with specific tumor uptake
and minor renal toxicity.
U8251 human glioblastoma
225 _ : g : ;
25 A¢ Safety and efficacy IL13RA2 Pep-1L peptide [ .Ac]Pep 1.L’ S t.ere(.)tactlc orthotopic xenografts in male .Efﬁ.c.a o Wlth. ne [155]
intracranial injection . significant toxicity.
nude mice.
Improved tumor vascular
Vascular Vascular LS174T human colon s.c architecture & increased
25p¢ normalization & endothelial E4G10 Ab 225 Ac-DOTA-E4G10, i.v. . - " : [107]
. . xenografts in female nude mice. efficacy when combined
efficacy (VE)-cadherin

with chemotherapy.
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Isotope Study Molecular Target  Targeting Moiety Drug(s) & Route Cancer Type & Animal Model Key Results Ref
. Enhanced blood-brain
255, BBB and BTB Integrin o f small-molecule 225 Ac-labeled targeted liposomes Eii;é\:[f i}x::r?: %ngzliftriz}: barrier (BBB) and [156]
permeabili-zation 8 Vi3 antagonist (*® Ac-TL), intracranial injection P nude rrgﬁce bood-tumor barrier (BTB)
’ permeability.
LnPOy4 nanoparticles (NPs) doped S};r}ff}?ei;llacl\e/gfngz;saz:sr ':ESt Retention of *Ac and
25A¢ BD, Efficacy Thrombo-modulin 201b mAb <1 225 . L daughters in lung tissue, [157]
with 2 Ac-201b, i.v. BALB/c mouse lung following i.v. .
L metastasis burden reduced.
injection of cells
Uniform distribution in
25Ac Micro BD, RD PD-L1 anti-PD-L1-BC Ab  225Ac-DOTA-anti-PD-L1-BC, i.v. NT2.5 mouse mammary fiver, non-uniform in kidney [158]
xenografts in female nude mice. and tumor, liver RD
was limiting.
25A¢ BD and toxicity Bone metastasis Zoledronic acid 225 Ac-DOTAZOL, i.v. Wistar rats. H1ghvbone:blo€>c:1 ratio. [159]
(zOL) Kidney toxicity.
PSMA ligands Decreased clearance rate,
BD, RD and dose with LNCaP human prostate cancer s.c.  single administration had
225 , 225 A ~ . P &
Ac response PSMA albumin-binding AcRPS-074, iv. xenografts in BALB/c mice. complete response in 86% [160]
moiety of tumors.
P Sprgue Davly o Moty
PK, BD, specificity, BALB/c mice (toxicity and BD) clearance’ 105, toxicit
25A¢ RD, toxicity, MCI1R MCIRL peptide 225 Ac-DOTA-MCIRL, i.v. and MEL270 human uveal i . Y [67]
. . prolonged survival and
efficacy melanoma s.c. xenografts in SCID .
. . decreased metastasis after
mice (BD and efficacy). . L
single injection.
Bilateral MIAPaCa-2
ncibet e adlgng (SISO A DIC)  Frging s i
225 ; ici e 4
Ac Efficacy, toxicity CA19.9 5B1 human mAb and a trantscycli).octe.neSBl for cancer s.c. xenografts, and BxPC3 conventional TAT with [144]
pretargeting, 1.v. orthotopic xenografts in reduced hematotoxicity.
nude mice.
Improved tumor vascular
Vascular Vascular LS174T human colon s.c architecture & increased
25 A¢ normalization & endothelial E4G10 Ab 225 Ac-DOTA-E4G10, i.v. . . . ) [107]
. . xenografts in female nude mice. efficacy when combined
efficacy (VE)-cadherin

with chemotherapy.
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Table 2. Cont.
Isotope Study Molecular Target ~ Targeting Moiety Drug(s) & Route Cancer Type & Animal Model Key Results Ref
Female athymic rat model of
o . 211 A . neoplastic meningitis by . . C e
2115, BD, RD, spegf@ﬁy, Tenascm' 81C6 mAD At-81C6, subar'achnoml catheter inoculation of human Efﬁca.cy' without s'1gruf1cant [161,162]
efficacy, toxicity glycoprotein oriv. . toxicity. RD estimates.
rhabdomyosarcoma cells via
subarachnoid catheter.
Peritoneal OVCAR-3 human
PK, BD, efficac . . ovarian xenografts in BALB/c v/v 211 A+-TAT had greater
211 , bU, Y, 211 A g, 1317_ g g »
At toxicity &p38 MOvI8 mAb At & FIEMOVIS, ip. or iv. or nude mice following IP efficacy relative to 1*'I-TBT. [165-166]
injection of cells.
Tumor Retained at tumor blood
21154 neo-vasculature F1bronectu.1 ED-B Human scFv(L19) 21 APy (L19), i.v. Murine F9 te'ratocarcmoma & 'rat Yessels resulting in [140]
. domain FE8 sarcoma in female nude mice. increased tumor to
targeting blood ratios.
BD, tumor . Fractionated treatment
M At dosimetry, efficacy, 95-kDa . MX35 mAb 21 At-MX35, i.p. or i.v. OV.C AR-3 human ovaran cancer i, reased efficacy without [23,167,168]
g glycoprotein micrometastases in nude mice. s e .
toxicity significant toxicity.
211 At-HeFi-1 increased
. survival in the leukemia
Human anaplastic large cell R .
R model & combination with
21 lymphoma cells in SCID/NOD unlabeled HeFI-1 further
900’ Efficacy CD30 HeFi-1 mAb 21 At-, 0Y HeFi-1, i.v. mice. Karpas 299 cell i.v. injection . ) [169]
Y . improved efficacy.
for leukemia & SUDHL-1 90 - .
xenografts for lymphoma Y-HeFi-1 TBT increased
' survival in the
lymphoma model.
BD, efficac UT-SCC7 human head and neck wIi{t;drlllcf i? xglc(;rnﬁgxgllt
21 At  ericacy, CD44v6 U36 chimeric mAb 21 AL-U36, i.v. squamous cell carcinoma s.c. gniue ¥ [170]
toxicity . . BD consistent
xenografts in nude mice. . )
with targeting.
. HER2/neu-positive .
21 A BD, efficacy, HER2/neu 6.5 diabody 211 At SAPS-C6.5, i.v. MDA-MB-361/DYT2 breast Tumor growth delay with [142]
toxicity . . low renal toxicity.
xenografts in nude mice.
NIS transduced LNCaP human Accumulation similar to
21 5y Efficacy NIS-transduced Astatide (HAt) 211 At astatide, ip. prostate (NP-1) and parental (P-1) iodine with efficacy against [147]

tumor cells

peptide

s.c. xenografts in male nude mice.

NP-1 tumors relative to
control P-1 tumors.
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2T At-TAT induced
BD, myelo myeloablation in
211 , 211 fatic b :
At, . At-30F11-ADTM, . haematopoietic tissues with ’
213B; su}:f):‘iecsiflon, D15 SOF11 Ab 213Bi-30F11-CHX-A", i.v. Female BALB/c mice. greater efficacy and less (1711
Y toxicity relative to the
213Bj conjugate.
Combination of
SKOV3 human ovarian i trastuzumab and
21 At Efficacy HER-2/neu Trastuzumab 211 At-trastuzumab, i.p. . P 21 At-trastuzumab resulted [172]
xenografts in nude mice. .
in complete
tumor eradication.
. - - BN7005-H; D, rat syngeneic Resulted in undetectable
2 At Dosmgftirc};ctoxmlty’ Lewis Y epitope BRI%C’HC };IXEHC 211 At-BRY6, i.v. sub-peritoneal colon tumors with [173]
¥y & engraftments. tolerable toxicity.
Human Ramos (Burkitt
lymphoma) s.c. xenografts in Highly effective in minimal
2 At Efficacy CD20 1F5 mAb 2N AL-1F5, i.v. nude mice and i.v. injection of residual disease [771
Ramos cells in SCID mice for mouse model.
disseminated lymphoma.
EMT6 murine breast syngeneic
211 ; ; B ; 211 A4 : yng i : )
At BD, dosimetry Sigma-2 receptor MM3 ligand At-MM3, i.v. tumor in female BALB/c mice. Tumor specific targeting. [146]
211 5 Efficac Norepineph-erine .\ @ tine meta-[2!! At]-astatobenzyl-guanidine, PC12 rat pheochromocytoma s.c. Reduced tumor size (174]
y transporter e iv. xenograft in nude mice. without weight loss.
et s e S uion
21 At BD, efficacy MICA/B anti MICA/B Ab 211 At-anti MICA/B Ab, i.v. positive) human colon cancer s.c. & / . 8 . [175]
. . loss, erythrocytopenia with
xenograft in nude mice. :
recovery in 3-4 wks.
213R; i :
Bi, Toxicity and 5 : , 213n: , 90 L. GW-39 human colon cancer s.c. TAT had greater efficacy
Ny efficacy COI7-1A COI7-1A Fab Bi-Fab”and "Y-Fab’, i.v. xenograft in nude mice. and lower toxicity than TBT. (176l
Clinical and histological
P . . . remission of
212p; Specificity, efficacy, gp70 103A mAb 212Bi CHX-A-DTPA-103A,1v. oV mdu‘];e[:lfé/ycﬂr‘;fcleeukem‘a mn erythroleukemia and [177]

toxicity

prolonged survival with
low toxicity.
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212 BD, efficacy, CD25 Anti-Tac, 228 CHX-A-anti-Tac, iv. SP2 and SP2/Tac syngeneic Effective in treatment of [178]
toxicity humanized mAb s murine lymphoma in nude mice. bulky solid tumors.
Stability, PK, 213_Bi-CHX-A-DTPA-HuM195, i Normal BALB/c mice Favorable stability, PK
213g; Yr T8, 1 , Lp. Yr
Bi toxicity CD33 HuM195 mAb ori.v. without leukemia. and toxicity. [179]
213R;i_ & 90V _ ) _ 213Rs
21312 . Humanized Bi- & Y DOTA H AT & Intraperitoneal MET-1 human . Pre targeted' Bi TAT
°Bi, Pretargeting . HAT-streptavidin & o increased survival relative 1
90y efficacy CD25 (Tac) anti-Tac mAb 2138i_DOTA-biotin or adult T-cell leuke.rma in to 213Bi_DOTA_HAT, ©Y [143]
(HAT) 90Y-DOTA-biotin, i.v. SCID/NOD mice. TBT & pre-targeted TBT.
R 213R;
g, lumanized, TAG-72+ LS-174T & TAG-72 Di- TAT had greater
i Efficacy TAG-72 213B;- or 131-HuCC49ACH?, i.p. negative MIP human colon i.p. growth mhibition or [180]
1 CC49 mAb <enografts in nude mice regression relative to
(HuCC49ACH?2) 5 : BILTRT,
HSC45-M2 human gastric i.p. D:E;I:r aecflfrir; ;IZISEEESB?:
213B{ Efficacy, toxicity d9-E-cad d9-E-cad mAb 213Bi-d9-E-cad mAb, i.p. xenografts with d9-E-cad s?n lea dminisfra fon, with [181]
mutation in female nude mice. & .. ’
no toxicity.
. . CA20948 rat pancreatic . . .
213p; BD, e‘fﬁ.cacy, Somatostatin DOTATOC 2138 DOTATOC, i.v. adenocarcinoma tumors in Antitumor eff}cgcy with [64]
toxicity receptors peptlde Lewis rats low toxicity.
OV-MZ-6 human ovarian i Specific tumor uptake,
213B; Specificity, BD CD87 P-P4D peptide 213Bi-P-P4D, i.p. senografts in female nude rmI:: .e kidney uptake reduced by [182]
5 ' co-injection of gelofusine.
MUCT. uPAR and C595 & BLCA-38 PC-3 human prostate orthotopic, Ml;léiziz 2?11;;32 ;):grcec;me
213B4 Efficacy, toxicity ! mAbs, & PAI2 213B3-C595, -BLCA-38 & -PAIL2, i.p. intratibial and s.c. xenograft 5 - 8 [145]
BLCA-38 expression with efficacy
protein tumors in NOD SCID mice. . .
against micrometastases.
Increased survival without
2134 Efficacy, toxicity EGFR Matuzumab 213Bi-matuzumab, intravesical EJ28 human or.thotoplc b.l adder tOXI.Clty' C(?mblr.Iatlon with [183]
xenografts in nude mice. mitomycin C increased
efficacy with nephrotoxicity.
. Combination trastuzumab
213 . Humanized CC49 213 . LS-174T human colon i.p. and i.p. TAT increased ,
Bi Efficacy TAG-72 mAb Bi- HuCC49DCH2, i.p. . . ! [184]
(HuCC49DCH?) xenografts in female nude mice. efficacy and was
well tolerated.
Tumor regression and
2131: Pretargeting SCFV_lFSj S.A 21312 T Ramos human lymphoma increased survival in mice
°Bi . CD20 (streptavidin 1F5-SA & “*°Bi-DOTA-biotin, i.v. . . . [141]
efficacy xenografts in nude mice. with small tumors

fusion protein)

via pretargeting.
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213Bi-TAT had greater
1777 11 B efficacy compared to
Nina: 177 BD, dosimetry, PESIN and AMBA 213 Lu-DOTA-PESIN, PC-3 human prostate s.c. 77Lu-TBT. .
Bi, "/Lu X .. GRP . Bi-DOTA-PESIN, or . . 213 [185]
efficacy, toxicity peptides . . xenografts in female nude mice. Bi-DOTA-PESIN had
2I3Bi-AMBA, i.v.
’ lower renal toxicity relative
to 213Bi-AMBA.
213 i
5T33 murine multiple myeloma sur Blaglzii Tc::;ze; o,
21383, 177 Lu Efficacy CD138 9E7.4 mAb 213Bi-9E7.4 and 7"Lu-9E7 4, i.v. cell syngeneic i.v. injection into b ! NG [186]
: Lu-9E7.4 increased
C57/BL6 mice. .
survival, no cures.
Mutant HSC45-M2 human gastric cancer 213Bi had comparabl
213g; 177 : ‘o 213R; ., 1777 4 ; & parable 1
Bi, *Lu Efficacy, toxicity d9-E-cadherin dIMAD Bi-d9Mab & 7 Lu-dSMab, ip. cell i.p. injection in nude mice. efficacy with lower toxicity. (1871
BD. efficac Anti-mouse 5T33 mouse multiple myeloma Increased survival with
213B{ toxicit ¥ CD138 CD138 Ab 213Bi-CD138, i.v. cell engraftment into syngeneic only moderate and [188]
y C57BL/KaLwRij mice. transient toxicity.
213B{ Efficacy, toxicity EGFR Matuzumab 213Bi-matuzumab, intravesical. EJ28 human orthotopic bladder Increased survival with [189]
xenografts in nude mice. low toxicity.
Neuroendocrine H69 human Effective in small and large
213g; PK, efficacy, SSTR2 DOTATATE 213Bj_DOTATATE, i.v. small cell lung carcinomaand =)\ (both types), with [66]
dosimetry, toxicity peptide CA20948 rat pancreatic s.c. S -
. . dose limiting renal toxicity.
xenografts in nude mice.
Extended survival and
212py, Efficacy HER-1 Cetuximab 212Pp-cetuximab, ip. ILS174T hu.man Colon. P combined with gerflCItabme [190]
xenografts in nude mice. & carboplatin
increased efficacy.
DOTA-Re 212 B16/F1 murine melanoma ..
212pp Efficacy MCIR (Arg!)CCMSH PBIDOTAI-Re syngeneic s.c. engraftments in Tumor eradication at [191]
peptide (Argl1)CCMSH, i.v. C57BL/6 mice. higher activities.
Internalizing anti-HER2
A-431 HER-2 positive and CEA labeled Ab had greater
2121 2127y P g
212pp Efficacy HER-2 and CEA Trastg;zr;ab & Pb trastuzur}nab & 7Pb-35A7, transfected vulvar squamous efficacy than [192]
P carcinoma cells i.p in nude mice.  non-internalizing anti-CEA
labeled Ab.
LS174T human colon & Shaw Increased survival with
212pp, Efficacy, toxicity HER-2/neu Trastuzumab 212Pb-trastuzumab, i.p. human pancreatic i.p. xenografts [193]

in nude mice.

low toxicity.
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. Combination with
P icac -2/neu rastuzumal Pb-trastuzumab, i.p. - . . emcitabine :
212py, Efficacy HER-2/ T b 212py, b,ip LS-174T human colon i.p. gemcitabi [194]
xenografts in nude mice. . )
increased survival.
ES-2 or A2780cp20 human High peritoneal retention,
212pp BD, efficacy B7-H3 376.96 mAb 212Pb-376.96, i.p. ovarian cancer cells i.p. into tumor tissue accumulation [195]
nude mice. & increased survival.
Panc039 pancreatic cancer .
212pp, BD, efficacy B7-H3 376.96 mAb 212pp-376.96, i.v. orthotopic xenografts in High tumor gpte.ik.e .& [196]
. tumor growth inhibition.
nude mice.
SUM159 & 2LMP human triple
212 . 2121 . negative breast cancer (TNBC) Dose-dependent
Pb BD, efficacy CSPG4 225.28 mAb Pb-225.28, i.v. orthotopic mammary fat pad growth inhibition. [197]
xenografts in nude mice.
Administration . 212 . N 5 . Increased survival with
212pp route, toxicity, EGFR Pan’1tumumab Pb-panitumumab F(ab’)y, i.p. & ILS-174T human colon i.p. tolerated toxicity via i.p. or [198]
. F(ab"), fragment iv. xenografts in nude mice. AR
efficacy i.v. injection.
212 Efﬁ.cac}.,' ee-cyclized 212pp-DOTA-MCIL, BRAFi & A2058 & MEWO humz'in Improved tumor response
Pb combination MCIR . . melanoma Xxenografts in . [69]
«-MSH peptide HDACi . by combination therapy.
therapy nude mice.
. S BALB/c mice & Raji human B-cell . .
227Th_] o ~
27 BD, e'ff{cacy, CD20 Rituximab Th-DOTA p'ber\zyl rituximab, lymphoma s.c. xenografts in Increased efflcacy 'w1th [199]
toxicity iv. . managable toxicity.
nude mice.
27Th BD, e'ffl.cacy, HER-2/neu Trastuzumab 227Th-DOTA-trastuzumab, i.v. SKBR-3 huma.n breast cancer Tumor. growth 1¥1}.11b1t10n [200]
toxicity xenografts in nude mice. with no toxicity.
BD, efficac Anti-human CD70 786-O human renal cancer s.c. Well tolerated with
227 , Yr g .
Th toxicity Cp70 mADb CD70-TTC, iv. xenografts in nude mice inhibition of tumor growth. (201]
4 ) - peritoneal Injection into 24Rq Tabeled calcium carbonate Lo 2 2nd SKOV3 human ovarian Well tolerated with
Ra Efficacy, toxicity - . . . cancer i.p. xenografts in . [202]
metastases peritoneum microparticles, i.p. antitumor effect.

nude mice.
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7. Pre-Clinical Studies

7.1. Preclinical Therapeutics Studies

In recent years, a number of pre-clinical studies have been reported that provide strong evidence
of the potential for use of TAT in the treatment of cancers. See Table 2 for a summary of the
published in vivo preclinical TAT studies (1 = 48) that have used animal models of cancer. Most of
these studies (81%) have involved the use of immunoconjugates where monoclonal antibodies serve
both as the targeting moiety and as the attachment scaffold for the o-emitting radionuclide. Two of
these immunoconjugates involved the use of antibody fragments (scFv) [140,141] and one used a
diabody [142]. Three studies involved pretargeting, where a cancer targeting antibody-streptavidin
construct, or antibody—-TCO (trans-cyclooctene) construct for click chemistry, was injected prior to
delivery of an x-emitting radionuclide attached to biotin [141,143,144]. In this study, pre-targeting
demonstrated increased efficacy over TAT using the targeting antibody alone. Peptide-based targeting
moieties were used in 15% of these studies. In other individual studies, a protein [145], a small molecule
ligand [146] and an inorganic compound [147] were used as targeting groups.

As is the case for most radioimmunotherapies in current use, that typically deliver 3-emitting
radionuclides, a number of the reported TAT studies (23%) targeted non-solid tumors; i.e., leukemias,
lymphomas and multiple myeloma. A majority of these non-solid tumor studies reported significant
efficacy and/or decreased systemic toxicity relative to controls. Since x-emissions have higher LET
over a shorter range, there is significant interest in the use of TAT for treatment of solid tumors. This is
evident in the preclinical studies reported, as 79% involved targeting of solid tumors and nearly all of
these studies reported significant efficacy against solid tumors relative to controls, with nearly half also
reporting low or manageable systemic toxicity. Four of these studies demonstrated increased efficacy
using TAT relative to targeted beta ([3)-emission therapy (TBT) using the same targeting moiety and
tumor model [143,151,152,163-166,180,185].

7.2. Preclinical Imaging

Whether developing a small molecule or antibody-based therapeutic, pharmaceutical companies
traditionally rely upon molecular imaging to assist them in identifying the most promising molecules
in the research pipeline to be carried forward into clinical trials [203-206]. Furthermore, this strategy
has been particularly effective in developing targeted, systemic 3-based radiotherapies when the
B-emitting radioisotope can be paired with a diagnostic surrogate for SPECT or PET imaging. Several
of these pairs include 64/67Cyy, 8690y and 124/131] [207]. However, with the exception of the 203/212py,
system [68,191,208], researchers developing TATs with other x-emitters such as 213Bj, 211 At and 2% Ac,
have not been able to capitalize on this strategy. This limitation has hindered TAT development,
but also stimulated attempts by the scientific community to observe the pharmacokinetics of TAT
therapies using the decay of TAT radioisotopes in preclinical or clinical settings. For example, Sgouros
et al. attempted to use the 440 keV y emission of 2!3Bi to monitor the biodistribution of 2!*Bi-HuM195
in patients with leukemia [209]. Due to the short half-life of the radioisotope, data acquisition was
limited to sixty minutes after patient injection, but this was sufficient to detect elevated levels of
radioactivity in the red marrow, liver and spleen. While the data suggested that it would be possible to
derive important pharmacokinetic and dosimetric data from the in vivo imaging of the 21*Bi emissions,
the large amount of activity necessary for imaging has precluded its routine use in a clinical setting.

The decay scheme and extreme cytocidal potency of 22> Ac further complicates the TAT community’s
ability to develop preclinical and clinical imaging methodologies to monitor pharmacokinetics and
estimate dosimetry. Since the 440 keV emission derived from 2!3Bi decay is considered too energetic for
preclinical imaging applications, attention has focused on the less energetic 218 keV y ray emission of
221Fy which has been used to monitor the biodistribution of 225Ac-dopecl nanoparticles in mice [71,86],
and this approach has shown promise. However, in this imaging paradigm, animals are typically
euthanized 1 h after receiving the radiopharmaceutical and imaged 24 h after euthanasia to ensure
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isotopic equilibrium. Hence, these experiments do not address the potential of longitudinal SPECT
studies to inform development of ?2° Ac-radiopharmaceuticals. Clearly, new approaches are needed,
since the ability to image and visualize 22° Ac-based radiopharmaceutical biodistribution, metabolism,
and clearance in animal models through longitudinal imaging studies would be advantageous [210,211].

Cerenkov luminescence imaging has emerged as an alternative to traditional nuclear medicine
techniques for visualizing the delivery and biodistribution of TATs. Cerenkov luminescence is derived
from the emission of ultraviolet light when certain charged particles exceed the phase velocity of
light in a given medium [212,213], and this effect can be observed using standard optical imaging
systems originally designed to detect bioluminescence and fluorescence. Recently, Cerenkov emissions
were observed with the decay of several medically relevant isotopes, including 22> Ac, which was
reported to yield the largest optical signal among all isotopes examined [211,214]. Alpha (x) particles
however, do not travel with sufficient velocity to generate Cerenkov emissions, which led researchers
to postulate that the emissions observed resulted from the (3-decay of the 213B;, 20971 and 2Pb
daughter products. Subsequent publications, using theoretical and experimental means, described
the association between Cerenkov radiation and 22°Ac decay [214,215]. While both research groups
determined that Cerenkov luminescence imaging (CLI) could be accomplished with 22> Ac and other
a-particle emitting radionuclides, it was determined that radionuclides” decays solely by a-particle
emission do not produce sufficient Cerenkov radiation to be useful for imaging. Secondly, a time
delay would be needed for equilibrium to be established between the parent radionuclide and its
daughter products. For 22° A, this delay was determined to be ten hours. This precludes the imaging
of small molecules and peptides at early time points, but allows one to monitor the biodistribution of
225 Ac-labeled antibodies and nanoparticles, which require extended circulation time for effective tumor
targeting and blood clearance. Finally, the high recoil energy associated with 2> Ac and daughter
product release from the original conjugate must be considered. The emission of Cerenkov radiation
may not reflect the actual biodistribution of the radiopharmaceutical in question, but of the daughter
products producing the Cerenkov emissions [216]. Sequestering the daughter products with the
original conjugate is important if this technique is to provide any benefit to the TAT community.
In proof of principle studies, Pandya and coworkers seized upon these recommendations and further
tested the association between 22> Ac decay and Cerenkov radiation in living animals [217]. The authors
synthesized 22> Ac-DOTA-c(RGDyK) and evaluated its stability, biodistribution and potential use
as an imaging agent in CLI in a murine model expressing human glioblastoma U87mg tumors,
which overexpress the oy 33 integrin. Additionally, they exploited the well-documented ability of
RGD-containing ligands to be internalized on integrin binding to sequester the 22> Ac and the daughter
products within the tumor. This technique, often referred to as the nanogenerator approach, has been
used successfully to sequester 22> Ac-based radiotherapeutics and daughter decay products within a
cell to increase their therapeutic effectiveness [35,149,150]. Surprisingly, all animals demonstrated no
signs of distress during these experiments. When compared to «y 33" tissues, in vivo CLI revealed
five-fold more luminescence from the o, 33" tumors. Luminescence was also observed in the liver and
kidney tissues, which have been shown in related biodistribution studies to be involved in the clearance
and excretion of this radiopharmaceutical [218-220]. Ex vivo image analysis also revealed a similar
trend as the in vivo results, and the addition of a blockade reduced the luminescence emitted from the
tumors by 80%, which suggested to the authors that activity delivered by the radiopharmaceutical and
internalized through specific receptor-interactions was being retained in the tumor. To further validate
the theranostic potential of their approach, they also performed preliminary therapy studies in U87mg
tumor-bearing mice, which illustrated the cytocidal potency of their x-emitting radiotherapeutic [221].
While more studies are needed, these promising results suggest that this area of research may have
broader implications for molecular imaging and may help to facilitate TAT development.
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8. Medicinal Chemistry

8.1. Lead Optimization

As previously touched upon, the characteristics of various targeting ligands, like lipophilicity,
molecular weight and ionization potential are all critical variables that help modulate
radiopharmaceutical properties. For example, small, polar compounds may undergo rapid renal
excretion. The addition of a PEG linker will add water solubility, bulk, and may help avoid kidney
toxicities. Conversely, the removal of an ionizable group (e.g., sulfonate or protonated amines at
physiologic pH) during medicinal chemistry design may make the targeting ligand more hydrophobic
and shift clearance toward initial liver processing. Therefore, when working to reduce targeting ligand
complexity or increase the ease of synthesis, these physical attributes of the compound must be taken
into consideration.

Antibodies and engineered fragments can also benefit from medicinal chemistry optimization.
Many chelators and linkers covalently attached to antibodies and their fragments produce
heterogeneous products. In the most typical fashion of linker attachment, surface accessible lysine
side chains are utilized to form covalent bonds with radionuclide chelating molecules (Figure 6).
Site-specific antibody modifications can yield more homogeneous products. The Rader group at Scripps
Florida has made such progress by engineering a selenocysteine residue into targeting antibodies,
allowing for complete control of regiochemistry during functionalization [222].

Another route to increasing T/NT ratios is through the notion of pretargeting. These strategies
operate under the premise that nonradiolabeled, bifunctional targeting agents can be administered
to the patient and allowed to converge to their target. Once the unbound portion has cleared,
a fraction of radiolabeled molecule with a binding affinity for the bifunctional targeting agent is
administered. Typically, the radiolabeled agent is designed to clear quickly if unavailable for binding;
thus, lowering off-target radiation. Typical binding partners amenable to pretargeting schemes include
avidin/streptavadin-biotin, DNA-DNA or antibody—hapten [223]. For a more in-depth analysis of
pretargeting strategies please see the recent review article from Frampas and coworkers [224].

Novel combination therapies are also now being investigated. Combination therapies can be
particularly useful in heterogeneous diseases like multiple myeloma. Anti CD138 mAb conjugated with
213Bi has been tested synergistically with the chemotherapeutic melphalan to help eliminate residual
disease in a multiple myeloma model [116]. Interestingly, this study saw no benefit to the combination
therapy when compared with RIT alone. The speculation was that the follow-up treatment with
CD138-targeted mAb was less successful due a swift reduction in CD138 antigen in cells progressing
through apoptosis [225], illustrating the importance of the orthogonality in study design as it relates to
combination treatments and target expression.

8.2. cGMP Production

Current good manufacturing practice (cGMP) standards for the production of the targeting ligand
precursors before the incorporation of the x-emitting radioisotopes are similar to those used for the
manufacturing of peptide, antibody or antibody fragment drug and drug candidates. There are
numerous cGMP-compliant peptide synthesis companies, and often the preclinical grade peptides
will be prepared by standard solid-phase synthesis and purified to > 95% purity, but cGMP-grade
peptides will often be prepared via routes that allow greater control over the purity and reliability of
the synthesis. For instance, cGMP peptides are more likely to be prepared using a greater reliance on
solution phase-synthesis procedures than preclinical grade peptides because the costs can be much
lower on scaled-up batches of peptide, and more importantly, impurities can be removed as they build
up during a solution-phase synthesis, whereas impurities just build up during standard solid-phase
synthesis procedures. The recent development of a fully solid-phase synthesis of cGMP-quality
Fuzeon® is an exception to this trend that may lead to a greater reliance on fully solid-phase synthesis
procedures for the production of cGMP peptides. Frequently, solid phase methods are used in
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combination with solution phase synthesis methods. As an example, preclinical grade linear peptides
can be prepared and cyclized to the final product on resin, whereas cGMP grade peptides will often be
prepared on resin and purified and then cyclized in solution, due to the easier analysis of reactions
in solution.

The cGMP production of antibody and antibody fragments will be focused on for the development
of robust methods of production often using hybridoma technologies and purification by at least two
orthogonal separation methods, usually involving an affinity column purification step followed by
a size exclusion type purification system. Often these biotechnology-based manufacturing methods
produce antibody or antibody fragments that are chemically programmed to provide specific sites
for metal chelate attachment. For a recent review of this topic please, see the two-part article from
Adumeau et al. [226,227].

The results of these manufacturing processes are lyophilized powders or relatively-concentrated,
sterile, aqueous buffer solutions of the targeting moieties that are ready to chelate the x-emitters.
The main difference between cGMP radiosynthesis for clinical trials and research grade radiosynthesis
in the United States is the implementation of an FDA-compliant audit trail. Since the development of
a-emitting radiopharmaceuticals is happening globally, another major issue concerning production
and distribution of these novel therapies is the consideration of the local regulatory environment.
A discussion of the potential for harmonization of the various international regulations has recently
been published [228].
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Phase 1/20, anti?laefjljetniiocs:ﬁsvft ugcl/r]:)g/s all
25A¢ CD33 HuM195 225 Ac-DOTA-HuM195 AML Ongoing multicentric Intravenous ity [235]
hase I 11 dose levels studied, no acute
P ’ toxicities, myelosuppression
Remarkable anti-tumor response
D5Ac PSMA PSMA_617 225 Ac-PSMA-617 Prostate cancer NA/40 Intravenous was obs‘er.ved mn the patients. [5,6,60,233,236,237]
ligand Xerostomia in salivary gland was
the main side effect.
2550 Somatostatin DOTATOC 225 A . DOTATOC Neuroendocrine NA/34 Not mentioned Well-tolerated w1th promising [234]
receptors peptide tumors treatment efficacy
chimeric 816 surgically created Increased Median survival (54
2 At Tenascin-C . 21 At-ch81C6 Glioblastoma Phase /18 gically R weeks), No dose-limiting toxicity, [238]
antibody resection cavity L
No-grade 3 toxicity
214 NaPi2b MX35 F(ab’)2 211 ¢ MX35 F(ab’)2 Ovarian Phase 1/9 Intraperitoneal N0 adverse effects, grade [ toxicity, [239]
carcinoma no bone marrow toxicity
21312 21312 14 patients had reductions in )
Bi CD33 HuM195 Bi-CHX-A-DTPA-HuM1 95 AML Phase /18 Intravenous [240]
marrow blasts
213B; CD33 HuM195 213Bi_CHX-A-DTPA-HuM] 95 AML Phase I, TI/31 Intravenous dose-response relationship with [241]
remission at the highest doses
213Bj CD20 Rituximab 213Bj-CHX-A"- Rituximab Non-Hodgkin Phase 1/9 Intravenous M'yel.osuppressm'n and no other [242]
lymphoma toxic side, two patients responded
. 213 =
213B; Neurokinin Substance P Bi-DOTA-[Thi8, Met (O2) Glioblastoma NA/2,9,20 Intrathecal Well-tolerated, favorable response [229,230,243]
type-1 receptor 11]-substance P
213g; NG2 9.2.27 antibody 23Bj_(DTPA-9.2.27 Melanoma Phase I/38 Intralesional TAT was safe up to 450 mCi and [244,245]
proteoglycan effective at 200 mCi
213p; Somatostatin DOTATOC 213Bi_DOTATOC Neuroendocrine NA/7 Intraarterial infusion responses were observed in [65]
receptors peptide tumors all patients
carcinoma in
213p; EGFR Cetuximab 213Bi_CHX-A-DTPA-anti-EGFR  situ (CIS) of the  Pilot studies/9 and 12 Intravesical TAT well tolerated and showed [231,232]
therapeutic efficacy
bladder
Dose escalation showed a little
212pp, HER2 Trastuzumab 212pp_TCMC-trastuzumab Opvarian Cancer Phase 1/3 Intraperitoneal agent-related toxicity, consistent [246,247]
with the dosimetry data
225Ra Hydroxy-apatite NA 223Ra—chloride Prostate cancer Phase I-111/921 Intravenous radium-223 improved [7,8,82,248-251]

mets

overall survival
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9. Clinical Studies

9.1. Recent TAT Clinical Trials

Despite the potential therapeutic benefits of the «-particle emitting radioisotopes over (3-particle
emitters, the restricted availability of relevant radionuclides and limited number of phase III clinical
trials has so far limited the clinical use of TAT. Table 3 summarizes the TAT clinical studies conducted
to date. Clinical trials prior to 2014 were reviewed by Elgqvist et al. [34] and we will focus on the more
recent trials herein. The use of short-lived a-emitters like 2!' At (T; 2 =72h), 212B4 (T12 = 60 min) and
212Pb (T4, = 10.6 h) has been subdued so far, due to production and distribution limitations. However,
this is not the case for 213Bi (T, = 46 min), which, going back over the past two decades, has been used
in the largest number of TAT clinical trials to date. Recent ?!*Bi studies have included the targeting
of peptides for the treatment of glioblastoma [229,230] and neuroendocrine tumors [65], and the
targeting of monoclonal antibodies for the treatment of bladder cancer [231,232]. Since the approval of
223Ra-dichloride for the treatment of CRPC in 2013, 22> Ac has also emerged as a targeted therapeutic
radionuclide of interest that has been used for targeting a small molecule [5,6,233], peptide [234] and
monoclonal antibody [235] for the targeting of prostate cancer, neuroendocrine tumors, and acute
myeloid leukemia (AML), respectively. Clinical studies of TATs using 22 Ac or 2!%Bi as the therapeutic
radionuclide have recently been reviewed [58]. Although the responses have been impressive for some,
225 Ac-PSMA-617 in particular, the completion of more randomized clinical trials comparing TAT to
standard of care will be essential to determine the clinical utility of these new therapeutic approaches.

9.2. Radium-223 Dichloride (**3RaCl,) Trials

In the following section, we will discuss the first and only clinically-approved TAT in the United
States so far. After more than a 100 years since the discovery of the radium element in 1898 by Marie and
Pierre Curie, on May 15, 2013, one of its radioisotopes, radium-223 (Ra-223) became the first x-emitting
radionuclide to be approved by the Food and Drug Administration (FDA) in the form of radium-223
dichloride (***RaCly, Xofigo® formerly Alpharadin, made by Bayer HealthCare Pharmaceuticals Inc.)
for the treatment of patients with castration-resistant prostate cancer (CRPC), with symptomatic bone
metastases, and no known visceral metastatic disease [252]. This was based on the improvement in
overall survival following intravenous administration of ?*RaCl, in patients with advanced prostate
cancer with metastases to the bone, demonstrated in a double-blind randomized placebo-controlled
trial called the ALSYMPCA (alpharadin in symptomatic prostate cancer) trial [7].

The role of systemic radionuclide therapy to the bone is to deliver therapeutically-effective radiation
doses to multiple foci, including microscopic disease, as opposed to external beam radiotherapy,
that gives more focal treatment and affects both normal bone marrow and metastases [253]. The two
most commonly used radionuclide bone seeking agents for bone pain palliation are 8Sr (Metastron)
and 1535m—ethyler1e diamine N,N’-tetra(methylene) phosphonic acid (153Sm-EDTMP; Quadramet) [254],
but these 3-particle therapies, although effective for pain palliation, frequently cause myelosuppression
and have not been shown to affect patient survival [255].

Cations of the alkaline earth elements (strontium, barium, and radium) have natural bone-seeking
properties without the need for a carrier agent. As radium mimics calcium, when Ra-223 dichloride
is injected intravenously, it forms complexes with the bone mineral hydroxyapatite at areas of
increased metabolic bone activity, such as bone metastases, thereby exerting a highly localized
antitumoral effect [7,256]. In addition, the Ra-223 daughter isotopes are also retained in the bone
matrix [50]. The shorter penetration range of Ra-223 causes less bone marrow toxicity than bone-seeking
B-particles [256]. The peak skeletal uptake of Ra-223 occurs within 1 h of injection, and blood
radioactivity levels are <1% after 24 h with almost no redistribution of daughter nuclides from
bone [256]. The total skeletal uptake ranges between 40% and 60% of the administered activity [257],
and the excretion is predominantly via the gastrointestinal tract, with much less renal clearance [258].
Due to their significantly higher potency, the activities administered of «-emitters are much lower
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than 3 emitters, with significantly less radiation exposure to hospital staff and family members [259].
Merely basic hygiene measures and routine contamination protection barriers, such as latex gloves,
are enough to protect both health care personnel involved in the patient’s radionuclide administration
and the patient’s family.

In the first-in-human single dosage phase I trial for patients with breast and prostate cancer skeletal
metastases, single dose Ra-223 was well tolerated at all therapeutically relevant doses (46-250 kBqg/kg
intravenously [IV]) [257]. There was no dose-limiting hematological toxicity, only mild, transient
myelosuppression (nadir 2 to 4 weeks after the injection) and mild transient diarrhea, with nausea
and vomiting more frequently observed in the highest dosage group [257]. Subsequently, the phase I
dose-escalation study in advanced prostate cancer with bone metastases, showed that repeated Ra-223
dosing was well tolerated to a total dose of 250 kBqg/kg [50].

In the following phase II study of CRPC patients with symptomatic bone metastases, Ra-223
given at different doses (5, 25, 50 and 100 kBq/kg) was well tolerated with a positive effect on pain
assessments (visual analogue scale [VAS] and analgesic use). At week 8, 56% and 71% of patients
had reduced pain and stable analgesic consumption in the 50 and 100 kBq/kg groups, respectively.
A statistically significant decrease in bone turnover markers, including alkaline phosphatase, was noted
in the highest dose-group (p = 0.0067) [260].

The phase III, double-blind, randomized, placebo-controlled, multicenter, multinational
ALSYMPCA trial enrolled patients from June 2008 through February 2011 [7]. Eligible patients
had progressive metastatic symptomatic disease and regular use of analgesic medication or treatment
with external beam radiation therapy (EBRT) for cancer-related bone pain within the previous 12 weeks.
Patients were randomized 2:1 to receive six injections of radium-223 (50 kBq/kg IV) or a saline placebo
infusion; a cycle was comprised of one injection every 4 weeks. The primary endpoint was overall
survival (OS). Various secondary endpoints included time to first symptomatic skeletal events (SSE),
time to alkaline phosphatase increase and time to PSA progression. A planned interim analysis was
conducted, and on June 3, 2011, the Independent Data Monitoring Committee recommended stopping
the trial early due to evidence of a significant treatment benefit. Median OS was 14.0 months for Ra-223
(95% CI (confidence interval): 12.1-15.8) versus 11.2 months for placebo (95% CI: 9.0-13.2) (p = 0.00185;
HR (hazard ratio) = 0.695; 95% CI: 0.552-0.875).

An updated analysis included 528 events from 921 randomized patients prior to placebo patients
crossing over to Ra-223 [7,261]. For this analysis, median OS was 14.9 months for Ra-223 arm (95%
CI: 13.9-16.1) and 11.3 months for patients receiving placebo (95% CI: 10.4-12.8) (HR = 0.695; 95% CI:
0.581-0.832). OS favored Ra-223, with a 30% reduction in the risk of death compared with placebo.
The OS benefit with Ra-223 was supported by a delay in time to first SSE compared to the placebo (15.6
versus 9.8 months; HR = 0.66; 95% CI, 0.52-0.83; p < 0.001). Improvement in survival was independent
of both prior exposure to docetaxel [250] and the use of bisphosphonates [261]. Ra-223 significantly
prolonged time to total ALP progression (HR = 0.167; 95% CI: 0.129-0.217; p < 0.00001); and time
to PSA progression (HR = 0.643; 95% CI: 0.539-0.768; p < 0.00001) was associated with a beneficial
effect on pain and quality of life (QOL) [262], and was associated with a highly favorable safety profile
with a low rate of adverse hematological events. The most common (at least two percent) of the
adverse reactions in patients receiving Ra-223 were nausea, diarrhea, vomiting, renal impairment and
peripheral edema.

Based on these data, the National Comprehensive Cancer Network (NCCN) supports the use
of 22RaCl, (Xofigo®) as a first-line therapy for patients with symptomatic metastatic CRPC and no
visceral metastases with a Category 1 recommendation [227]. The recommended dose for 223RaCl, is
50 kBg/kg (1.35 microcuries/kg) administered by slow intravenous injection, over 1 min, every 4 weeks,
for a total of six cycles.

Since completion of the ALSYMPCA trial, Ra-223 has been studied in combination with
other, newly-approved CRPC therapies, such as abiraterone, enzalutamide, docetaxel, cabazitaxel,
sipuleucel-T, olaparib and pembrolizumab [263-265]. A phase 3, randomized, double-blind study of
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radium-223 or placebo, each in combination with abiraterone plus prednisone in chemotherapy-naive
patients with asymptomatic or mildly symptomatic mCRPC with bone metastases (ERA 223;
NCT02043678) [266], was recently prematurely unblinded. The independent data monitoring committee
(IDMC) recommended unblinding the trial due to the observation of more fractures and deaths in
the combination treatment arm. The European Medicines Agency (EMA)’s Pharmacovigilance Risk
Assessment Committee (PRAC) has reviewed the preliminary data from the ongoing clinical study.
In the study 34.7%, of patients treated with Xofigo, Zytiga and prednisone/prednisolone have died so
far, compared with 28.2% of patients given placebo, Zytiga and prednisone/prednisolone. Fractures
have also occurred more frequently with the Xofigo combination than the placebo combination (26%
versus 8.1%). Unblinded data from the study are currently being analyzed to confirm the preliminary
findings of the IDMC. Given these results from ERA 223 trial, the current recommendation is not to
combine radium-223 with concomitant abiraterone acetate and prednisone (https://www.ema.europa.
eu/news/prostate-cancer-medicine-xofigo-must-not-be-used-zytiga-prednisoneprednisolone). Hence,
the administration of concomitant chemotherapy with Xofigo is not recommended due to an increased
risk of adverse reactions [267].

Immune modulation has been examined in vitro in human prostate, breast and lung carcinoma
cells following exposure to sub-lethal doses of ?*Ra. Malamas and his colleagues showed that 22>Ra
significantly enhanced T cell-mediated lysis of each tumor type by CD8+ cytotoxic T lymphocytes
(CTLs) specific for MUC-1, brachyury, and CEA tumor antigens. Therefore, 22>Ra may be more effective
in combination with immunotherapies [268].

In view of the increased long term risk of secondary malignancies, such as sarcomas and leukemias,
that were seen in patients who were treated with high doses of another radium isotope, radium-224
(Ty12 = 3.7 days) (primarily used in Europe) for bone pain associated with ankylosing spondylitis, there
is concern for development secondary malignancy with the use of Ra-223. So far there has been no
evidence of secondary malignancies following Ra-223 therapy [7,269]. However, it is important to note
that patients with metastatic CRPC have a much shorter overall survival than patients with ankylosing
spondylitis. Care should be taken when expanding the use of Ra-223 to other patient groups with
longer expected overall survival times, since the rate of secondary tumor development may increase.

Ra-223 trials have been performed for patients with diseases other than CRPC. Ra-223 was found
to be safe and well tolerated when studied in a phase II, open-label trial investigating the safety and
short-term efficacy in patients with breast cancer who had bone-dominant disease [270], but the data
are still limited. In contrast to prostate cancer, multiple myeloma bone lesions are predominantly lytic.
It is not yet know if Ra-223 will have any role in this category of patients, but based on previous clinical
trials using 1*Sm-EDTMP plus chemotherapy, the combination showed efficacy in some patients
with far-advanced myeloma [271], so theoretically, these results could be replicated with Ra-223,
with potentially fewer side effects. In view of the limited but positive experience in >3Sm-EDTMP for
osteosarcoma due to its osteoblastic nature [272], there is currently a phase I dose trial for the use of
Ra-223 in patients with osteosarcoma at the M.D. Anderson Cancer Center (www.clinicaltrials.gov;
NCT01833520).

10. Conclusions

There has recently been significant interest and progression toward the development of targeted
alpha-particle therapy (TAT) for the treatment of solid tumors. Many pre-clinical and clinical studies
have demonstrated promising anti-tumor efficacy results (Tables 2 and 3). The success of 2*RaCl,
in the care of patients with bone metastases and the apparent efficacy of additional TAT agents in
recent clinical studies, e.g., 2I3Bi—-DOTATOC and 2% Ac-PSMA, has brought attention to this area
of radiopharmaceutical development and increased the potential for successful translation of TAT
for treatment of solid tumors and metastases [65,233]. Three radioisotopes have seen the most use
in preclinical and clinical studies, 213Bj, 225 A¢ and 211 At. Each of these radionuclides has distinct
advantages and disadvantages regarding availability, cost, decay chain attributes, tissue distribution
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and stability of attachment. Of these, ?>>Ac is readily available and has the distinct advantage of
having a long, 10 d half-life, which allows for centralized production and distribution compared to the
requirement of local production for the other radionuclides with shorter half-lives. Since TAT does not
rely on the generation of free-radicals for the generation of DNA damage, as is the case for 3-emission
therapies, a major mechanism of resistance to radiation treatment can be bypassed; i.e., upregulation
of superoxide dismutase. Some evidence of this was seen in a report stating that patients with
tumors that have developed resistance to °Y/!””Lu-DOTATOC therapy were sensitive to subsequent
treatment with 2!3Bi-DOTATOC [65]. Additionally, the use of a-emitters enables solid-tumor targeted
therapy with decreased peripheral tissue damage and the potential for decreased development of
resistance due to the ability to kill surrounding tumor cells that do not express the target marker in a
heterogeneous tumor microenvironment. Small molecules, peptides and monoclonal antibodies have
been used for tumor targeting (Tables 2 and 3). However, due to the shorter clearance time (minutes
to hours), small molecules and peptides may have an advantage over antibodies that can circulate
for days in that they can accumulate in the target tumor and clear systemically prior to decay and
deposition of energy, maximizing the beneficial effects of the ionizing radiation while minimizing the
off-target exposure. This is especially true when using radionuclides with a long half-life; e.g., 22> Ac.
Peptide-targeted agents may have a greater risk of generating renal toxicity [66], but there is evidence
that lead optimization via medicinal chemistry could potentially improve the renal toxicity of a given
peptide agent. For example, a recent preclinical study of two different gastrin-releasing peptide receptor
(GRP-R)-targeting agents using two different >!3Bi-labeled GRP-R targeting peptides demonstrated
differential renal toxicities [185]. TAT is currently emerging as a potentially new and effective approach
toward the treatment of solid tumors, and the clinical translation of novel TAT radiopharmaceuticals
appears to be on the near horizon. Since the abscopal effect has been observed in external beam therapy
in animals, the ability to target internal radiation to tumors via TAT may have additional added value
as a companion to the recently-successful immune checkpoint targeted therapies.
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Abstract: Using targeted ligands to deliver alpha-emitting radionuclides directly to tumor cells has
become a promising therapeutic strategy. To calculate the radiation dose to patients, activities of
parent and daughter radionuclides must be measured. Scintillation detectors can be used to quantify
these activities; however, activities found in pre-clinical and clinical studies can exceed their optimal
performance range. Therefore, a method of correcting scintillation detector measurements at higher
activities was developed using Monte Carlo modeling. Because there are currently no National
Institute of Standards and Technology traceable Actinium-225 (*2° Ac) standards available, a well-type
ionization chamber was used to measure 70.3 + 7.0, 144.3 + 14.4, 222.0 + 22.2,299.7 + 30.0, 370.0 +
37.0, and 447.7 + 44.7 kBq samples of 22 Ac obtained from Oak Ridge National Lab. Samples were
then placed in a well-type Nal(Tl) scintillation detector and spectra were obtained. Alpha particle
activity for each species was calculated using gamma abundance per alpha decay. MCNP6 Monte
Carlo software was used to simulate the 47-geometry of the Nal(T1) detector. Using the ionization
chamber reading as activity input to the Monte Carlo model, spectra were obtained and compared to
Nal(TI) spectra. Successive simulations of different activities were run until a spectrum minimizing
the mean percent difference between the two was identified. This was repeated for each sample
activity. Ionization chamber calibration measurements showed increase in error from 3% to 10% as
activities decreased, resulting from decreasing detection efficiency. Measurements of 22° Ac using
both detector types agreed within 7% of Oak Ridge stated activities. Simulated Monte Carlo spectra
of 225 Ac were successfully generated. Activities obtained from these spectra differed with ionization
chamber readings up to 156% at 147.7 kBq. Simulated spectra were then adjusted to correct Nal(Tl)
measurements to be within 1%. These were compared to ionization chamber readings and a response
relationship was determined between the two instruments. Measurements of 22 Ac and daughter
activity were conducted using a Nal(T1) scintillation detector calibrated for energy and efficiency and
an ionization chamber calibrated for efficiency using a surrogate calibration reference. Corrections
provided by Monte Carlo modeling improve the accuracy of activity quantification for alpha-particle
emitting radiopharmaceuticals in pre-clinical and clinical studies.
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1. Introduction

The use of targeted ligands to deliver alpha particles directly to cancer cells has become a promising
strategy to treat tumors [1-4]. This is because of their short path length of 40-80 pm and high linear
energy transfer (LET~100 keV/um) [5]. These two properties make alpha particles highly cytotoxic to
targeted cells, with little damage to surrounding normal cells.

Owing to the large amount of energy deposited by alpha particles, it is important to quantify the
radioactivity of the targeted radiopharmaceutical initially injected and its subsequent biodistribution,
pharmacokinetics, and radiation dose deposited in various tissues. As a result of its short path length,
the direct measurement of alpha particles’ activity in tissues is not possible in most, if not all, preclinical
scenarios. If a parent metastable radioisotope also emits gamma rays, indirect methods of detection
such as gamma spectroscopy can be used to estimate activity using scintillation detectors and well-type
ion chambers that are commonly available in research laboratories and nuclear medicine clinics.

Actinium-225 (2% Ac) was chosen as the radionuclide for alpha-particle therapy (TAT) targeted
to the melanocortin 1 receptor for treatment of metastatic uveal melanoma [6], the prostate-specific
membrane antigen (PSMA) for metastatic prostate cancer [1], and CD33 for acute myeloid leukemia [7].
Clinical studies have been carried out for the PSMA and CD33 TATs and others in pre-clinical
development will soon go to clinical trials [6]

225 Ac has a 10-day half-life and decays via six daughter radionuclides resulting in a net of four
alpha particles per Actinium disintegration (Figure 1.) [8,9]. 2 Ac and two of its daughters, 22! Fr and
213Bi, also decay with accompanying isomeric gamma photons. Using gamma detection systems, such
as ion chambers or scintillation detectors, it is possible to indirectly determine the alpha activity by
gamma ray abundance per decay conversions.

21SB‘|
45.6min

ZOQBi
Stable

Figure 1. Decay chain of Actinium-225 (*33Ac).

In the clinic, ion chambers are readily available and their use is the standard of practice for
checking activities for diagnostic and therapeutic agents. Anion chamber reading does not discriminate
the collected charge between the parent and daughter radionuclides because it does not provide
energy identification. In these situations, gamma spectroscopy using scintillation or semiconductor
detectors, such as a sodium iodide doped with thallium scintillation detector [Nal(T1)] or a high purity
germanium (HPGe) detector, can be used. With this approach, it is possible to determine the activity of
each gamma emitting daughter, which gives more information on how the decay species behave.
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While HPGe seems to be the attractive option owing to its superior energy resolution, its
performance suffers as a result of its low detection efficiency, cost, and requirement of sophisticated
cooling systems. Despite the advantages of the Nal(T1), dead time losses at higher activities and poor
energy resolution may also provide incorrect activity measurements, leading to underestimation or
overestimation of radiation dose [10].

In pre-clinical and clinical biodistribution studies, activity measurements of collected blood
and tissues are used to calculate pharmacokinetics and radiation dosimetry. Therefore, accurate
measurements for 22Ac and daughters are needed. Hence, scintillation detector measurements
are needed to generate these spectra. Alpha radiation dosimetry is performed using the methods
recommended by the Committee on Medical Internal Radiation Dose [11]. It is essential that these
measurements are accurate because the dosimetry estimates are then extrapolated to human estimations
and, therefore, serve as the fundamental basis for all patient safety measures.

Scintillation detectors are calibrated by analyzing three aspects of the detector: energy, resolution,
and efficiency [12]. Once the detector is fully calibrated, it can be used to perform gamma spectroscopic
measurements in order to determine the activity of radioactive samples [13-18]. Ion chambers
are calibrated by measuring a sample of the radiopharmaceutical in question with known activity,
correcting for decay, and applying a calibration factor. The American National Standards Institute
(ANSI) recommends that the applied calibration factor adjusts the measurement to within +£10% of
the known activity [19]. Although reference standards have been developed for isotopes used in
internal radiotherapy, for example, 177Lu [20] 2% Ac standards are currently under development by
NIST and are not yet available. For this study, 2> Ac provided by Oak Ridge National Lab was used as
a cross-reference source.

While there are evident limitations in making clinical predictions when translating a
radiopharmaceutical from mice to humans, it is important to minimize these limitations that are the
result of instrumentation. Herein, a threshold is identified above which the scintillation detector cannot
accurately measure the activities of 2’ Ac and daughters. An activity response relationship between
the ion chamber and scintillation detector measurements is reported and used in a method to improve
activity determination above the threshold by correcting scintillation detector measurements via
Monte Carlo simulations. These corrections improve the dosimetry of pre-clinical work and ultimately
facilitate the translation of the new radiopharmaceutical to the human clinic.

2. Results

The system of ordinary differential equations describing the ?>>Ac decay chain was solved to
determine the daughters’ activities as a function of time; these results are plotted in Figure 2 for 2°Ac,
221Fr, and 213Bi. For an initial activity of 3.7 x 10* kBq of %> Ac, 2> Fr reaches secular equilibrium with
225 Ac in 55 minutes, while 213Bi takes 380 minutes. Therefore, after 380 minutes (6.37 h), the parent
and all daughter nuclides are in secular equilibrium.

To account for the statistical variance of physical spectra, a Gaussian energy broadening function
was integrated with the ideal Monte Carlo simulation model. The parameters of this function were
determined by nonlinear fitting of the measured FWHM versus energy. These parameters were
determined to be a = 0.005616, b = 0.0521, and ¢ = 2.027 with an R-squared value of 0.9984. This
allowed the benchmark validation of the Monte Carlo model using the '¥Cs standard source (Figure 3).
Simulating 155.4 kBq, the known source activity, showed a 1.02 mean percent difference at analogous
bins between measured and simulated spectra.
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Figure 3. Comparison of measured and simulated spectra of 137Cs.

The measured Nal(Tl) gamma spectrum and Gaussian peak fitting of 22> Ac and its daughters can
be seen in Figure 4. The two source method was used to determine the dead time of the scintillation
detector to characterize the saturation of the signal with increasing activity. The value was determined
tobe 4.6 x 107> s1. The dead time value was incorporated into the gamma spectrum fitting method that

was used to determine the scintillation detector activities of 22°Ac, 221 Fr, and 21®Bi, and these values

were compared to the ion chamber measurements (Table 1). All samples were in secular equilibrium
during measurement, as shown in Figure 2. The ion chamber manufacturer error is reported as 3%.
Measurements using NIST-traceable sources within the activity range of 5.705 to 39.257 MBq had 3%
uncertainties. However, when measuring NIST-traceable sources at the lower activities of 158.73 and

391.09 kBq, the uncertainties were 9.7% and 9.6%, respectively.
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Figure 4. Nal(T]) measured gamma spectrum with Gaussian fitting.

Table 1. Ion chamber and Nal(Tl) measured activities. Single measurements were taken in each detector.
Notice that as the ion chamber readings increase, the discrepancies with the Nal(Tl) increase. All values
in kBg. Note that the uncertainties in the ion chamber readings are expressed as 10% in accordance with
the calibration measurements in the activity range (above). The Nal(Tl) uncertainties are expressed as
the propagation of uncertainties in all steps of the calculation. The difference between the ion chamber
readings and the Nal(T1) determined activity for 225 Ac are indicated in the last column to the right.

Nal(Tl) Determined Activities

Ion Chamber Reading
225 A¢ 221y 213§ 225 A ¢ Percent Difference

703 +7.0 57.35 + 7.57 66.97 + 8.18 63.64 + 7.98 20.23
1443 +14.4 96.20 + 9.81 115.07 £10.73  111.74 + 10.57 40.00
222.0+22.2 124.69 +11.17 152.81 +12.36  143.93 + 12.00 56.14
299.7 + 30.0 14023 +11.84 17797 +£13.34 165.39 + 12.86 72.50
370.0 + 37.0 152.07 +12.33  198.32 +14.08 182.41 = 13.51 83.49
4477 + 44.7 140.23 +11.84 211.64 +14.55 187.59 = 13.70 104.59

The spectra acquired by the scintillation detector (Figure 4) have overlapping multiple peaks
that are further masked by the poor resolution of the detector. Monte Carlo simulations with 1 keV
resolution were run for the parent and gamma emitting daughter radioisotopes. As observed in
Figure 5, 2°Ac, 2?!Fr, and 2'3Bi all exhibit many peaks in the 90 to 200 keV range. Monte Carlo
simulations allowed for the accounting of contributions from each individual radioisotope to the
overlapping gamma spectra.

Monte Carlo simulations were run using the bin width of the Nal(Tl) detector and ion chamber
readings. The resulting spectra were compared to the corresponding scintillation detector spectra
and it was observed that as the readings increased, the percent difference between the measured and
simulated spectra increased. The percent differences ranged from 19% at 70.3 kBq up to 156% at
447.7 kBq. This is illustrated in Figure 6. The readings that minimized the mean percent differences
were used as the equilibrium input activities in the Monte Carlo simulations. Figure 7 shows the
matching of simulated spectra to measured spectra for all six of the samples of different quantities.
This procedure was repeated for all ion chamber readings. Figure 8 shows the ion chamber reading
and the simulated activity that matches to within 1% of the Nal(T1) spectra for all of the samples. At
low readings, the measured and simulated quantities agree reasonably well: 70.3 kBq measured in
the ion chamber matched with 62.9 kBq equilibrium Monte Carlo activity and 144.3 kBq measured in
the ion chamber matched with 107.3 kBq Monte Carlo activity. For larger ion chamber readings, the
matched response began to plateau.
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3. Discussion

The purpose of this work is to develop a method to determine the activities of 2> Ac and daughters
in samples using standard clinical instruments. This is important for the determination of blood
clearance pharmacokinetics and tissue biodistribution, both of which are used for radiation dosimetry
calculations. In this work, an activity response relationship is determined between two radiation
detectors commonly used for pre-clinical and clinical applications, a well-type Nal(Tl) scintillation
detector and an ion chamber, respectively, where 22> Ac activities between the range of 70 to 450 kBq are
not accurately measured by the scintillation detector. This relationship was used to inform Monte Carlo
simulations that corrected scintillation detector measurements for accurate readings within this range.
Although the error of the ion chamber measurements increased to ~10% within this activity range,
compared with errors of 3% observed when measuring activities as low as 6 MBq, the error within
this range for the scintillation detector as compared with the benchmarked Monte Carlo simulations
ranged from 20% to 160% (Figure 6).

Several preclinical studies have reported using a Nal(Tl) gamma counter to measure 22> Ac
injection and biodistribution activities [21-25]. Ion chambers are commonly used in nuclear medicine
departments to prepare radiopharmaceuticals for patient injection. Measuring the activity of
radioisotopes with complicated decay pathways, such as in the case of ?°Ac, the readings are
not only the result of the parent’s activity, but also from the contributions from the daughters’ activities.
From the solution of the system of decay equations, it was determined that ?>>Ac and its daughters
reached secular equilibrium in less than seven hours. While the daughters emit alpha particles and/or
beta particles, the ranges of these particles are not penetrative enough to enter the ion chamber.
Therefore, the ion chamber reading is a result of the gamma rays emitted from ?2°Ac, 22! Fr, and ?!®Bi.
For example, a recent human 22 Ac therapy study reported injection activities for 22> Ac, but it was not
clear if the reported values were from bulk measurements or if spectra were acquired and only ?2°Ac
emissions were considered [1].

Several groups have built Monte Carlo models of Nal(Tl) detectors to simulate response functions
based on standard benchmark simulations and measurements of '¥Cs without description of further
extensions of their models [26-31]. Herein, this procedure was extended to include the detector
response for 22 Ac and its daughters. Implementation of the adjustment coefficients obtained by
the nonlinear fitting into the Monte Carlo model adequately described the Gaussian spread of the
detector pulses and was evident in benchmark testing. For all simulations, it was assumed that ?*>Ac,
221Fr, and 2'3Bi were in secular equilibrium and thus had equal activities. The high-definition Monte
Carlo simulations showed that both ?*!Fr and 2!%Bi exhibit peaks in the energy range of 22° Ac gamma
pulse height distribution. Because of the 12.5 keV energy resolution of the Nal(Tl) detector, these
peaks are summed to form a larger composite photopeak resulting in greater net counts, and thus
over-calculated activities.

Gamma spectroscopic measurements were performed using the Nal(T1) scintillation detector.
All samples were measured after the calculated time to reach secular equilibrium, but the resulting
activities were not equal. Further, the sum of activities for all three species greatly overestimated the
ion chamber readings. Although the activities determined for the three isotopes should theoretically be
identical, discrepancies are the result of the low energy bin resolution of the detector and the dead time
count saturation. Using the measured ion chamber readings as input to the Monte Carlo simulations
(Figure 6) largely overestimated the measured Nal(Tl) spectrum.

After minimizing the difference between each sample spectra and the Monte Carlo output, an
activity response function relationship was determined for the two detectors (Figure 8). Both the
Monte Carlo activity and the ion chamber reading represent the sum of the activities of 22°Ac, 22! Fr,
and 2!%Bi. The plot shows a curve with a decreasing positive slope as the ion chamber measurements
increased beyond 148 kBq. This is a result of the Nal(T1) dead time losses. As the activity of a sample
increases, more pulses are lost, leading to errors in counting. The discrepancy between the low energy
measured and simulated peaks in Figure 7 is also a result of dead time effects. The ratio of simulated
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to measured peaks increases with increasing activity because the Monte Carlo model does not account
for dead time. Further, the disagreement in the simulated and measured spectra in the low count
region arises from the fact that the model represents an idealized detector and does not account for the
metallic impurities of a real detector.

Standard NIST-traceable samples of 22° Ac are currently unavailable, so 22> Ac obtained from Oak
Ridge was used as a surrogate calibration reference. These samples did not come with uncertainty
estimations. As measurements using the recommended dial number agreed with the Oak Ridge
surrogate reference samples to less than 10%, the readings of the ionization chamber were considered
reliable for the study carried out in this work. The scintillation detector’s measured energy resolution
and detection efficiency over the energy range of ?>>Ac gamma emissions (40-662 keV) agreed with
other published studies and reports [28,32-34]. Consequently, this detector was also considered to
be calibrated in efficiency and energy for 22> Ac analysis. The calibration sources used were all less
than 185 kBq. When calibrating the ion chamber with sources with activity above 5.71 MBq, the error
was less than 3%. When testing with sources in the lower activity range, error in the measurements
increased to 10%, which is still within ANSI recommended tolerance. The measurement results showed
that the responses from these two detectors do not correlate well in the activity range of 70 to 450
kBq, even though both detectors were calibrated for efficiency and energy resolution according to
their respective recommended methods. The Monte Carlo model developed herein corrects Nal(Tl)
measurements, allowing for a more accurate estimate of 225 Ac and daughter activities over a range of
activities useful for both pre-clinical and clinical use.

4. Materials and Methods

4.1. Mathematical Model

The 2% Ac decay chain can be characterized by a system of ordinary differential equations that
describe the activities and abundances of each species as a function of time (Figure 9) [35].

dN, 225
i T = —Ayc22s X NAczzs
-221

5; = —App221 X Npp221 + Ay 225 X Ny 225
dN 4,217
T = —/Luzn X Nyp217 + AF,.zzl X Np,.221

dNpg;213

Bi

i = —Ag;213 X Ng;z13 + 0.9999 X 4,217 X N 44217

dNann
dt

= —Agp217 X Npp217 + 0.0001 X A 217 X Nyp217

dNp 213

g —lpoziz X Npozu +0.98 x ).Bizxz X Ngj213 + /1an17 X Npp217

AN 209 =

it —Ap200 X Npj200 +0.02 X Ag;213 X Ngj213

dNszaq
dt

= —App209 X Npp209 +X Ap213 X Npy213 + Ap200 X Npy200

dNBizog
dt

= lezo‘) X przog
Figure 9. System of equations describing the decay of 22° Ac to the very long-lived >*Bi.

In Figure 9, N, and A, denote the number of atoms of radionuclide and the decay constant of
radionuclide X, respectively. These equations were simultaneously solved in Mathematica with the
initial (time zero) 22° Ac activity set to 3.7 x 10* kBq and all daughters’ activities set to 0 kBq to determine
the times at which daughter products reach equilibrium with the parent.

4.2. Monte Carlo Model

The Monte Carlo N-Particle version 6.1 (MCNP6.1) package was used to simulate the pulse
height gamma distribution from ?2>Ac [36]. A computational model of the 2” x 2” Nal(Tl) 47 detector
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was built using the material compositions and dimensions given in the manufacturer’s manual, as
illustrated in Figure 10 [32].

Figure 10. Geometry of the Monte Carlo model wipe test scintillator detector. Image generated using

the Visual Editor software for MCNP. 2: Nal; 3: MgO; 4: Al 6: polyethylene; 7: air; 8: Hy0 with 225,
2211:;1.,

213Bi source distributions.

A standard 5 mL polyethylene test tube filled with 1 mL of water was placed in the well of the
detector. The source was defined to be uniformly distributed in the 1 mL water volume. All 75 photon
emissions from 22 Ac, 22! Fr, and 2!Bi were defined by energy and abundance [9]. The photomultiplier
tube was modeled as a 30 mm diameter aluminum cylinder to account for backscatter [26].

Photon transport was conducted using the mcplib84 photoatomic data library and detailed photon
physics interactions [37]. These include Thomson scattering, Compton scattering, and photoelectric
absorption with the creation of fluorescence photons or Auger electrons. Full photon and electron
simulations were performed and spectra were compared to those obtained from only photon transport.
Photon and electron cell importances were set to 1 for all cells in the geometry. A mean percent
difference of less than 1% between photon/electron transport and photon only transport was observed
in benchmark generated spectra of 13’Cs. There were also less than 1% differences in the Compton edge
and Compton regions. Therefore, the computationally expensive tracking of electrons was omitted in
subsequent simulations and electron cell importances were set to 0. In this case, the electrons generated
are assumed to deposit their energy locally. Any electron induced bremsstrahlung photons produced
are accounted for in the thick-target bremsstrahlung model [38]. This model skips the electron tracking
step and transports the generated photon in the direction of the parent electron.

The pulse height distribution tally (F8) was used to calculate the deposited energy in the Nal(TI)
crystal. This tally accumulates the kinetic energy lost by local photon-induced secondary electrons,
per history, in a specified volume. The tally was divided into 64 bins, each with a 12.5 keV width to
match the energy resolution of the detector. To relate the simulated response to activity, values for the
number of gamma emissions per disintegration for each isotope, scaled by the activity, were placed on
the source probability card in the source definition. The resulting tallies were then multiplied by the
sum of these values, the live acquisition time, and an activity conversion factor containing photon
abundance per decay. For each simulation, 2 x 10® histories were run to achieve less than 1% error
under each photopeak.

MCNP6.1 models an ideal detector and thus does not take into account the Gaussian shape of
experimental Nal(Tl) energy resolution resulting from intrinsic light collection inefficiency, statistical
fluctuation in charge multiplication in the photomultiplier tube, and electronic noise [39]. To account
for the statistical variance of physical spectra, a Gaussian energy broadening function (MCNP6.1
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FT8 GEB) was applied to the simulated pulse height distribution. The GEB function was obtained
experimentally from measurements of the detector’s specific full width at half maximum (FWHM)
from a set of isotopes of differing energies. Spectra from five isotopes were measured and the FWHM
of each peak was calculated. The isotopes used and their physical characteristics are listed in Table 2.

Table 2. Physical characteristics of the radioactive sources used for Nal(T1) detector energy response
measurements [9].

Source Half-Life Energy (keV)
1291 1.67 yr 39.5
HAm 432.6 yr 59.5
5Co 271.7d 122.0
8Ga 67.7 m 511.0
137Cs 30.1 yr 661.6

A curve of FWHM as a function of energy was fit with the following nonlinear function shown in
Equation (1) [36]:

FWHM = a+ bVE + cE?, 1)

where E is the incident energy of the incident photon in keV; and a, b, and ¢ are parameters that were
determined by least squares fitting and input in the FT8 command.

4.3. Monte Carlo Simulations

There are no standard NIST-traceable calibration sources for 22° Ac to validate the detector model.
Instead, the spectrum of a NIST-traceable 155.4 kBq 13Cs (662 keV photopeak) source was measured
in the Nal(T1) detector and compared to a simulated spectrum of the same activity for validation.

After the model was validated, a high definition version of the F8 pulse height tally (1 keV bin
width) was simulated with only ?2°Ac defined as the source. This was followed by separate high
definition simulations of 2! Fr and 2!®Bi. These simulations were done to see what radiations contribute
to each peak, which are masked by the poor energy resolution of the Nal(Tl) detector.

4.4. Experimental Measurements

The 22> Ac used in this work was obtained from Oak Ridge National Laboratory (ORNL). The
Atomlab™ Wipe Test Counter (Biodex Medical Systems, Inc., Shirley, New York, USA) was used to
perform gamma spectroscopy measurements with 22> Ac. The wipe test counter is a 2” x 2” Nal(TI)
well-type scintillation detector with 1.2 cm of lead shielding. The multichannel analyzer associated
with the wipe test Nal(T1) detector has 64 12.5 keV channels ranging from 0 to 800 keV. Spectra obtained
with the Nal(T1) detector for 30 s acquisition time and full energy window to include gamma counts
from 22° Ac, with composite peak at 99.8 keV, and from its two gamma-emitting daughters, 22! Fr (T,
= 4.9 min) with a peak at 218.1 keV and 2!*Bi (T, = 46 min) with a peak at 440.5 keV. Background
spectrum measurements were performed and subtracted from all obtained ?*>Ac spectra. The net
background readings for the Nal(Tl) detector were in the range of 100 to 200 net counts per minute.
The net counts for an 22° Ac sample of 45 kBq activity was 444,000 per minute.

Dead time measurements and calculations were performed according to the two-source
method [10]. Two different sources of 22Na with different activities were each measured individually
and then in combination.

In-house software was developed using MATLAB to calculate the net number of gamma counts,
N, by fitting each peak with a Gaussian fit and integrating. Alpha particle activity for each species was
calculated using factors for gamma abundance (Y) per alpha decay: 22> Ac (1%), 2!Fr (11.4%), 213Bi
(25.9%) [9].
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The detector efficiency, ¢, and energy calibration for the Nal(Tl) detector were determined by
performing measurements of NIST-traceable 137Cg,133Ba, and 7Co sources. These radionuclides have
numerous photopeaks covering the gamma energy spectrum of 22> Ac. The activity is then given by the

following Equation (2):
N
A= —— 2
trexY’ @

where t is live time. The activity of 22> Ac determined using this approach was compared to a decay
corrected sample of known activity from ORNL. A factor of 0.082 was applied to Equation (2) to
obtain 22° Ac activity values to within 5% of the ORNL specified 22° Ac activity. The uncertainty in the
Nal(T1)-determined activity was calculated by propagating individual uncertainties in the net number
of counts and the efficiency measurements, as is typically done in nuclear counting measurements.

The Atomlab™ 500 Dose Calibrator is a well-type pressured ion chamber filled with argon gas
that is commonly used in the clinic. This instrument was calibrated for energy and efficiency with the
following NIST-traceable sources: '¥’Cs (6.63 MBq), >’Co (39.26 MBq), and **Ba (5.71 MBq) by the
vendor. Lower activity NIST-traceable sources provided by Eckert & Ziegler were also used: 3’Cs with
158.73 kBq and %’ Co with 391.09 kBq activities. No significant variation in the calibration coefficient as
a function of photon energy was observed. An ion chamber linearity test was performed with 8F in
the activity range of 1.2 GBq to 266.0 kBq and a variance of 1.4% was observed. The dial number was
set at 38.2 for 22°Ac, as indicated by the vendor and confirmed by our comparison with two decay
corrected samples of different activities obtained from Oak Ridge. Measurements of these samples
in the ion chamber agreed with the Oak Ridge measurements to within 7%. In order to determine
the relationship between this ion chamber and the Nal(T1) detector, six different activities of 25 A¢
samples were measured using the ion chamber: 70.3 £ 7.0, 144.3 + 14.4, 222.0 + 22.2, 299.7 + 30.0,
370.0 £ 37.0, and 447.7 + 44.7 kBq. Each sample was measured and placed in the Nal(Tl) detector,
and a spectrum was obtained and compared. Using the activity reading from the ion chamber as
the initial parent-daughter equilibrium activity input for the Monte Carlo model, simulated spectra
were calculated and compared to the measured spectra from the Nal(T1) detector. Mean absolute
percent differences at analogous bins between the experimental and simulated spectra were calculated.
Using the ion chamber measured activity as input to the Monte Carlo simulations underestimated
the readings from the Nal(Tl), so several successive runs were completed using different activities
as input in symmetrical range around the initial point in order to match the spectra. The percent
differences were plotted against input activity and fitted with a linear model. The x-intercept was found
in order to determine the minimum mean percent difference between the measured and simulated
spectra. This process was repeated for each sample and an activity response function relationship
was determined between the ion chamber and the Nal(T1) detector. The uncertainty in the activity
relationship determined using this methodology was analyzed by adding the uncertainties in the
Nal(Tl) measurements, GIZ\M ; the ion chamber measurements, ¢4 -; and the Monte Carlo calculations,
in quadrature (Equation (3)):

2.
X 1c’
Opmcr

op = \/GZZ\M + G%C + G%/IC. 3)

5. Conclusions

In this work, the 22 Ac activity response function between two commonly used instruments
was investigated, a range of activities (70 to 450 kBq) was identified, and a method was developed
using Monte Carlo simulations to correct scintillation detector measurements within this range. The
scintillation detector was calibrated in energy and efficiency using NIST-traceable sources covering a
broad energy range, while the ion chamber was calibrated in efficiency using a surrogate calibration
reference. The error of ion chamber measurements increased with decreasing activity, but remained
within the ANSI recommended value of 10%. The Nal(Tl) performed poorly from 70 to 450 kBq.
Therefore, a Monte Carlo model was built to correct the Nal(T]) measurements, thereby providing
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improved accuracy. The corrections provided by the Monte Carlo model will provide a useful tool to
make corrections to the activity values measured by the well-type Nal(Tl) detector. This allows for
the better quantification of alpha-particle emitting radiopharmaceuticals and daughter byproducts
in pre-clinical and clinical studies. In this case, use of scintillation gamma spectroscopy will be the
preferred method.
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Nomenclature

AID Activation-induced cytidine deaminase

CML Chronic myeloid leukemia

CSR Class switch recombination

DSBs  Double strand breaks

Ig Immunoglobulin

MAPK  Mitogen-activated protein kinase

mTOR Mammalian target of rapamycin

NSG The next-generation sequencing

Ph Philadelphia chromosome mutation or Philadelphia translocation
PI3K Phosphoinositide 3-kinases

PTHrP Parathyroid hormone-related protein
RANKL Receptor activator of nuclear factor kB ligand
RB1 Retinoblastoma 1

SOH Somatic hypermutation

TGF-$ Transforming growth factor-beta

Introduction

“What causes cancer?” This is still an unanswered, and likely unanswerable (for now), question, despite recent advances in
understanding the molecular and cellular basis of cancer development and progression. One might conclude that cancer is an
aging-related disease. Seventy-eight percent of people in US who are diagnosed with cancer are older than 55 years (American
Cancer Society, 2015). Indeed, the average ages when patients are diagnosed with breast, lung, and prostate cancer, are around 61,
70, and 66 years, respectively (Zullig et al., 2012). These epidemiological data clearly support the notion that aging impacts cancer
development. However, this doesn't explain why cancer also often occurs in younger age groups, including pediatric populations.
Moreover, a recent trend has shown that the incidence of cancer is rising among young adults (Sung et al., 2019). Mechanisms of
carcinogenesis between young and old age patients may not be the same.

Although it is still controversial, the development of some of the pediatric cancers are thought to be associated with inherited
gene mutations or alterations. In Alfred Knudson's observation of patients of retinoblastoma (Knudson, 1971), a pediatric cancer of
retinal cells, he found that (1) there are inherited and non-inherited (sporadic) types of retinoblastoma; and (2) the inherited
retinoblastoma occurs more often bilaterally at early age, whereas the sporadic retinoblastoma usually presents unilaterally at later
age. Based on these findings, Knudson hypothesized that the inherited retinoblastoma already acquires one mutation or a “hit” (e.g.
the tumor suppressor retinoblastoma 1 (RB1) gene mutation) on one allele of all genes and therefore another “hit” can happen
easily and on the multiple genes. On the contrary, it is very difficult to develop the second “hit” on a single gene, when there is no
inherited mutation. Thus, it usually takes a long period of time to develop the sporadic retinoblastoma and it happens unilaterally.
This is now known as the two-hit theory. If this theory is plausible, the notion that the risk of developing cancer increases as we grow
older certainly makes sense, since most genes do not show phenotypic changes unless two or multiple “hits” occur in the specific
locations (Knudson, 1971). Although we all have some inherited gene mutations, the prevalence of cancer risk-associated inherited
gene mutations is not very high. Therefore, it takes time to develop multiple mutations on one single gene. Moreover, genes are
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more frequently mutated in older individuals. Older people have been exposed to more carcinogens, such as UV light, tobacco, and
alcohol, than younger people. Carcinogens are known to cause mutations, such as in the TP53 gene, which is associated with P53
protein production (Ouhtit et al., 1998; Rivlin et al., 2011; Ronchetti et al., 2004). P53 serves as a tumor suppressor protein by
inducing cell cycle arrest or cell death of fast dividing cells, which may eventually become cancerous. Because gene mutations or
alterations can contribute to cancer at any age, the determination of oncologic gene signatures is a useful first step toward
understanding cancer development and progression.

Cancer genomic research has been intensively conducted in the last 30-40 years (Stratton et al., 2009), in parallel with the
improvement of high-throughput DNA sequencing technology. The recent development of the next-generation sequencing (NGS)
technologies have allowed for the production of large volumes of sequencing data rapidly (4 h/run vs. 24 h/run with the first-
generation sequencing technologies) and cost effectively (4 cents/kilobyte vs. 20 cents/kilobyte with the first-generation sequencing
technologies) (Kchouk et al., 2017). Using NGS, thousands of innate and acquired mutations associated with cancer development
(e.g. BRCA1 and BRCA2, known to be associated with development of breast and ovarian cancers Mersch et al., 2015) have been
discovered (Kamps et al., 2017). Although these findings result in deeper understanding of cancer genomics, and improvement of
diagnoses and treatments of cancer, we are still losing the battle against particularly “metastatic disease.” Bone is one of the major
metastatic sites (Coleman, 2001). When cancer patients with cancer develop bone metastases, their 5-year survival rate declines by
more than 70% (Svensson et al., 2017) and the median survival time is approximately 2-3 years (Bienz and Saad, 2015). Although
bisphosphonate and denosumab, a human monoclonal anti-receptor activator of nuclear factor kB ligand (RANKL) antibody,
which both decrease bone resorption, are established treatments for bone metastases, they ultimately fail to improve overall survival
(Stopeck et al., 2010; Fizazi et al., 2011). Radium-223, which forms complexes with hydroxyapatite in bone (Badrising et al., 2016;
Vignani et al., 2016; Abou et al., 2016), can extend overall survival of prostate cancer patients with bone metastases (Parker et al.,
2013), but only by a few months (average = 3 months). Since these treatments mainly target the bone microenvironment, targeting
mechanisms other than the bone microenvironment are needed if eradicating bone metastasis is to be an achievable clinical goal.

Targeted therapies against BCR-ABL gene mutation with small molecular kinase inhibitors (e.g. imatinib) have successfully
improved overall survival of patients with chronic myeloid leukemia (CML) (Igbal and Igbal, 2014; Massoud et al., 2017;
Hochhaus et al., 2017). Since specific mutations associated with development and progression of cancers found in bone (or
bone-related cancers), not only bone metastatic cancers, but also cancers with mesenchymal origin (e.g. osteosarcoma) and cancers
with hematopoietic origin (e.g. multiple myeloma, leukemia) have recently been discovered, targeting the mutations can lead to
new therapeutic approaches for these cancers. In this review, we will discuss (i) the recent discovery of gene mutations in bone-
related cancers; (ii) progress and shortcomings of the mutation-targeted therapies for bone-related cancers; and (iii) future
directions for genomic studies in bone-related cancers.

Gene Mutations in Bone Metastasis

Each cancer with metastatic ability has a particular preference for organs where it disseminates. For example, prostate cancer
preferably metastasizes to bone, but rarely spreads to brain (Taddei et al., 2012; Sutton et al., 1996). Surprisingly, the anatomical
location of cancers and blood flow patterns do not explain preference of metastatic sites of cancers. The metastatic process requires
the interaction between cancer cells and the secondary sites, or metastatic microenvironment. Stephen Paget first hypothesized
(Ribatti et al., 2006; Paget, 1989; Fidler and Poste, 2008), and recent evidence now strongly supports, that the metastatic
microenvironment (soil) controls the metastatic fate of cancer cells (seed) (Liu et al., 2017). Moreover, it has been demonstrated
that subpopulations of tumor cells can metastasize to certain organs (Langley and Fidler, 2007). This is believed to be due in part to
heterogeneous nature of cancer. In fact, there is a distinct pattern between gene expression among cancer cells that possess different
organ-tropisms (Chiang and Massague, 2008; Weigelt et al., 2003), suggesting that there could be gene expression patterns
associated with bone metastatic potential.

Parathyroid hormone-related protein (PTHrP) is one of the well-studied molecules that are relevant for bone metastatic
progression. PTHIP derived from bone metastatic cancer cells stimulates osteoblasts to release RANKL, which enhances osteoclas-
togenesis, resulting in osteolytic bone lesions (Soki et al., 2012). This bone resorption process enables bone matrix to release
transforming growth factor- beta (TGF-f3) which further induces PTHrP release from bone metastatic cancer cells (Clines and Guise,
2005). Along with this notion, 90% of breast cancer tissues found in bone metastatic sites express high levels of PTH1P, whereas
only 17% of those found in metastatic sites other than bone highly express PTHrP (Powell et al., 1991). Interestingly, the oncogenic
KRAS gene mutation correlates with increased PTHrP levels in cancer (Kamai et al., 2001; Rudduck et al., 1993). The KRAS mutation
is specifically associated with poor prognosis of lung adenocarcinoma patients with bone metastases, while KRAS mutation fails to
affect prognosis of those patients with other metastases (Lohinai et al., 2017). Although further studies are clearly needed, these
findings suggest that KRAS mutation plays a crucial role in metastatic progression in bone by increasing PTHIP levels in bone
metastatic cancer. Furthermore, a recent NGS study identifying gene mutations associated with bone metastasis in 8 bone metastatic
samples obtained from non-small cell lung cancer patients revealed that among 3620 mutated genes discovered, mutations of
hepatocyte nuclear factor 1 alpha, adenomatous polyposis coli, and CD22 are found in all 8 samples and have higher consistent
mutations (>50%) (75%, 62.5%, and 50%, respectively) (Zhang et al., 2016). These findings suggest that gene mutations also play
a crucial role in the development of bone metastasis, and that targeting gene mutations can be a potential alternative therapeutic
approach for bone metastasis.
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Gene Mutations in Osteosarcoma

Osteosarcoma is one of the most common malignant cancers of mesenchymal origin. Osteosarcoma cells are potentially derived
from cells along the differentiation spectrum from mesenchymal stem cells to mature osteoblasts (Le Nail et al., 2018; Marina et al.,
2004). Osteoblast-lineage cells are naturally slow-growing. During growth spurts and puberty, these cells undergo rapid cell
division, resulting in an increased error rate in DNA synthesis (Cotterill et al., 2004). The accumulation of DNA errors and/or
genomic instability is thought to cause transformation of osteoblasts to osteosarcoma (Yang et al., 2017; Martin et al., 2012).
Osteosarcoma therefore occurs more often in adolescence. Although fairly uncommon, osteosarcoma can also be found in older
patients. Unlike other types of cancers, adult osteosarcoma is not considered a lifestyle-related cancer. Instead, adult osteosarcoma is
believed to be associated with genetic disorders caused by both somatic and germline gene mutations, such as multiple exostoses
syndrome and tuberous sclerosis (Bukara et al., 2018; Farid and Ngeow, 2016). Therefore, genomic mutation is a key driver of the
development of osteosarcoma.

Osteosarcoma is often associated with complex karyotypes due to a high frequency of chromosomal translocations, amplifica-
tions, and deletions (Biegel et al., 1989). The deletion mutation of a tumor suppressor TP53 is a hallmark of osteosarcoma (Guo
etal., 1996). It has been revealed that more than 50% of osteosarcoma tissue samples have allelic deletion on chromosome 17p13
(where the TP53 gene is located) (Guo et al., 1996). Additionally, about 25% of samples without 17p13 deletion showed
rearrangements (addition of exon fragments) and point mutations (nonsense) in the TP53 gene, resulting in loss-of-function
mutation (Toguchida et al., 1992). Consistently, a study using a whole genome sequencing analysis of 34 osteosarcoma tumor
samples found that 80% of the tumors have mutations in both alleles of the TP53 gene and 90% have mutations in at least one
allele (Chen et al., 2014). It has been suggested that loss of TP53 functions, such as cell cycle arrest, DNA repair, and apoptosis, are
responsible for the development of many cancers including osteosarcoma (Rivlin et al., 2011). TP53 is also known to inhibit DNA
damage (e.g. gene amplification and deletion) mediated by genotoxic treatments like radiation, further suggesting that loss of TP53
functions leads to genetic alterations in other oncogenes and tumor suppressor genes (Overholtzer et al., 2003). Consistently,
studies have shown that treatments of PRIMA-1 [2,2-bis (hydroxymethyl)-3-quinuclidinone], which is a compound that can restore
mutant TP53 activities by converting its protein conformation to a wild type TP53 (Rangel et al., 2019), inhibits proliferation of a
mutant TP53-expressing human osteosarcoma cell line SaOS-2 by restoring a pro-apoptotic pathway induced by TP53 (Bykov et al.,
2002; Bykov et al., 2005; Rokaeus et al., 2007; Lambert et al., 2009). In addition, the PRIMA-1 analog PRIMA-1MEt (APR-246)
inhibited growth of a chemotherapeutic agent camptothecin-resistant osteosarcoma, lung cancer, prostate cancer, and ovarian
cancer cells due to their TP53 mutation (Bykov et al., 2005). Although PRIMA-1 and APR-26 have not yet been tested in a clinical
trial in osteosarcoma patients, the safety and clinical activity of APR-246 in combination with chemotherapies are currently tested in
prostate cancer, ovarian cancer, and melanoma patients (Parrales and Iwakuma, 2015). An oncogenic E3 ubiquitin-protein ligase
MDM2 promotes degradation of TP53 through indirect binding (Moll and Petrenko, 2003; Kussie et al., 1996; Haupt et al., 1997).
A potent MDM2 antagonist RG7388 (Idasanutlin) has been entered phase III clinical trials in acute myeloid leukemia patents
(Tisato et al., 2017). However, RG7388 failed to induce apoptosis in TP53 mutation-positive osteosarcoma cells, resulting in
development of resistance to RG7388 (Skalniak et al., 2018). Although RG7388 might be a potential therapeutic option for
osteosarcoma since it can inhibit degradation of TP53 protein, further investigations are warranted.

Besides TP53, the mutation of a tumor suppressor Rb1 gene, a key regulator of cell cycle, is also frequently found in
osteosarcoma (39-64%) (Chen et al.,, 2014) and often presents as a null or dysfunctional mutation (Harbour and Dean, 2000;
Scholz et al., 1992). Similar to TP53 loss, the loss of Rb1 increases genomic instability (van Harn et al., 2010). Interestingly, in
25-30% of hereditary retinoblastoma, which is caused by a germline Rb1 mutation, patients develop osteosarcoma (Hansen et al.,
1985). Rb1 protein induces cell cycle progression by binding to the E2F transcription factor in G1 phase (Giacinti and Giordano,
2006). This binding can be disrupted when Rb1 is phosphorylated by CDK4 or CDK6 kinases, and consequently Rb1 becomes
inactive (Knudsen and Wang, 1997). Therefore, activation of Rb1 function can be achieved by the inhibition of CDK4/6 kinases
(Spring et al., 2016). Although not in osteosarcoma, preclinical studies in Rb1 mutation-positive breast and pancreas cancer cells
have shown anti-tumor effect of CDK4/6 inhibitors in combination with other cytotoxic agents, such as chemotherapies, targeted
signaling inhibitors, and endocrine therapies (Spring et al., 2016).

Amplifications and gain-of-function mutations in an oncogene phosphoinositide 3-kinases (PI3K) are also seen in osteosarcoma
(Zhang et al., 2015). Indeed, missense mutations in the PIK3CA and PIK3R1 genes and deletion and/or nonsense mutations in the
PIK3R5, PIK3R6, and PIK3C3 genes were observed in osteosarcoma patient samples (Perry et al., 2014; Chen et al.,, 2014). A PI3K
inhibitor BKM120 (buparlisib) inhibited proliferation and induced apoptosis of osteosarcoma cells by disrupting Akt/mammalian
target of rapamycin (mTOR) pathway, a major downstream targets of PI3K (Bavelloni et al., 2019). Phase II clinical trials of a potent
mTOR inhibitor everolimus in advanced osteosarcoma patients with progressive disease after standard targeted therapies, including
sorafenib, anthracycline and ifosfamide, revealed that 29%-45% of patients are progression free at 4-6 months (Grignani et al.,
2015; Yoo et al,, 2013; Mita et al., 2013; Chawla et al,, 2012).
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Gene Mutations in Hematopoietic Malignancies

Within the bone marrow, cells of hematopoietic origin can also be cancerous. These types of cancer are called “liquid cancers” or
“blood cancers” and can be mainly classified as leukemias, lymphomas, and myeloma. When plasma cells, which produce
antibodies, become mutated and grow in an uncontrolled manner in the marrow, they progress into multiple myeloma. Although
the mechanisms responsible for the development of multiple myeloma remain yet unclear, studies have suggested that genetic
alterations that occur during the differentiation and maturation process of plasma cells cause multiple myeloma (Boyle et al., 2014).
During the antibody production process, immature B cells, which migrate from bone marrow to the germline center of lymph
nodes, undergo affinity maturation that involves two processes; somatic hypermutation (SOH) and class switch recombination
(CSR) (Gonzalez et al., 2007). SOH occurs in the variable antigen-binding coding sequence of immunoglobulin (Ig) genes that
regulates specificity and binding affinity of antibodies (Klein et al., 1998; Neuberger and Milstein, 1995). CSR occurs in the constant
region of the heavy chain producing genes to generate antibodies of different immunoglobulin isotypes, such as IgG, IgA, and IgM
(Stavnezer, 1996; Honjo et al.,, 2002). Both SOH and CSR processes are regulated by activation-induced cytidine deaminase (AID,
an enzyme that creates point mutations in DNA converting cytosine bases to thymidine bases) (Stavnezer et al., 2008; Chaudhuri
and Alt, 2004). AID is also known to create DNA damage, such as double strand breaks (DSBs), in Ig loci during the affinity
maturation process (Peled et al., 2008; Stavnezer, 2011). These DSBs are usually repaired within the region where Ig genes locate,
but also results in the abnormal chromosomal translocations (~1000 cells per day) (Adams et al., 1982; Ramiro et al., 2004).
Mutations in oncogenes or tumor suppressor genes can be induced by the accumulation of the abnormal chromosomal trans-
locations overtime, and these mutations cause malfunction in matured plasma cells, eventually becoming myeloma (Bandelow
et al., 2007). Additionally, although it is rare, AID can also induce DSBs in ATM genes, associated with the DNA repair system and
responsible for activation of TP53-dependent apoptosis (Cheng and Chen, 2010). Indeed, 7181C/T mutation in the ATM gene is
observed in a subpopulation of multiple myeloma patient tumor samples where ATM expression significantly decreases (Austen
etal., 2008). This study also suggested that the loss of ATM function is one of the underlying mechanisms of myeloma development
(Austen et al., 2008). Moreover, despite low frequency (4%), the association between ATM mutations and aggressiveness of
multiple myeloma has recently been demonstrated. Whole-exome sequencing in 463 myeloma patient samples revealed that
ATM mutations are associated with impaired progression-free survival (median, 15.4 vs. 26.6 months, P = 0.05) and 2-year overall
survival (95% CI, 50% vs. 80%, P = 0.01) (Walker et al., 2015).

Whole genome sequencing studies have identified that recurrent mutations in NRAS, KRAS, and BRAF oncogenes are frequently
detected in myeloma patient samples (Lionetti et al., 2015). NRAS, KRAS, and BRAF genes are associated with RAS protein kinases,
which are the most common proto-oncogenes in cancers (Prior et al., 2012; Davies et al., 2002; Pratilas et al., 2012). These RAS
protein kinases are downstream of mitogen-activated protein kinase (MAPK) pathway, known as a critical signal transduction
pathway that regulates cell proliferation and survival (Burotto et al., 2014). Among them, BRAF mutation is the most common
mutation (~90%) in melanoma and several BRAF inhibitors have been used as targeted therapies for melanoma patients (Cheng
etal., 2018). Besides MAPK pathway associated genes, mutations in PI3K are also detected in a subpopulation of multiple myeloma.
The phosphorylated form of Akt, a direct downstream target of PI3K (Franke et al., 1995), and the mutation of DEP domain-
containing mTOR-interacting protein, a positive regulator of PI3K (Boyd et al., 2010), have been found in myeloma patient
samples.

Leukemia is another type of blood cancer that is derived from white blood cells. Several gene mutations have also been identified
in leukemia. Among them, Philadelphia chromosome mutation or Philadelphia translocation (Ph) is a well-known genomic
alteration associated with acute and chronic leukemia (Kang et al., 2016). Ph was originally found in the patients with CML
(Nowell, 1962). Ph is a resultant product of the chromosomal translocation between chromosome 22 which contains breakpoint
cluster region (BCR) gene and chromosome 9 which contains proto-oncogene tyrosine protein kinase (ABL1) (Collins and
Groudine, 1983). The BCR-ABL1 fusion protein is closely associated with development of CML; more than 95% CML patients
are Ph positive (Faderl et al., 1999). ABL1 is a tyrosine kinase which is involved in cell differentiation and regulates normal cell cycle
(Wang, 2014). The fusion of ABL1 with BCR results in abnormal cell proliferation by generating the constitutively active form of a
tyrosine kinase (Pendergast et al., 1991). A kinase inhibitor against BCR-ABL1, imatinib mesylate, has been widely used and very
successful for treatment of Ph positive CML (Shah et al., 2002). However, some patients develop resistance to imatinib. A study
examining the mutations of CML cells obtained from 32 CML patients who develop resistance to imatinib revealed that 29 samples
out of 32 imatinib-resistant CML cells possess BCR-ABL1-dependent mutations, which prevent the binding of imatinib to the kinase
domain of BCR-ABL1 protein (Shah et al.,, 2002). Although several BCR-ABL1-independent resistant mechanisms have been
identified, BCR-ABL1-dependent mutations are thought to be major drivers of resistance to imatinib (Gorre et al., 2001). Thereafter,
the second- and third-generation of BCR-ABL1 inhibitors, such as dasatinib, nilotinib, bosutinib, and ponatinib, have been
developed and clinically tested (Rossari et al., 2018). These inhibitors can target almost all resistance-related mutations, except
for the T315I mutation (Rossari et al., 2018). To overcome T315I mutation-dependent BCR-ABL1 inhibitor resistance, newer
generation BCR-ABL1 inhibitors (e.g. bafetinib, rebastinib, tozasertib, danusertib, HG-7-85-01, GNF-2, and 1,3,4-thiadiazole
derivatives) are currently under preclinical evaluation (Rossari et al., 2018). Although the results seem to be promising, further
validation studies are required prior to clinical use.
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Future Direction and Conclusions

The recent advancement in DNA sequencing technologies has enabled us to discover many important oncogenes and tumor
suppressor genes responsible for the development of cancer, including bone-related cancers. Based on these findings, small
molecule inhibitors that can target specific mutations have been made clinically available (Fig. 1). Like other cytotoxic agents,
such as chemotherapies and radiation, most of these mutation-targeted inhibitors initially show anti-tumor effects, but eventually
cause treatment resistance. It could be due in part to the activation of compensatory pathways mediated by the blockade of
mutation-specific downstream pathways. If this is the case, the mutations targeted with these inhibitors may not be the key drivers
leading to cancer development. Therefore, further studies identifying the initial mutations, which regulate hundreds or thousands of
the mutations in oncogenes and tumor suppressor genes, are necessary in order to develop more effective targeted therapies.

Although treatments targeting mutations in cancer cells sounds promising, bone-related cancers are still difficult to eradicate
since their progression is also influenced by the bone marrow microenvironment, or the “niche” (Decker et al., 2016; Zhang et al.,
2019; Ren et al.,, 2015; Shiozawa et al., 2011; Park et al., 2018). When the dicer1 gene is deleted in osteoblastic hematopoietic stem
cell niche, the abnormal osteoblastic niche induces bone marrow dysfunction with myelodysplasia (Raaijmakers et al., 2010),
suggesting the involvement of bone marrow microenvironment in the oncogenesis of bone-related cancers. In this regard, attention
needs to be paid not only to genomic mutations in bone-related cancers, but also to those in the bone marrow microenvironment.

Particularly in bone metastasis, current treatments often target the bone marrow microenvironment. Although these bone-
targeted therapies can reduce the onset of skeletal-related events (e.g. bone pain, pathological fractures, spinal cord compression)
(Tsuzuki et al., 2016), they are primarily palliative. Targeting only the bone marrow microenvironment may not be sufficient to
eradicate bone metastatic disease. Since bone metastasis-specific gene mutations have been discovered (Lohinai et al., 2017; Zhang
et al., 2016), bone-targeted therapies can be combined with small molecules which target these mutations, if available. Alterna-
tively, these bone metastasis-specific gene mutations can be used to guide precision treatment decisions.

Although cancer genome research has made available novel gene-targeted treatment options for bone-related cancers, there is
still a gap to be filled if we want to further lower mortality of these patients. Therefore, we must continue to promote scientific and
technological progress in the both fields of the cancer genome and bone-related cancer. Further multidisciplinary and multi-
institutional research efforts are clearly warranted.
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The Roles of Bone Marrow-Resident
Cells as a Microenvironment
for Bone Metastasis

Yusuke Shiozawa

Abstract

It has been appreciated that the cross talk
between bone metastatic cancer cells and
bone marrow microenvironment influence one
another to worsen bone metastatic disease
progression. Bone marrow contains various
cell types, including (1) cells of mesenchymal
origin (e.g., osteoblasts, osteocytes, and adi-
pocytes), (2) cells of hematopoietic origin
(e.g., osteoclast and immune cells), and (3)
others (e.g., endothelial cells and nerves). The
recent studies have enabled us to discover
many important cancer-derived factors
responsible for the development of bone
metastasis. However, many critical questions
regarding the roles of bone microenvironment
in bone metastatic progression remain elusive.
To answer these questions, a deeper under-
standing of the cross talk between bone meta-
static cancer and  bone marrow
microenvironment is clearly warranted.
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5.1 Introduction

Bone metastasis is one of the major causes of
cancer death. Full understanding of the underly-
ing mechanisms of bone metastasis, however,
remains unrevealed. The presence of micrometa-
static cells in the marrow at early stage of cancer
has been associated with a poor prognosis [1]
since micrometastatic cells can result in full-
blown bone metastases at later stage [2] and met-
astatic progression of these cells may be
environmentally directed by influences from the
bone marrow-resident cells (Fig. 5.1). Indeed, it
has been suggested that the cross talk between
bone metastatic cancer cells and bone marrow
microenvironment plays a crucial role in
regulating the dissemination cascade of cancer
cells to the bone and the progression of micro-
metastatic cells within the bone [3-5].

Bone marrow contains many cell types,
including cells of hematopoietic and mesenchy-
mal origin. Interactions among these cells are
crucial for regulating blood and bone formation.
Osteoblasts [6-8], adipocytes [9, 10], endothelial
cells [11, 12], and nerves [13, 14] are known to
serve as a specific microenvironment for hemato-
poietic stem cells. Osteoblasts, osteoclasts,
osteocytes, and endothelial cells collectively
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Fig. 5.1 The model of the bone marrow tumor microen-
vironment Bone marrow contains many cell types that
directly influence blood formation (e.g., osteoblasts, adi-
pocytes, endothelial cells, nerves) and bone formation
(e.g., osteoblasts, osteocytes, osteoclasts, endothelial
cells). Recent studies have revealed that bone metastatic
cancer cells adopt mechanisms whereby these bone-resi-
dent cells maintain hematopoiesis and bone remodeling in

organize bone remodeling [15]. We have demon-
strated that bone metastatic cancer cells target
and commandeer the microenvironment for
hematopoietic stem cells, using similar mecha-
nisms whereby hematopoietic stem cells home to
the marrow to gain access to the bone [16].
Furthermore, bone metastatic cancer cells cause
“vicious cycle” of bone metastasis by disrupting
the balance between normal osteoclastogenesis
and osteoclastogenesis [17, 18]. These evidences
suggest that a microenvironment in the marrow
also conversely affects the development and pro-
gression of bone metastasis.

order to gain access to and grow within the bone. Bone
marrow-resident immune cells are also involved in the
process of bone metastasis in both a direct and an indirect
manner. By interacting one another, all these cells play
crucial roles in controlling bone metastatic progression as
a bone marrow tumor microenvironment. Graphics
adapted from Smart Servier Medical Art (https://smart.
servier.com/)

Stephen Paget famously hypothesized in his
“seed and soil” theory that metastatic cancer cells
(seed) seek a specific metastatic site (soil) in
order to survive outside of the primary tumor site
[19]. Although the molecular mechanisms
whereby bone metastatic cancer cells (seed) dis-
seminate to bone have been extensively studied,
tumor-supportive roles of bone marrow microen-
vironment (soil) are still largely unknown. In this
review, we will explore what is currently known
about bone marrow microenvironment-mediated
bone metastatic progression and also suggest
future directions for the microenvironment-
targeted therapies for bone metastatic disease.

yshiozaw@wakehealth.edu


https://smart.servier.com/
https://smart.servier.com/

5 The Roles of Bone Marrow-Resident Cells as a Microenvironment for Bone Metastasis 59

5.2 Bone Marrow Tumor
Microenvironment
5.2.1 Cells of Mesenchymal Origin

5.2.1.1 Osteoblasts

Osteoblasts are the cells of mesenchymal origin,
responsible for new bone formation, and known
to be involved in regulating the homing and
maintenance of hematopoietic stem cells [20].
Several lines of evidence suggest that osteoblasts
also play significant roles in the development of
bone metastasis. When human prostate cancer
cell line PC-3 cells (intracardiac injection) and
hematopoietic stem cells (intravenous injection)
were simultaneously injected into irradiated
severe combined immunodeficient (SCID) mice,
both PC-3 cells and hematopoietic stem cells
homed to osteoblasts and localized very closely
each other [16]. Moreover, PC-3 cells and human
prostate cancer cell line C4-2B cells prevented
the binding of hematopoietic stem cells to murine
primary calvarial osteoblasts [16]. Likewise,
more numbers of intracardially inoculated human
prostate cancer cell line PC-3NW1 cells homed
to lateral endocortical surfaces of tibia of athymic
nude mice where more osteoblasts reside com-
pared to medial endocortical surfaces [21].
However, there were no differences in between
the minimum distance from disseminated
PC-3NWI1 cells to lateral endocortical surfaces
and medial endocortical surfaces [21]. When ani-
mals were treated with a C-X-C motif chemokine
receptor 4 (CXCR4) antagonist AMD3100, dif-
ferential dissemination patterns of PC-3NW1
cells to lateral and medial endocortical surfaces
were no longer detected, and the minimum dis-
tance from disseminated PC-3NW1 cells to both
endocortical surfaces was extended [21]. When
human breast cancer cell line MCF-7 cells were
inoculated into athymic nude mice by an intra-
iliac artery injection, they initially colonized to
alkaline phosphatase (ALP)-positive/collagen
I-positive  osteoblasts  through E-cadherin
(MCF-7 cells) and N-cadherin (osteoblasts)
interaction [22]. This cancer-to-osteoblast inter-
action activated mammalian target of rapamycin
(mTOR) pathway, and mTOR inhibitors torin 1

and rapamycin delayed the early colonization of
MCF-7 cells to osteoblasts [22]. Similarly,
human prostate cancer cell line C4-2B4 cells [23]
and human breast cancer cell line MDA-MB-231
cells [24] bound to murine pre-osteoblast cell
line MC3T3-El cells through homophilic cad-
herin-11-cadherin-11 interaction.

The interaction between bone metastatic can-
cer cells and osteoblasts might be involved in the
bone metastatic progression within the marrow.
More PC-3 cells bound to murine primary cal-
varial osteoblasts obtained from Annexin II
(Anxa2) wild-type mice than those from Anxa2
knockout mice, and PC-3 cells grew greater on
Anxa2 wild-type osteoblasts [25]. When PC-3
cells were implanted into athymic nude mice
with vertebral bodies obtained from either Anxa2
wild-type or Anxa2 knockout mice, more growth
of PC-3 within Anxa2 wild-type vertebral bodies
was observed compared to that within Anxa2
knockout vertebral bodies [25]. When receptor
for Anxa2 were downregulated in PC-3 cells,
metastatic burdens within athymic nude mice
were inhibited [25]. Anxa2 treatments induced
AXL expression, a receptor for growth
arrest-specific 6 (GAS6), in PC-3 cells [26].
Similarly, when PC-3 cells were cocultured with
MC3T3-El cells, PC-3 cells become dormant by
upregulating AXL expression [27]. Additionally,
when primary human osteoblasts were cocul-
tured with PC-3 cells, the secretion of GAS6
from osteoblasts was increased [26]. The GAS6
(osteoblasts)/AXL. (PC-3 cells) interaction
induced the expression of transforming growth
factor (TGF)-p1, TGF-p2, TGF- receptor 2
(TGFBR2), and TGFBR3 in PC-3 cells [27].
TGF-B2 was responsible for osteoblast-mediated
PC-3 dormancy [27]. Moreover, PC-3 cells
became stemlike phenotype (CD133 positive/
CD44 positive) on wild-type murine primary cal-
varial osteoblasts, while the conversion of PC-3
cells to stemlike phenotype was prevented when
they were cocultured with osteoblasts obtained
from GAS6 knockout mice [28]. The GAS6
derived from osteoblasts induced the conversion
of PC-3 cells into stemlike phenotype by activat-
ing mTOR pathway through another GAS6
receptor, Mer [28]. When PC-3 cells were
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implanted into SCID mice with vertebral bodies
obtained from either GAS6 wild-type or GAS6
knockout mice, more stemlike PC-3 cells were
observed near osteoblasts within GAS6 wild-
type vertebral bodies [28]. When PC-3 cells pre-
treated with rapamycin were intracardially
inoculated into SCID mice, the stemlike conver-
sion of PC-3 cells within the bone marrow were
diminished [28].

When Jaggedl-overexpressing bone-tropic
MDA-MB-231 subline SCP28 cells were cocul-
tured with MC3T3-El1 cells, SCP28-derived
Jaggedl induced interleukin 6 (IL-6) secretion
from MC3T3-El by upregulating Hey1 (a down-
stream of notch pathway), resulting in the
increased proliferation of SCP28 cells on
MC3T3-El cells [29]. The y-secretase inhibitor
MRK-003, which abolishes notch activity [29],
and human monoclonal anti-Jaggedl antibody
15D11 [30] attenuated (1) the increased prolifer-
ation of Jaggedl-overexpressing SCP28 cells
mediated by MC3T3-El cells and (2) bone meta-
static burden of intracardially inoculated
Jaggedl-overexpressing SCP28 cells in athymic
nude mice. Moreover, the combination of 15D11
and paclitaxel synergistically prevented bone
metastatic progression of Jagged1-overexpressing
SCP28 cells compared to 15D11 or paclitaxel
alone [30]. Interestingly, 15D11 and paclitaxel
combination also inhibited bone metastatic pro-
gression of low Jaggedl-expressing parental
SCP28 cells since paclitaxel induced Jaggedl
expression in osteoblasts, leading to chemoresis-
tance [30]. When osteoblasts were induced into
senescence using a conditional transgenic mouse
model [fibroblasts accelerate stromal-supported
tumorigenesis (FASST) mouse: Col-Cre-ER™
mouse X ROSAlox-stop-lox-p27%P!  mouse],
greater numbers of intracardially injected murine
breast cancer cell line NT2.5 cells disseminated
to bone [31]. In FASST mice, senescent osteo-
blasts indirectly enhanced the growth of dissemi-
nated NT2.5 cells by stimulating
osteoclastogenesis via IL-6 production [31]. In
addition, bone disseminated murine multiple
myeloma cell line 5STGM1 cells (intravenous
injection into C57BL/KalLwRijHsd mice)
became dormant and consequently resistant to

melphalan when they localized near osteoblasts
[32]. However, when animals were treated with
receptor activator of nuclear factor x-B ligand
(RANKL) to stimulate osteoclast activities, the
dormancy of 5STGMI1 cells was reversed [32].
These data suggest that osteoblasts are important
for the early dissemination and colonization of
bone metastatic cancer cells as well as the regula-
tion of dormancy, stem cell-like conversion, and
later disease outgrowth of bone metastatic cancer
cells.

5.2.1.2 Osteocytes

Bone is a dynamic organ continuously remod-
eled throughout life. Bone remodeling is con-
trolled by  proper balance  between
osteoblastogenesis and osteoclastogenesis [15].
Osteocytes are also known to be involved in reg-
ulating bone remodeling. Osteocytes negatively
regulate osteoblastic activities by releasing dick-
kopf-1 (DKK1) and sclerostin (inhibitors of Wnt
pathway which are important for osteoblastic
differentiation) and enhance osteoclastic resorp-
tion by releasing RANKL when they undergo
programmed cell death [15, 33-35]. Osteocytes
are the terminally differentiated cells of osteo-
blastic lineage and reside within the bone matrix
[33-35]. Approximately 90-95% of adult skele-
tal tissues consist of osteocytes [33-35].
However, it has been only recently appreciated
the roles of osteocytes as a tumor microenviron-
ment. Osteocyte death and enhanced osteoclast
activity were observed in osteolytic bone lesions
of multiple myeloma patients [36]. Higher levels
of pro-osteoclastogenesis cytokine IL-11 were
found in bones of multiple myeloma patients
with osteolytic lesions than those without osteo-
lytic lesions [36]. Conditioned medium (CM)
obtained from the coculture between human
multiple myeloma cell line JJN3 cells and human
pre-osteocyte cell line HOB-01 cells stimulated
osteoclastic formation of human primary periph-
eral blood mononuclear cells by enhancing the
secretion of IL-11 and C-C motif chemokine
ligand 3 (CCL3) [36]. These data suggest that
osteocytes create favorable environment for
bone metastatic cancer cells by promoting osteo-
lytic bone damage.
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Osteocytes not only provide the environment
for cancer but also directly influence cancer pro-
gression. CM obtained from murine osteocyte
cell line MLO-Y4 cells stimulated in vitro cell
proliferation of human prostate cancer cell lines
(PC-3 and DU145) and human breast cancer cell
lines (MDA-MB-231 and MCF-7) [37]. CM
obtained from murine osteocyte cell line MLO-
A5 cells also enhanced the proliferation of
murine breast cancer cell line 4 T1.2 cells [38,
39]. However, when 4T1.2 cells were three-
dimensional (3D) cocultured with MLO-AS5
cells, the size of MLO-A5/4T1.2 spheroid was
shrank [38, 39]. Additionally, in vitro 3D cocul-
ture system between human osteocytes and pros-
tate cancer organoids revealed that prostate
cancer organoids significantly impair bone struc-
ture through the induction of osteocyte apoptosis
while promoting bone mineralization [40]. In this
model, prostate cancer organoids significantly
enhanced the protein expression of fibroblast
growth factor 23 (FGF23) and DKKI1 in osteo-
cytes but reduced sclerostin [40]. However, these
changes failed to be observed in 2D coculture
conditions [40], suggesting that the 3D culture
system provides a unique opportunity to study
the interaction between osteocytes and cancer
cells.

MLO-Y4 CM also enhanced the anchorage-
independent growth, migration, and invasion of
MDA-MB-231 cells and murine breast cancer
cell line Py8119 cells [41]. These phenomenon
were inhibited with bisphosphonate [alendronate
and zoledronic acid (ZOL)] treatments and fluid
flow-induced shear stress by opening connexin
43 hemichannels in osteocytes [41]. The growth
of Py8119 cells in the bone mediated by intratib-
ial injections was enhanced when cells were
injected into osteocyte-specific connexin 43
knockout mice or mice with osteocyte-specific
connexin 43 junction impairment [41].
Alendronate upregulated ATP release from
MLO-Y4 cells, and this ATP inhibited the MLO-
Y4  CM-mediated  anchorage-independent
growth, migration, and invasion and in vivo pri-
mary tumor growth of MDA-MB-231 cells and
Py8119 cells through P2X7 receptors [42]. In
addition, these were reversed by adenosine treat-

ment [42]. ATP treatments prevented the growth
of intratibially injected Py8119 cells [42].
Likewise, CM from MLO-Y4 cells primed with
CM of human prostate cancer cell lines (PC-3
and C4-2B) induced the growth, migration, and
invasion of PC-3 and C4-2B cells by upregulat-
ing growth-derived factor 15 (GDF15) in MLO-
Y4 cells and enhancing early growth response 1
(EGR1) expression in prostate cancer cells [43].
When C4-2B cells were co-inoculated with
murine primary osteocytes into the flank of mice,
these osteocyte/C4-2B mixtures grow greater
than C4-2B cells alone, due in part to the upregu-
lation of EGR1 in C4-2B cells [43]. The growth
of osteocyte/C4-2B mixture was diminished
when GDFI15 was downregulated in osteocytes
[43]. When PC-3 or C4-2B cells were injected
into the tibia of mice in which GDF15 expression
in tibia was downregulated using siRNA, prostate
cancer cell growth in bones and EGR1 expres-
sion in prostate cancer cells were decreased com-
pared to those in bones infected with control
siRNA [43]. However, MLO-AS5-CM conversely
reduced the migratory ability of 4T1.2 cells
through type I collagen by downregulating
SNAIL [an epithelial to mesenchymal transition
(EMT) inducer] and upregulating phosphoryla-
tion of Akt [38, 39]. Further study is warranted to
conclude the effects of osteocytes on migratory
ability of bone metastatic cancer cells.
Osteocytes are mechanosensitive cells [33—
35], and the impact of mechanical stress on tumor
microenvironmental abilities of osteocytes has
been elucidated. Fluid flow-induced shear stress
stimulated the differentiation of MLO-Y4 cells
regardless of the existence of CM derived from
MDA-MB-231 in the culture [44]. Fluid flow-
induced shear stress on the 3D coculture between
MLO-Y4 cells and human umbilical vein endo-
thelial cells (HUVECsS) inhibited the extravasa-
tion of MDA-MB-231 cells [45-47]. This was in
part due to the reduction of IL-6 in MLO-Y4
cells (chemoattractant for cancer cells; inhibition
of osteoclast apoptosis), the reduction of intercel-
lular adhesion molecule 1 (ICAM-1) in HUVECs
(cancer cell adhesion to endothelial cells; inhibi-
tion of osteoclast apoptosis), and the reduction of
matrix  metallopeptidase 9 (MMP9) in
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MDA-MB-231 cells (cancer cell migration;
reduction of endothelial junctional integrity)
[45-47]. When hydrostatic pressure was applied
to MLO-Y4 cells, MLO-Y4-CM promoted the
growth, migration, and invasion of human pros-
tate cancer cell lines (PC-3, DU145, and LNCaP)
in part due to the upregulation of CCL5 and
MMP2 and MMP9 [48].

When human multiple myeloma cell line
RPMI 8226 cells were cocultured with HOB-01
cells or MLO-Y4 cells, RPMI 8226 cells induced
death of HOB-01 and MLO-Y4 cells by activat-
ing autophagy [49]. This multiple myeloma-
induced osteocyte death and autophagy were
inhibited by proteasome inhibitors, bortezomib,
and MG 262 [49]. Consistently, multiple
myeloma patients treated with regimens includ-
ing bortezomib showed significantly higher
osteocyte viability in the bone lesions compared
to those treated with regimens without bortezo-
mib (p = 0.017) [49]. Moreover, a combination
agent of nanoparticle loaded with a natural com-
pound, plumbagin and ZOL (PUCZP), prevented
the MLO-Y4-mediated osteoclastogenesis of
murine bone marrow monocytes mediated by
downregulating of RANKL and sclerostin
expression in MLO-Y4 cells [50]. PUCZP also
attenuated bone metastatic progression and
cancer-induced bone resorption in athymic nude
mice intracardially inoculated with
MDA-MB-231 cells by downregulating of
RANKL and sclerostin expression in osteocytes,
reducing osteoclastogenesis, and inducing apop-
tosis of tumor cells [50]. These findings suggest
that targeting osteocytes is a potential new thera-
peutic strategy for bone metastatic disease.

5.2.1.3 Bone Marrow Adipocytes

Bone marrow is known to contain significant
numbers of adipocytes. Bone marrow adipocytes
take up about 70% of marrow space in adults [51]
and serve as one of the major components of the
bone marrow microenvironment for hematopoi-
etic stem cells [9, 10]. However, the effects of
bone marrow adipocyte on bone metastatic pro-
gression have been only recently uncovered [52—
59]. Direct contact between human primary bone
marrow mesenchymal stem cell (MSC)-derived

adipocytes (BMMAs) and promyelocytic leuke-
mia protein-retinoic acid receptor o (PML-
RAR)-expressing human acute promyelocytic
leukemia cell line U937/PR9 cells protected
U937/PRY cells from apoptosis through the leptin
(adipocytes)/leptin receptor (leukemia) axis [60].
Additionally, BMMAs activated the phosphory-
lation of signal transducer and activator of tran-
scription 3 (STAT3) and ERK mitogen-activated
protein kinase (MAPK) in U937/PR9 cells [60].
Likewise, coculture with human primary
BMMAs protected human acute monocytic leu-
kemia cell line U937 cells from spontaneous
apoptosis by increasing leukemia cells’ free fatty
acid intake and consequent fatty acid p-oxidation
[61]. This is in part due to the upregulation of
peroxisome proliferator-activated receptor y
(PPARY), fatty acid binding protein 4 (FABP4),
CD36, and B-cell lymphoma 2 (BCI2) genes; the
phosphorylation of AMP-activated protein kinase
(AMPK) and p38 MAPK; and the upregulation
of antiapoptotic chaperone 70-kDa heat-shock
protein (HSP70) [61]. Human primary BMMAs
also supported the proliferation of human pri-
mary acute myeloid leukemia (AML) blasts by
upregulating FABP4 in adipocytes and enhanc-
ing lipids intake and fatty acid p-oxidation in
AML cells [62]. When connective tissue growth
factor (CTGF) was downregulated in human
bone marrow MSCs, these MSCs differentiated
into adipocyte lineage [63]. When CTGF-
downregulated MSCs were implanted with endo-
thelial cells into the flank of nonobese diabetic/
severe combined immunodeficiency (NOD/
SCID) IL-2ry™! (NSG) mice, they contained
more adipocytes than the implants of CTGF-
normal MSCs with endothelial cells [63].
Intravenously inoculated human AML cell line
Molm13 cells and acute lymphoblastic leukemia
cell line Nalm6 cells homed better to CTGF-
downregulated MSC implants compared to those
with CTGF-normal MSCs since adipocytic
CTGF-downregulated MSC implants expressed
higher levels of C-X-C motif chemokine ligand
12 (CXCL12) and leptin [63]. Moreover, bone
marrow of multiple myeloma patients contained
more adipocytes than that of healthy counterparts
[64]. The 5STGM1 cells migrated toward CM
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from murine pre-adipocyte cell line 3T3-L1 cells
through CCL2 and CXCL12 [64]. When STGM 1
cells were cocultured with 3T3-L1 cells, 3T3-L1
cells enhances the viability of STGMI1 cells by
activating p-catenin and inhibiting caspase3 in
S5TGMI cells [64]. When 5TGM1 cells primed
with 3T3-L1 cells were intravenously injected
into C57BL/KaLwRij mice, these 3T3-LI-
primed 5STGM1 cells grew greater in the bone
than those without 3T3-L1 priming [64]. These
findings suggest that bone marrow adipocytes are
also crucial components of microenvironment for
hematopoietic malignancies, similar to their roles
for hematopoietic stem cell [9, 10].

Recent studies have also revealed the impact
of bone marrow adipocytes on bone metastatic
progression on solid tumors. When MDA-MB-231
cells were cocultured with bone fragments
obtained from patients who undergo hip replace-
ment, MDA-MB-231 cells migrated toward bone
fragments and extensively colonized within the
bone marrow adipose tissue compartment [65].
When human bone marrow stromal cells were
transformed into adipocytic lineage with omega-6
polyunsaturated fatty acid (PUFA) treatments,
more PC-3 cells migrated toward these omega-6
PUFA-treated human bone marrow stromal cells
[66, 67]. Additionally, more lipid intake of PC-3
cells from bone marrow stromal cells was
observed [66, 67]. Murine primary BMMAs also
induced glycolytic shift in human prostate cancer
cell lines PC-3 and ARCaP(M) cells by upregu-
lating glycolytic markers [enolase 2 (ENO2), lac-
tate dehydrogenase (LDHa), hexokinase 2
(HK2), pyruvate dehydrogenase kinase 1
(PDK1), and phosphorylated pyruvate dehydro-
genase (p-PDH)], increasing lactate release,
reducing oxygen consumption rate, and decreas-
ing ATP levels [68]. This was due to the upregu-
lation of HIF-1a target genes [carbonic anhydrase
9 (CA9), vascular endothelial growth factor
(VEGF), and glucose transporter 1 (GULT1)]
[68]. Conversely, CM from PC-3 and ARCaP(M)
cells promoted lipolysis in murine primary
BMMAs by increasing free glycerol release,
which was uptaken by prostate cancer cells [68].
Bone metastatic samples obtained from prostate
cancer patients with bone metastases showed

higher levels of heme oxygenase 1 (HO-1; a pro-
tector from oxidative cell damage) compared to
primary prostate tumors or samples from other
metastatic sites [69]. When PC-3 and ARCaP(M)
cells were cocultured with murine primary
BMMA:s, the expression of HO-1 and endoplas-
mic reticulum (ER) stress chaperone glucose-
regulated protein 78 (GRP78; another protector
from oxidative cell damage) was enhanced [69].
Adipocyte-induced oxidative stress and overex-
pression of HO-1 in PC-3 and ARCaP(M) cells
promoted the invasion of these cells [69].
Similarly, CM of murine primary BMMAs
induced the invasion of PC-3 cells by upregulat-
ing HO-1, IL-1, and FABP4 but downregulating
PPARYy in PC-3 cells [70]. Overexpression of
HO-1 in PC-3 and ARCaP(M) cells also induced
the enhanced levels of GRP78 and pro-survival
factors Bcl-xl and survivin in prostate cancer
cells. HO-1 overexpression  significantly
increased growth in the bone of intratibially
injected PC-3 and ARCaP(M) cells compared to
those with control vector infection [69].
Intratibial injections of PC-3 and ARCaP(M)
cells into mice with high-fat diet (60 kcal% fat)
showed the enhanced numbers of bone marrow
adipocytes osteolytic lesions [71]. CM from
PC-3 and ARCaP(M) cells stimulated the secre-
tion of CXCL1 and CXCL2 from murine primary
BMMAs, and BMMA-derived CXCL1 and
CXCL2 induced osteoclastogenesis of murine
bone marrow macrophages [71]. Along with this
notion, when murine melanoma cell line B16-
F10 cells were directly injected into the tibia of
high-fat diet-fed C57BL/6 N mice, more growth
of B16-F10 cells in the bone was observed along
with the increased numbers of bone marrow adi-
pocytes and osteoclasts, and enhanced osteolytic
lesions, compared to those in the bone of
C57BL/6 N mice with normal diet (10 kcal% fat)
[72]. Additionally, serums of tumor-bearing mice
with high-fat diet, and macrophages and osteo-
clasts found in their bone expressed higher levels
of osteopontin than those from animals with nor-
mal diet [72]. Murine primary BMMAs induced
IL-6 mRNA expression in B16-F10 cells, and
higher serum IL-6 concentration was observed in
of tumor-bearing mice with high-fat diet [72].
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Neutralizing anti-osteopontin antibody and neu-
tralizing anti-IL-6 antibody or Janus kinase 2
(JAK2; a downstream of IL-6) inhibitor AG490
reduced the enhanced B16-F10 growth in the
bone of tumor-bearing mice with high-fat diet
[72]. When B16-F10 cells were injected into
C57BL/6 mice by intracardiac injection, the
numbers of bone marrow adipocytes and the
serum levels of leptin increased at day 7 of injec-
tion, and these increased adipocytes and leptin
levels decreased by day 10 [73]. Similar trend
was observed in osteoclast activities [73].
Interestingly, B16-F10 cells localized around
bone marrow adipocytes [73]. Consistent with
the observations in in vivo, CM from B16-F10
cells induced differentiation of murine primary
BMMAs while mature BMMAs were dedifferen-
tiated into immature BMMASs when they were
cocultured with B16-F10 cells [73]. On the other
hands, CM from murine primary BMMAs
induced proliferation and accelerated cell cycle
of B16-F10 cells [73]. Similarly, CM from
murine primary BMMAs enhanced DNA synthe-
sis of murine multiple myeloma cell line
5ST33MM cells, stimulated their migration toward
adipocyte CM, and protected from apoptosis
[74]. These data suggest that bone marrow adipo-
cytes also play an important role in the regulation
of bone metastatic progression of solid tumors.

5.2.2 Cells of Hematopoietic Origin

5.2.2.1 Osteoclasts

Osteoclasts are the multinucleated cells derived
from a monocyte/macrophage lineage and are
associated with the development of osteolytic
bone metastatic lesions. Osteoclasts are known to
indirectly serve as a bone marrow tumor micro-
environment. Osteoclasts create a sufficient space
for bone metastatic cancer cells to grow by
resorbing bone matrix [75]. Indeed, osteolytic
bone metastatic lesions in athymic nude mice
inoculated with SCP28 cells (intracardiac injec-
tion) were prevented by treatment of microRNA
(miR)-141 and miR-219 which downregulated in
activated osteoclasts, while miR-141 and miR-
219 did not directly affect SCP28 cells prolifera-

tion [76]. Osteoclasts promote extracellular
calcium release and create extracellular acidic
environments during bone resorption. Higher lev-
els of calcium-sensing receptor were observed in
bone metastatic tumor samples of prostate cancer
[77] and renal cell carcinoma patients [78] com-
pared to primary tumor samples. Extracellular
calcium stimulated the proliferation of human
breast cancer cell lines BT474 and
MDA-MB-231-1833 cells [79] and PC-3 cells
[80]  through  calcium-sensing  receptor.
Extracellular pH promoted the spheroid and col-
ony formation of PC-3 cells [81]. Although there
is no direct evidence yet, these findings suggest
that osteoclasts may also play a crucial role as a
bone marrow tumor microenvironment in an
indirect manner by developing extracellular high-
calcium and extracellular acidic environments.

5.2.2.2 Immune Cells

It has been extensively studied antitumor or pro-
tumor effects of immune system at primary tumor
site. Although bone marrow contains various
immune cells, the cross talk between bone meta-
static cancer cells and bone marrow immune cells
remains largely unexplored. Higher numbers of
CD4-positive/Foxp3-positive regulatory T (Treg)
cells were found in the bone marrow of prostate
cancer patients with bone metastases than that of
patients without bone metastases [82]. Treg cells
obtained from bone metastatic prostate cancer
patients had greater migratory and proliferative
capacities and were responsible for the inhibition
of osteoclasts, resulting in osteoblastic bone
lesions [82]. Contrary, RANKL levels in CD3-
positive T cells within the marrow of BALB/c
mice in which 4 T1 cells were inoculated into
mammary fat pad were enhanced compared to
those of mice inoculated with nonmetastatic
4T1subline, 67NR cells [83]. However, there
were no changes in the numbers of CD3-, CD4-,
and CD8-positive T cells between 4T1- and
67NR-bearing mice [83]. Consequently, the
enhancement of RANKL in T cells increased
osteoclastic activities in the marrow, leading to
bone metastatic colonization of 4 T1 cells [83].
Intracardiac injection of 4 T1 cells into BALB/c
mice increased the numbers of B220-positive/
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CDl1c-positive plasmacytoid dendritic cells
(pDCs) and the increased CD4-positive T cells in
their marrow [84]. pDCs and CD4-positive T
cells produced osteolytic bone lesions and subse-
quently increased tumor burden and bone dam-
age [84]. Depletion of pDCs with PDCA-1
antibody led to decreased tumor burden and bone
damage by reducing the numbers of CD4-positive
T cells and CD11b/Gr-1 double-positive myeloid-
derived suppressor cells (MDSCs) and activating
cytotoxic CD8-positive T cells in the marrow
[84].

More number of CD11b/Gr-1 double-positive
MDSCs were observed in the marrow of C57BL6/
KaLwRij mice intravenously injected with
STGMI1 cells compared to non-tumor-bearing
mice [85]. The MDSCs from 5TGMI-bearing
mice showed greater potential to differentiate
into mature and functional osteoclasts than those
from control mice [85]. When 5TGM1-bearing
MDSCs were delivered to STGM1-bearing mice,
osteolytic bone lesions were further enhanced
compared to S5TGMI-bearing mice without
MDSC treatments [85]. Additionally, the
enhancement of osteoclastic activities mediated
by 5TGMI1-bearing MDSCs both in vitro and
in vivo were inhibited by ZOL treatments [85].
Likewise, CD11b/Gr-1 double-positive MDSCs
obtained from bone marrow cells of BALB/c
mice which were intracardially inoculated with
4T1 cells and developed bone metastases differ-
entiated into osteoclasts by increasing NO levels,
but not MDSC from lung of 4T1-bearing mice
with bone metastases or from bone marrow of
4 T1-bearing mice without bone metastases [86].

In bone samples obtained from prostate can-
cer patients with bone metastases, more CD68-
positive macrophages were observed near tumor
mass and pathological woven bone [87]. When
F4/80-positive macrophages were depleted in the
macrophage Fas-induced apoptosis (MAFIA)
mice with AP20187 treatments, the growth of
murine prostate cancer cell line RM-1 cells
(intratibial inoculation) in their bone and resul-
tant osteolytic lesions were significantly reduced
[88]. Similarly, F4/80-positive macrophage
depletion by clodronate liposome treatments
resulted in the reduction of the growth of intrati-

bially injected RM-1 cells (into C57BL6 mice)
and PC-3 cells (into athymic nude mice) [88].
However, contrarily to MAFIA mice, depletion
of macrophages by clodronate liposome treat-
ments increased bone volume [88] but reduced
pathological woven bone development [87].
When CDI169-positive macrophages were
depleted in the CD169-diphtheria toxin receptor
(DTR) mice with DT treatments, the woven bone
development in RM-1-bearing bone (intratibial
injection) were attenuated, while CD169 macro-
phage depletion did not affect the tumor growth
in the bone [87]. The treatments of anti-mouse
CD115 monoclonal antibody which only target
murine myeloid cells also inhibited osteolytic
bone metastatic progression in athymic nude
mice intracardially inoculated with
MDA-MB-231 cells [89]. The beneficial effects
of anti-mouse CD115 monoclonal antibody were
comparable to ZOL [89]. When marrow-resident
F4/80-positive/CD206-positive  pro-tumorigenic
M2-like macrophages, which enhance prostate
cancer proliferation by efferocytosis, were
reduced by trabectedin treatments, the growth of
PC-3 cells (intratibial or intracardiac injection) in
the bone of athymic nude mice was attenuated
[90]. However, trabectedin treatments failed to
change osteoclastic activities in the tumor-
bearing bones [90]. These findings suggest that
bone marrow immune cells also support bone
metastatic progression as a bone marrow tumor
microenvironment directly in an immunosup-
pressive manner and indirectly by influencing
bone remodeling.

5.2.3 Other Components of Bone
Marrow Microenvironment

5.2.3.1 Endothelial Cells

Bone is a highly vascularized organ and subse-
quently supplies hematopoietic cells and cyto-
kines produced in the marrow. Although the
vasculature is known to be crucial for tumor
growth and metastasis, little is known as to the
roles of bone marrow endothelial cells as a tumor
microenvironment. Human breast cancer cell
lines MDA-MB-231 cells (orthotopic inocula-
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tion) and HMT-3522-T4-2 cells (intracardiac
inoculation) disseminated into the bones of NOD/
SCID mice, and those disseminated tumor cells
became dormant when they localized microvascu-
lar endothelium [3]. Consistently, HMT-
3522-T4-2 cells stayed dormant on the organotypic
bone microvascular mimic (the mixture of
HUVECs and murine primary bone marrow stro-
mal cells) [3]. More dormant HMT-3522-T4-2
cells were observed when they reside on the
thrombospondin 1 (TSP-1)-expressing mature
endothelium, while TGF-f1 and periostin-
expressing immature neovascular tips accelerated
the growth of HMT-3522-T4-2 cells [3]. Murine
breast cancer cell line 4T07 cells (orthotopic inoc-
ulation) disseminated closer to vasculature com-
pared to megakaryocytes or osteoblasts, within
the marrow of BALB/c mice, and vasculature-
resident 4T07 cells had more resistance to chemo-
therapy (Adriamycin plus cyclophosphamide,
AC) [91]. Coculture between the organotypic
bone microvascular mimic and HMT-3522-T4-2
cells treated with doxorubicin revealed that the
induction of chemoresistance mediated by vascu-
lature was not due to the cell cycle arrest but the
binding with vasculature through the integrinf1/
von Willebrand factor axis and the integrinavp3/
vascular cell adhesion molecule (VCAM)-1 axis
[91]. Indeed, the resistance of 4T07 cells to AC
regimen in the marrow of BALB/c mice were
reversed by (1) the downregulation of integrinf1
and integrinav in 4TO7 cells using shRNA and (2)
the treatments of the integrinfl inhibitory anti-
body AIIB2 and integrinavfp3 inhibitory antibody
LM609 [91]. More branching and sprouting of
bone marrow vessels along with tumor burden
and osteolytic bone lesions were observed by vol-
umetric computed tomography (VCT) in the
femur of nude rat injected with MDA-MB-231
cells through femoral artery [92]. When MDA-
MB-231-bearing rat were treated with anti-VEGF
antibody bevacizumab, branching and sprouting
of bone marrow vessels as well as tumor burden
and osteolytic bone lesions were inhibited [92].
These findings suggest that bone marrow endo-
thelial cells are involved in the regulation of dor-
mancy, chemoresistance, and outgrowth of bone
metastatic cancer cells.

5.2.3.2 Nerves

The importance of nerves for cancer progression
has been appreciated [93]. The sympathetic ner-
vous system regulates the metastatic process of
prostate cancer to bone [94], and denervation can
suppress tumorigenesis and metastasis [94-97].
Moreover, the roles of sympathetic nervous sys-
tem in bone metastatic progression have recently
begun to be revealed. Chronic immobilization
stress and a nonselective f1/p2 adrenergic recep-
tor agonist isoproterenol treatments enhanced the
colonization  of  intracardially  injected
MDA-MB-231 cells to the bone of athymic nude
mice through the RANK (cancer)/RANKL
(bone) axis by inducing the RANKL expression
in bones [98] However, chronic immobilization
stress and isoproterenol treatments did not affect
the growth of MDA-MB-231 cells in the bone
[98]. The enhancement of tumor colonization
mediated by isoproterenol treatments was also
thought to be due to the increased neovascular-
ization of tumor-bearing bones [99]. Consistently,
isoproterenol stimulated the VEGF secretion of
MC3T3-El cells and murine primary bone mar-
row stromal cells [99]. The tube formation of
HUVECs was increased when they were treated
with CM from isoproterenol-treated murine pri-
mary bone marrow stromal cells [99]. The tube
formation was prevented when cultures were
treated with an antibody targeting VEGF-
A:VEGF receptor 2 signaling mcr84 [99].
Isoproterenol-induced increased neovasculariza-
tion and enhanced tumor colonization of
MDA-MB-231 cells were reversed in (i)
osteoblastic-specific 2 adrenergic receptor
knockout mice (Rag2 background) and (ii) Rag2
mice treated with mcr84 [99]. Isoproterenol-
treated promoted the adhesion between murine
primary bone marrow endothelial cells or murine
endothelial cell line C166 cellsand MDA-MB-231
cells in vitro [100]. The expression levels of
adhesion molecules E-selectin and P-selectin in
murine primary bone marrow endothelial cells
and C166 cells were increased via 2 adrenergic
receptor when they were treated with CM from
isoproterenol-treated murine primary bone mar-
row stromal cells [100]. High levels of IL-1p
were observed in the CM of isoproterenol-treated

yshiozaw@wakehealth.edu



5 The Roles of Bone Marrow-Resident Cells as a Microenvironment for Bone Metastasis 67

murine primary bone marrow stromal cells, and
IL-1p treatments enhanced E-selectin and
P-selectin expression in C166 cells and promoted
the adhesion between C166 cells and
MDA-MB-231 cells [100]. Additionally, when
PC-3 cells were cocultured with murine primary
calvarial osteoblasts, their proliferation was
slowed and most of them were in the G1 cell
cycle phase [101]. Norepinephrine induced the
proliferation and G2-M cell cycle of PC-3 cells
cocultured with murine primary wild-type cal-
varial osteoblasts, while norepinephrine did not
affect the proliferation and cell cycle of PC-3
cells cocultured with murine primary GAS6
knockout calvarial osteoblasts [101]. Since bone
is a richly innervated organ, further investiga-
tions on the impact of nerves on bone metastatic
progression are clearly warranted.

Conclusions and Future
Directions

5.3

When cancer patients develop bone metastases,
their prognosis is very poor. Current treatments
for bone metastases mainly target bone remodel-
ing. Denosumab (a human monoclonal antibody
against RANKL) and bisphosphonates (which
suppress osteoclast activity) are established treat-
ments for bone metastases and are thought to
work by decreasing bone resorption. However,
they ultimately fail to improve overall survival
[102, 103]. Only a new a-emitting radiopharma-
ceutical radium-223, which binds to hydroxyapa-
tite in the marrow, can extend overall survival and
then only by three months [ 104]. Thus, approaches
that target factors other than bone remodeling are
needed to lower mortality of cancer patients with
bone metastases. In recent years, the supportive
roles of immune cells, adipocytes, and nerves as
a tumor microenvironment have been appreci-
ated, and in the bone marrow, as described above,
the interactions between these cells and bone
metastatic cancer cells also seem to influence dis-
ease processes. Although further studies are
clearly warranted, treatments targeting these
bone marrow-resident cells, or in combination
with bone-targeted therapies, may be new thera-

peutic strategies for bone metastatic disease. A
better understanding of how bone metastatic can-
cer and bone marrow microenvironment influ-
ence one another to worsen bone metastatic
disease progression will aid in discovering new
therapeutic targets for bone metastatic cancer—
area in which current therapies are wanting—to
decrease suffering and improve the survival of
cancer patients with bone metastases.
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