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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 22RaClz (ti2 = 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 (CGRP27.37) conjugated with actinium-225 (**Ac, 22°Ac-CGRP27.37).
Then, the binding affinity of 2>Ac-CGRP:7.37 to CRLR will be determined in vifro. 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-CGRPy7.
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.

Synthesize the CGRP27.37 (Months 1-2; Dr. Shiozawa).

e Conjugate CGRP,7.37 to 2> Ac-PCTA (Months 3-5; Dr. Wadas).

o Test the serum stability of 22>Ac-CGRP27.37 (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 TACUC 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).
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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).

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).

225A¢-PCTA-CGRP17.37 was stable in human serum (Dr. Wadas): Task 1.

The CALCRL in breast cancer cells were down-regulated using shRNA (Dr. Shiozawa): Task 1.
(2020-2021)

The plan for training Dr. Shiozawa in the safe use of radioactive materials (Drs. Wadas and Shiozawa).

The joint publication (Drs. Shiozawa and Wadas): Task 3.
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The synthesis of CGRP27.37 analogs (Dr. Wadas): Task 1.

The development of the over-expression virus vector for CRLR (Dr. Shiozawa): Task 1.

(2021-2022)

No cost extension on this award (Drs. Shiozawa and Wadas).
One-year no cost extension on this award was approved due to the COVID-19 pandemic.

Institutional radiation safety approval by Wake Forest School of Medicine (Dr. Shiozawa).

Due to the relocation of Dr. Wadas from Wake Forest School of Medicine to University of [owa, Dr. Shiozawa
must have obtained institutional approval for the radioactive work to perform the proposed experiments and
receive the appropriate training. However, we experienced delays in obtaining institutional approval to
perform the proposed radio isotope experiments due to the COVID-19 pandemic as well as the relocation and
lab renovations of Dr. Wadas. After conducting online training with Dr. Wadas, Dr. Shiozawa obtained
institutional radiation safety approval to perform proposed work in November 2021.

The CALCRL over-expression in breast cancer cells (Dr. Shiozawa): Task 1.
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Fig. 1:  The over-expression of CALCRL in
breast cancer cells.

CALCRL over-expression in MDA-MB-231 and
ZR-75-1 cells. *p < 0.0001 vs. empty vector
control (Student’s #-test). Presented as mean = SEM.
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Fig. 2: CALCRL over-expression did not affect proliferation in breast
cancer cells.

CALCLR-over-expressed and empty vector-transfected control breast cancer
cells (MDA-MB-231 and ZR-75-1) were seeded in a 96 well plate (1000
cells/well) and proliferation was monitored by Incucyte Live-Cell Analysis
Systems for 72 hours. Presented as mean fold change + SEM.

To test the binding affinity of 22> Ac-PCTA-CGRP>7.37 to CRLR on breast cancer cells, we needed to manipulate
the levels of CRLR in breast cancer cells. To do so, during the previous period, we developed (i) the CALCRL
(gene name of CRLR)-downregulated breast cancer cells and CALCRL-over-expression lentiviral vector.
During the current funding period, we successfully over-expressed CALCRL in both MDA-MB-231 and ZR-
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75-1 cells with CALCRL-over-expression lentiviral vector (Fig. 1). Upon successful cell line establishment,
CALCRL-over-expressed and control breast cancer cells lines were evaluated for proliferation, and CALCRL-
over-expression did not affect cell proliferation (Fig. 2).

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.

(2020-2021)

Dr. Wadas gave a lecture at the University of lowa’s Cancer Biology Program. This lecture dealt with the
development of targeted alpha particle-based radiotherapy and its use in oncology. University of lowa, lowa
City, IA (November 26, 2020).

Dr. Wadas gave a lecture at the University of lowa’s Human Toxicology Program. This lecture dealt with the
use of PET imaging in the precision medicine era. University of lowa, lowa City, IA (December 20, 2020).

(2021-2022)

As of July 1%, 2021, Dr. Shiozawa was promoted to an Associate Professor with Tenure.

Dr. Shiozawa was chosen to participate in the 2022 cohort of the Wake Forest Clinical and Translational Science
Institute’s Mentor Academy (February 2022-June 2022).
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Dr. Shiozawa was chosen to participate in the 2022 cohort of the Wake Forest Clinical and Translational Science
Institute’s Leadership Academy (February 2022-June 2022).

Dr. Shiozawa became the Cancer Biology representative to the Molecular and Cellular Biosciences (MCB)
(PhD) track admission committee (2021-Present).

Dr. Shiozawa became a member of Biomedical Science (BMSC)-Research Pathway (Master of Science)
program recruitment committee (2022-Present).

Dr. Wadas received a secondary appointment as an Associate Professor of Radiation Oncology. Department of
Radiation Oncology, University of lowa, lowa City. IA.

Dr. Wadas served on NIH Special Emphasis Panel/Scientific Review Group ZCA1 RPRB-H (M1) S. February
2022.

How were the results disseminated to communities of interest?

There is nothing to report.

What do vou plan to do during the next reporting period to accomplish the goals and objectives?

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) Determine the impact of radiopharmaceuticals on BCa bone metastases and cancer-induced bone pain in
vivo (Aim 2).

4) Dr. Shiozawa will complete his radioactive material handling training with Dr. Wadas in person.
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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 2> Ac-PTCA-CGRP,7.37 were stable in human serum.
2. We were able to down-regulate CRLC expression levels in BCa using shRNA.

(2020-2021)

1. Drs. Shiozawa and Wadas published together a review manuscript relevant to this study.
2. We were able to synthesize several different analogs of CGRP27.37.

3. We are currently developing the over-expression virus vector for CRLR.
(2021-2022)

1. Drs. Shiozawa and Wadas obtained the one-year no cost extension on this award due to the COVID-19
pandemic.

2. Dr. Shiozawa obtained the institutional radiation safety approval from Wake Forest School of Medicine to
perform the proposed experiments.

3. We were able to over-express CRLR in breast cancer cells.

The Wadas research group developed methods to overcome the solubility issues with the bioconjugates
under investigation.

5. The Wadas group synthesized several new analogs for evaluation that are in addition to the molecules
proposed in the original application.

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.
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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

(2019-2020)

Nothing to report.

(2020-2021)

There has been some non-key personnel turnover (Technician) and maternity leave (Postdoc) in Dr. Shiozawa’s
lab as well as the recent COVID-19 pandemic which have impacted the timeliness of conducting the proposed
studies. Due to COVID-19, Wake Forest University Health Sciences (WFUHS) issued an institutional stop work
order from the middle of March to the end of May 2020. The personnel have been replaced and the lab has
resumed normal operations.

In the original application, all of the experimental work involving radioactivity was to be conducted by Dr.
Wadas’ laboratory and under his radiation safety protocol. Shortly after this application was funded however,
Dr. Wadas accepted a position in the Department of Radiology at the University of Iowa and moved his
laboratory there. Unfortunately, his move to the University of lowa coincided with the COVID-19 pandemic.
At that time the University of lowa enacted an institutional stop work order from the middle of March to the
end of July 2020. This stop work order hindered Dr. Wadas’ productivity on two levels. Foremost, he was
unable to work on the aims as currently outlined in the SOW after the award was successfully transferred to the
University of Iowa. Secondly, this stop work order prevented the renovation of Dr. Wadas’ laboratories to
accommodate radioactive materials. The expected completion date of renovations is July 1, 2021. The
renovation schedule also affected the timeline of the hands-on radiation safety training, which we are planning
to conduct so that Dr. Shiozawa may receive approval to use radioactive materials at WFUHS. Although Dr.
Shiozawa has completed the appropriate radiation safety training required by WFUHS and additional didactic
training with Dr. Wadas via videoconference, the WFUHS Radiation Committee is still requiring that Dr.
Shiozawa receive hands-on training in the proper handling, use, storage and disposal of alpha particle-emitting
radioisotopes from Dr. Wadas at the University of lowa. Once the WFUHS’ COVID-19 travel restriction order,
which prevents work-related travel, is rescinded on June 30, 2021 Drs. Wadas and Shiozawa will schedule a
week-long radiation safety training session at the University of lowa.

In the next year term, we will try to catch up the speed of project productivity and continue to (i) determine the
binding affinity of radiopharmaceuticals to breast cancer cells in vitro (Aim 1) and (ii) determine the
biodistribution and dosimetry of radiopharmaceuticals in vivo (Aim 1).
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(2021-2022)

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
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(2020-2021)

1. WuS-Y, Xing F, Sharma S, Wu K, Tyagi A, Liu Y, Zhao D, Deshpande RP, Shiozawa Y, Ahmed
T, Zhang W, Chan M, Ruiz J, Lycan TW, Dothard A, Watabe K. Nicotine promotes brain metastasis
by polarizing microglia and suppressing innate immune function. JEM. 2020;217:¢20191131.
PMID: 32496556. PMCID: PMC7398164.

Status of Publication: Published
Acknowledgement of federal support: No

2. Eber MR, Park SH, Contino KF, Patel CM, Hsu F-C, Shiozawa Y. Osteoblasts derived from mouse
mandible enhance tumor growth of prostate cancer more than osteoblasts derived from long bone.
J Bone Oncology. 2021;26:100346. PMID: 33425674. PMCID: PMC7779864.

Status of Publication: Published
Acknowledgement of federal support: Yes

3. Park SH, Eber MR, M. Fonseca M, Patel CM, Cunnane KA, Ding H, Hsu F-C, Peters CM, Ko M-C,
Strowd RE, Wilson JA, Hsu W, Romero-Sandoval EA, Shiozawa Y. Usefulness of the measurement
of neurite outgrowth of primary sensory neurons to study cancer-related painful complications.
Biochem Pharmacol. 2021;188:114520. PMID: 33741328. PMCID: In Progress.

Status of Publication: Published
Acknowledgement of federal support: Yes
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+ Aim 1: Determine the best alpha particle radiopharmaceuticals
targeted to the CRLR.

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

Approach

The proposed studies will develop a new therapeutic strategy for treating
bone  metastatic breast cancer using an  alpha-particle
radiopharmaceutical. This work will lay the needed foundation to develop
new therapeutic targets for both cancer-induced bone pain and bone
metastatic breast cancer, to decrease suffering and improve survival of
breast cancer patients with bone metastases.
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Fig. 1: The over-expression of
CALCRL in breast cancer cells.
CALCRL over-expression in MDA-
MB-231 and ZR-75-1 cells. "p < 0.05,
“p <0.0001 vs. empty vector control
(One-way ANOVA, Dunnett’s multiple
comparisons). Mean fold change =+
SEM.

* We created CRLR over-expressing breast cancer cells.

Timeline and Cost

Activities CcY| 19 20 21 22

Aim 1 (In vitro studies)

Aim 1 (Animal studies)

Aim 2 (Animal studies)

Estimated Budget ($K) $100 | $100 | $200 | $200

Updated: 03/31/2022

Goals/Milestones (Example)

CY19 Goal — Team development
v Set up and organize the monthly meeting

CY20 Goals — In vitro studies

U /n vitro selection of 225Ac-CGRP,;.57
U /n vivo selection of 22Ac-CGRP,7.5;

CY21 Goal — Animal studies

O /n vivo selection of 225Ac-CGRP,7._5;
U Determine the maximum tolerated dose of 225Ac-CGRP,;_57

CY22 Goal — Animal studies

O Determine the maximum tolerated dose of 225Ac-CGRP,;_3;

U Determine treatment efficacy of 225Ac-CGRP,;_3;
Comments/Challenges/Issues/Concerns

* Personnel changes and COVID-19-related issues have negatively

affected our productivity.
Budget Expenditure to Date
Projected Expenditure: $400K

Actual Expenditure: $100K (Shiozawa) + $125K (Wadas)
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Exosomal miR-19a and IBSP cooperate to
induce osteolytic bone metastasis of estrogen
receptor-positive breast cancer

Kerui Wu', Jiamei Feng1'2, Feng Lyu1'3, Fei Xing 1 Sambad Sharma', Yin Liu', Shih-Ying Wu'!, Dan Zhao® ',
Abhishek Tyagi® ', Ravindra Pramod Deshpande!, Xinhong Pei'*, Marco Gabril Ruiz!, Hiroyuki Takahashi®,

Shunsuke Tsuzuki®, Takahiro Kimura®, Yin-yuan Mo®, Yusuke Shiozawa® !, Ravi Singh &

Kounosuke Watabe® 1

Bone metastasis is an incurable complication of breast cancer. In advanced stages, patients
with estrogen-positive tumors experience a significantly higher incidence of bone metastasis
(>87%) compared to estrogen-negative patients (<56%). To understand the mechanism of
this bone-tropism of ER* tumor, and to identify liquid biopsy biomarkers for patients with
high risk of bone metastasis, the secreted extracellular vesicles and cytokines from bone-
tropic breast cancer cells are examined in this study. Both exosomal miR-19a and Integrin-
Binding Sialoprotein (IBSP) are found to be significantly upregulated and secreted from bone-
tropic ERT breast cancer cells, increasing their levels in the circulation of patients. IBSP is
found to attract osteoclast cells and create an osteoclast-enriched environment in the bone,
assisting the delivery of exosomal miR-19a to osteoclast to induce osteoclastogenesis. Our
findings reveal a mechanism by which ERT breast cancer cells create a microenvironment
favorable for colonization in the bone. These two secreted factors can also serve as effective
biomarkers for ER* breast cancer to predict their risks of bone metastasis. Furthermore, our
screening of a natural compound library identifies chlorogenic acid as a potent inhibitor for
IBSP-receptor binding to suppress bone metastasis of ERT tumor, suggesting its preventive
use for bone recurrence in ERT patients.

TDepartment of Cancer Biology, Wake Forest University School of Medicine, Winston-Salem, NC, USA. 2 Mammary Department, Shuguang Hospital
Affiliated to Shanghai University of Traditional Chinese Medicine, Shanghai, China. 3 Department of Breast Surgery, Henan Provincial People’s Hospital,
People’s Hospital of Zhengzhou University, People’s Hospital of Henan University, Zhengzhou, Henan, China. 4 Department of Breast Surgery, The First
Affiliated Hospital of Zhengzhou University, Zhengzhou, Henan, China. ® Department of Pathology, Jikei University School of Medicine, Minato City, Tokyo,
Japan. 6 Cancer Institute, University of Mississippi Medical Center, Jackson, MS, USA. ®email: kwatabe@wakehealth.edu
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ARTICLE

one metastasis is the most predominant complication of

breast cancer. More than 50% of patients have bone as the

first site of distant metastases, followed by lung (17%),
brain (16%), and liver (6%)!. Ultimately, 70% of metastatic breast
cancer patients experience a distant bone relapse during the
course of disease>3. Bone metastasis leads to a worse prognosis in
breast cancer patients, with a 16-month median survival?, and it
causes many other complications. Patients develop skeletal-
related events (SREs) such as severe bone pain, pathological
fracture, hypercalcemia, and infiltration of the bone marrow®.
Crosstalk between cancer cells and bone stroma cells, including
mesenchymal stem cells, osteoblast cells, and osteoclast (OC)
cells, play critical roles in bone metastasis®. Most breast cancer
patients develop osteolytic lesions, which are mainly resulted
from OC-mediated bone resorption rather than physical
destruction by the cancer cells”8. The interaction with breast
cancer cells activates OC cells, induces the bone resorption®10,
and liberates the growth factors embedded in the bone matrix,
which in turn stimulate the growth of cancer cells!!. This process
is termed “the vicious cycle of bone metastases”!2. To impede this
pathway, bisphosphonate (Zoledronic Acid) and RANKL inhi-
bitor (Denosumab) were developed as bone-targeted
therapies!>14. However, the use of these drugs in breast cancer
patients has several limitations. As to the preventive use of bone-
targeted therapies for bone metastasis, while bisphosphonate
showed a moderate preventive effect in postmenopausal breast
cancer patients, it did not decrease the rate of bone recurrence in
premenopausal patients!®. The significant side effects, including
osteonecrosis of the jaws!®, make it an unfavorable preventive
regimen. Moreover, RANKL inhibitor (Denosumab) failed to
prevent bone recurrence among both premenopausal and post-
menopausal patients!”. For therapeutic use, these drugs have been
proven to reduce the symptoms, but not to extend the patients’
survival!®19, Thus, there is an urgent need for effective treatments
for preventive and curative management of breast cancer bone
metastasis (BCBM).

Among different subtypes of breast cancer, patients with
estrogen receptors™ (ERT) tumors experience the most frequent
bone metastases. Bone metastases account for as high as 87% of
metastatic diseases among ER™ breast cancer patients, while the
incidence of bone metastasis is <56% among ER™ breast cancer
patients0 with metastatic diseases. ER positivity is also associated
with a higher rate of bone recurrence?!22, and ER* breast cancer
relapses more frequently in the bone than in other organs?3.
Although ERT breast cancer patients are regularly treated with
adjuvant endocrine therapy for a long-term after surgery, cancer
cells frequently develop late-onset recurrence in bone?2. This
suggests drug resistance to endocrine therapy developed in the
bone-metastatic cells. The long-dormant period also deprioritizes
current preventive bone-targeted therapy due to their significant
side effects. Thus, it is important to identify biomarkers that can
be used for predicting the risk of bone recurrence among ER™
breast cancer patients. Despite the strong association between ER
positivity and bone metastasis, how ER™ cancer cells acquire the
bone tropism remains unclear. Understanding the mechanism of
such organotropism warrants major opportunities to identify
specific biomarkers and preventive/therapeutic targets for ER™T
breast cancer bone metastasis. To survive in the bone micro-
environment, breast cancer cells need to interact with bone
microenvironment cells. Cell-secreted free proteins, including
PTHrP, IL-1, and IL-6 were known to facilitate the commu-
nication between cancer cells and bone cells?. In addition to the
cytokines, cancer cells are also able to interact with micro-
environment cells through extracellular vesicles (EVs)?>. These
vesicles, including apoptotic bodies (ABs), microvesicles (MVs),
and exosomes, encapsulate tumor-specific content, and transmit

them into environmental cells and circulation. They promote
tumor growth by directly transducing tumor cells2%, or affecting
surrounding cells to generate metastatic niche?’-2%. As yet, no
secretory factors specific to ERT breast cancer have been identi-
fied to elucidate the association between ER positivity and bone
metastasis.

In the current study, to decipher the molecular mechanism by
which ERT cancer preferentially metastasizes to the bone, we
examined both the EVs and the free proteins secreted by ERT
bone-tropic breast cancer. We found that the expression of exo-
somal miR-19a and IBSP is significantly upregulated in the
secretion of ERT bone-tropic breast cancer cell lines, as well as in
ERT breast cancer patients with bone metastases. While the miR-
19a was found to be upregulated in breast cancer, its exact role in
tumor progression has been poorly understood3®3l. IBSP is a
major structural protein of the bone matrix and is mainly
expressed by bone cells>2. We found that ectopic expression of
both factors promoted bone metastasis in our in vivo models,
suggesting both factors cooperate for ERT breast cancer bone
metastasis. We also screened a natural compound library and
identified chlorogenic acid (CGA) that is capable of blocking this
pathway. These findings illustrate a unique pathway of how ER*
breast cancer interacts with the bone microenvironment and
establishes bone colonization. Furthermore, these two secretory
factors would serve as prognostic markers for predicting the risk
of bone metastasis in ERT breast cancer patients.

Results

Bone-metastatic ERT breast cancer cells secrete miR-19a and
IBSP. Considering the importance of cell-cell communication in
bone metastasis, ER™ cells may shed secretory factors in the bone
microenvironment to exert strong bone tropism. To test this
hypothesis, we examined both EVs and proteins secreted from
bone-tropic breast cancer cells. Small non-coding RNA is known
to be selectively transported and enriched in EVs3334, suggesting
its importance as a disease regulator and feasible biomarker.
Thus, we compared the transcriptome profiles of miRNA in EVs
isolated from MCF7BoM2, a previously reported organotropic ER
T breast cancer cell line that prefers bone colonization3?, with the
EVs from its parental cell line MCF7 (Fig. 1a). We made sure that
the increased bone metastasis rate of the MCF7BoM2 line was not
due to an alteration in the cell growth ability, as implantation of
MCF7 and MCF7BoM2 into the mammary fat pads generated
primary tumors with similar sizes and weights (Supplementary
Fig. 1a-d). We found 157 miRNAs that were significantly upre-
gulated in the EVs from MCF7BoM2. To validate the clinical
relevance of these exosomal miRNAs, we examined whether they
are secreted into the blood of ERT patients using the cohort data
set of the circulating miRNA profiles from 23 ER™T breast cancer
patients and 22 healthy donors (Fig. la). Among the 157 miR-
NAs, three of them (miR-19a, miR-133b, and miR-576-5p) were
found to be significantly upregulated in the blood of ERT breast
cancer patients. Kaplan-Meier survival analyses were performed
to investigate the association between these three miRNAs with
metastatic events, and only miR-19a was found to be positively
correlated with metastatic disease in ER™ breast cancer patients
(Fig. 1b). There is no difference in metastatic incidence between
ER™ breast cancer patients with or without elevated miR-19a
expression (Fig. 1b), and both miR-133b and miR-576-5p are not
significantly associated with metastasis in either ERT™ or ER™
patients (Supplementary Fig. 2a). We also compared the ERT
breast cancer tissue from bone-metastatic lesions with ER* pri-
mary breast cancer tissue from breast cancer patients without
recurrence for 10 years, and with brain and lung metastatic
lesions from ER™T breast cancer patients with visceral metastases
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only, as well as with normal bone tissue. It was found that miR-
19a is indeed only increased in bone-metastatic tissues (Fig. 1c).
To validate the specificity of miR-19a associated with ER* tumor,
we established another ER' bone-tropic cell line, T47DBoM.
Similar to MCF7BoM2, T47DBoM generated comparable size
and weight of primary tumors when implanted in the mammary
fat pads. On the other hand, T47DBoM caused more aggressive
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bone metastases when it was implanted intravenously (Supple-
mentary Fig. le-h). We examined the expression of miR-19a in
ERT and ER™ cancer cell lines and found that the ERT bone-
tropic breast cancer cells, MCF7BoM2 and T47DBoM, have a
higher endogenous expression of miR-19a compared to the par-
ental cell lines, MCF7 and T47D (Fig. 1d). On the other hand, the
expression of miR-19a did not show any difference in the bone-

3


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

Fig. 1 Bone-metastatic ER" breast cancer cells secrete miR-19a and IBSP. a EVs were prepared from the conditioned medium of bone-metastatic cell line
MCF7BoM?2 and the parental cell line MCF7, followed by extraction of RNA. They were then subjected to miRNA profiling by GeneAtlas miRNA Array.
Using the criteria of FDR < 0.05 and Fold change >1.3, 156 miRNAs were selected for further study. These miRNAs were then examined whether they are
secreted in the blood of ERT patients using the cohort data set (GSE41922) of the circulating microRNA profiles between 23 ERT breast cancer (BC)
patients and 22 healthy donors (Normal). Three miRNAs (miR-19a. miR-133b, miR-576-5p), were found to be significantly upregulated (FDR < 0.05 and
logFC > 0.5) in the blood of breast cancer patients. BoM, bone metastatic. b Kaplan-Meier analysis of miR-19a was performed between breast cancer
patients with low miR-19a and high miR-19a expression using GSE22220. ¢ RNA from bone-met(metastatic) lesions (n = 6), primary tumors (n = 6), lung
and brain lesions (n = 6) of ERT breast cancer patients, and normal bones (n = 4) was extracted and miR-19a expression was examined by Tagman-PCR. A
two-sided student's t-test was performed (Primary vs Bone-met, p = 0.0047; Other-met vs Bone-met, p = 0.0249; Normal Bone vs Bone-met,
p=0.0059). Data are presented as mean values + SEM. d The expression of miR-19a in parental cell lines (MCF7, T47D, and MDA-MB-231) and bone-
tropic cell lines (MCF7BoM2, T47DBoM, and 231BoM-1833) were assayed by Tagman PCR. Two-sided student’s t-tests were performed between parental
groups and bone-metastatic (BoM) groups. p = 0.0003 (MCF7 vs MCF7BoM2, n=3), p = 0.0028 (T47D vs T47DBoM, n=3), p=0.1996 (MDA-MB-
231 vs 231BoM-1833, n = 2). Data are presented as mean values + SEM. e The expressions of miR-19a in ABs, MVs, and exosomes from the parental cell
lines (MCF7 and T47D) as well as their bone-tropic variants (MCF7BoM2 and T47DBoM) were examined by Tagman PCR. Two-sided student's t-tests
were performed between parental groups and bone-metastatic (BoM) groups, n =3 in each group. p = 0.0408 (ABs, T47D vs T47DBoM), p < 0.0001
(Exosomes, MCF7 vs MCF7BoM?2), p=0.0167 0001 (Exosomes, T47D vs T47DBoM). Data are presented as mean values + SEM. f Exosomes were
isolated from the serum of breast cancer patients and the expression of miR-19a was compared among seven groups: (i) ER* (n =10), (ii) Her2+ (n=10),
and (iii) triple-negative (n =10) breast cancer patients who were recurrence-free for 10 years, and (iv) ER™ breast cancer patients with visceral metastases
(n=15), (v) ER™ breast cancer patients with bone metastasis (n=10), (vi) ERT breast cancer patients with visceral metastases (n =12) and ERT breast
cancer patients with bone metastasis (n = 20). Two-sided student's t-tests were performed to compare the miR-19a expression between the ER*/Bone-
met group with each of the other groups. p =0.0012, 0.003, 0.0008, 0.0036, 0.016, and 0.0005 from left to right. Data are presented as mean
values £ SEM. g Cytokine/growth factor profiling was performed on conditioned media from MCF7 and MCF7BoM2 using L1000 array (Raybiotech), and
49 upregulated cytokines (fold change >3) were selected. This list was cross-examined with gene profiles of the ERT breast cancer biopsy database
(GSE56493). Genes upregulated (FDR < 0.05 and fold change >1.2) in biopsy of bone metastasis (n =5) compared to other sites (n=75) were selected.
IBSP in conditioned media, as well as in ER* breast cancer biopsy from the bone lesion and other sites (GSE56493, p < 0.0001, presented as mean
values £ SEM) were presented. h Kaplan-Meier analyses were performed for the association between IBSP expression and bone metastasis-free survival
among 209 ERT breast cancer patients and 69 ER~ breast cancer patients using GSE2034. i The IBSP expression was compared between ERT breast
cancer patients with (n=57) or without (n=152) bone metastasis (p = 0.04625, two-sided student’s t-test), as well as between ER~ breast cancer
patients with (n =11) or without (n = 58) bone metastases (p = 0.6944, two-sided student’s t-test). Data are presented as mean values + SEM. j Western
blot analysis for IBSP expression in MCF7 and MCF7BoM2, T47D and T47DBoM, MDA-MB-231 and 231BoM-1833. Quantification of the bands was
performed using the ImageJ program and the value was normalized to that of control (left panel). k PCR analysis for IBSP expression was performed in
MCF7 and MCF7BoM2 (p = 0.0341), T47D and T47DBoM (p = 0.0120), MDA-MB-231 and 231BoM-1833 (p = 0.3494), n=3 in all groups. Two-sided
student's t-tests were used in each pair of comparisons. Data are presented as mean values £ SEM. I IBSP was examined by IHC on bone lesions (n=6),
primary breast cancer tissue without recurrence for 10 years (n = 6), brain and lung lesions (n = 6) and normal bones (n = 4). The staining was quantified
by H-score assessment and compared by the two-sided student’s t-test. p=0.0002 (Primary vs Bone-met); p = 0.0014 (Other-met vs Bone-met);
p=0.0006 (Normal Bone vs Bone-met). Data are presented as mean values + SEM. E-cad (E-cadherin) was stained as the marker of breast cancer cells.
Rabbit IgG was used as isotype control. Scale bar, 100 um. m ELISA was performed to quantify the IBSP level in the serum of ER* (n=10), Her2*+ (n=10)
and triple-negative (n =10) breast cancer patients without recurrence for 10 years, and ER™ breast cancer patients with visceral metastases (n=15), ER™
breast cancer patients with bone metastasis (n =10), ER* breast cancer patients with visceral metastases (n =12) and ER* breast cancer patients with
bone metastasis (n = 20). Two-sided student's t-tests were performed to compare the miR-19a expression between the ER*/Bone-met group with each of
the other groups. p=0.0009, 0.0009, 0.0016, 0.0010, 0.0101, and 0.0024 from left to right. Data are presented as mean values + SEM. n ERT breast
cancer patients with or without bone metastases were separated into three groups according to the serum levels of IBSP and exosomal miR-19a, including
miR-19a low/IBSP low group (miR-19a=/IBSP—), miR-19a low/IBSP high or miR-19a high/IBSP low group (miR-197 or IBSP*) and miR-19a high/IBSP high
group (miR-19a*/IBSP*). The percentage in each group was calculated and plotted as the bar graph. The chi-square test was performed. o ERT breast
cancer patients with recurrent disease were selected from TCGA. Patients with early recurrence (<1000 days) and late recurrence (1000 days) were
separated into three groups: miR-19a low/IBSP low group (miR-19a=/IBSP—), miR-19a low/IBSP high or miR-19a high/IBSP low group (miR-19+ or IBSP+)
and miR-19a high/IBSP high group (miR-19a*/IBSP*). The percentage of patients and the median RFS (recurrence-free survival) days in each group were
calculated.

tropic triple-negative cell line derived from MDA-MB-2313¢
(Fig. 1d). To examine whether free or vesicle-encapsulated miR-
NAs are the major source of secreted miR-19a, we treated the
conditioned medium from MCF7BoM2 with RNase. The RNase
treatment did not degrade the secreted miR-19a from breast
cancer cells, suggesting that they are protected in the membrane
vesicles (Supplementary Fig. 2b). This finding is consistent with
the previous report that the majority of miRNA in serum is
encapsulated by EVs3738. EVs include ABs, MVs and exosomes.
To further clarify the source of EV-derived miR-19a, we exam-
ined the miR-19a expression in these three components of EVs
from MCF7 and T47D as well as their bone-tropic variants. After
confirming the purity of the isolated vesicles by nanoparticle
tracking analysis (NTA), electron microscope (EM), as well as a
western blot (Supplementary Fig. 2¢, d), the expression of miR-

19a in these vesicles, were examined by Tagman PCR. We found
that miR-19a is most highly expressed in exosomes compared to
other EVs (Fig. le). Importantly, there is a strong upregulation of
miR-19a in the exosomes from ERT bone-metastatic variants,
MCF7BoM2 and T47DBoM (Fig. le), compared to their parental
cell lines. However, ER™ 231BoM showed only a negligible
increase of miR-19a in the exosomes (Supplementary Fig. 2e).
Next, we examined whether the increase of exosomal miR-19a
can be detected in the serum of ERT breast cancer patients with
bone metastases. Strikingly, ERT breast cancer patients with bone
metastasis are significantly associated with higher expression of
exosomal miR-19a in serum (Fig. 1f). It should be noted that the
expression of exosomal miR-19a remained low in the patients
with primary breast cancer with no recurrence within 10 years.
We also did not observe any increase in exosomal miR-19a in the
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serum of ER™ breast cancer patients at advanced stages nor in
ERT patients with visceral metastases but with no bone invol-
vement (Fig. 1f). These data suggest that miR-19a is specifically
upregulated in both endogenous and exosomal levels of ERT
bone-tropic breast cancer cells.

We also examined secreted proteins and cytokines from ER™
bone-tropic breast cancer cells. By performing L1000 cytokine
array analysis, 1000 secreted proteins were examined in the
conditioned medium from MCF7 and MCF7BoM2, and 49
proteins were found to be upregulated in the cell culture media
from MCF7BoM2. Among these 49 proteins, IBSP was the only
significantly upregulated gene in the aspiration biopsy from bone-
metastatic lesions of ERT breast cancer patients, compared to the
biopsy samples from other sites (Fig. 1g). IBSP is a major
structural protein of the bone matrix. It is synthesized by skeletal-
associated cell types as a secreted protein, and is able to bind to
calcium and hydroxyapatite via its acidic amino acid clusters3?. In
breast cancer, we observed cancer cell-specific upregulation of
IBSP, while the paired normal breast epithelial cells did not
express IBSP (Supplementary Fig. 2f). This finding suggests a
possible role of IBSP in breast cancer progression. Since many
cytokines were previously reported to bind to the surface of EVs,
we also looked at the membrane fractions of EVs by western blot
(Supplementary Fig. 2g), but IBSP was not detected. We also
performed immunostaining of IBSP and CD63 for the exosomes
isolated from MCF7BoM2, and found that only CD63 but not
IBSP was detected on the surface of exosomes (Supplementary
Fig. 2h). Thus, we concluded that IBSP in the extracellular region
is mainly in the form of free secreted protein. To further clarify
the connection between IBSP and bone metastasis of ERT breast
cancer, we performed Kaplan-Meier analyses among 278 breast
cancer patients. IBSP was found to be positively correlated with
bone metastasis only in ER™ breast cancer patients, but not in ER”
breast cancer patients (Fig. 1h). There is an increase in IBSP
expression in the bone-metastatic group compared to the non-
bone-metastatic group among ERT breast cancer patients, but not
among ER™ breast cancer patients (Fig. 1i). We also verified that
ER* bone-metastatic cell lines have higher expression of IBSP
compared to the parental cell lines. The PCR and western blot
analyses confirmed the upregulation of IBSP in MCF7BoM2 and
T47DBoM, but not in ER™ bone-metastatic cell line 231BoM
(Fig. 1j, k). When ER™ breast cancer tissue from bone lesions was
compared with ERT primary breast cancer tissue from patients
with no recurrence within 10 years, and with brain and lung
metastatic lesions from ERT breast cancer patients with visceral
metastases only, as well as with normal bone tissue, IBSP was
found to be significantly increased in bone-metastatic tissues
(Fig. 11). Next, we examined whether the increase of IBSP can be
detected in the serum of ERT breast cancer patients with bone
metastases. A significant upregulation of IBSP protein in the
serum of ERT breast cancer patients with bone metastasis was
detected (Fig. 1m), but not in the serum of patients with only
primary breast cancer, advanced ER™ breast cancer patients, or ER
T breast cancer patients with visceral metastases other than bone.

Our data (Fig. la-m) suggest both miR-19a and IBSP are
positively related to bone metastasis of ERT cancer cells.
However, how they are associated with bone metastasis remains
unknown. We further investigated whether miR-19a and IBSP are
mutually related to bone metastasis of ER" breast cancer cells.
We combined the results from Fig. 1f with Fig. 1m, and stratified
the patients into three groups: both miR-19a and IBSP low, miR-
19a or IBSP high, both miR-19a and IBSP high. Strikingly, ERt+
breast cancer patients with bone metastasis are significantly
associated with higher expression of both IBSP and miR-19a.
Upregulation of sole factor led to a negligible, but not significant

increase of the bone-metastatic incidence, suggesting a possible
cooperative role of these two factors in bone metastasis of ER*
breast cancer cells (Fig. 1n). Next, we examined the expression of
miR-19a and IBSP in breast cancer patients using the TCGA
database. Among 41 ER™ breast cancer patients with recurrence,
IBSP and miR-19a could predict the recurrence risk as the
majority of patients with high levels of both factors experienced
earlier recurrence within 1000 days (Fig. 1o). The median
recurrence-free survival (RES) time of patients with high levels of
both miR-19a and IBSP is only 550 days, while the median RFS
time of patients with high expression of either miR-19a or IBSP
and patients with low levels of both miR-19a/IBSP are 1123 days
and 1281.5 days, respectively. These results indicate that miR-19a
and IBSP are positively associated with bone metastasis, and they
serve as biomarkers for a higher risk of bone metastasis when they
are both upregulated in ERT breast cancers.

Both IBSP and miR-19a are essential for bone metastasis of ER
+ breast cancer. To test whether both miR-19a and IBSP are
required for bone metastasis of ER™ breast cancer cells, we
ectopically expressed IBSP and miR-19a in MCF7, and estab-
lished stable overexpression cell lines (Supplementary Fig. 3a-d).
Ectopic expression of miR-19a did not alter the level of IBSP, and
vice versa, indicating there is no regulatory network involved
between IBSP and miR-19a. Neither miR-19a nor IBSP could
induce any change of exosome production (Supplementary
Fig. 3e), proliferation, or migration of the cells in vitro (Supple-
mentary Fig. 3f, g). Intra-mammary fat pad injection of MCF7
with miR-19a and/or IBSP forced-expression did not induce any
difference in tumor growth in vivo (Fig. 2a, b). Strikingly, ectopic
expression of both miR-19a and IBSP together in MCF7 led to a
significant increase in bone metastasis in the xenograft model
with the intracardiac injection of cancer cells (Fig. 2c). None-
theless, miR-19a or IBSP alone did not increase the incidence of
bone metastasis. These data suggest miR-19a and IBSP promote
bone metastasis through the tumor microenvironment instead of
affect cancer cells directly. Since IBSP is known to regulate bone
turnover by binding to integrin aVP3 receptor on the surface of
OC cells*®, we examined the bone densities of mice implanted
with the breast cancer cells. We found that ectopic expression of
both IBSP/miR-19a resulted in a significant decrease in bone
density in the tumor lesions (Fig. 2d). We also quantified the total
area of TRAP T OC surface and its percentage of total bone
surface area (OC.S/BS%) in the tumor-bearing bones and found
that synchronous overexpression of miR-19a and IBSP sig-
nificantly increased the osteoclastogenesis (Fig. 2e). We then
repeated this experiment in another ER* cell line, T47D. Both
IBSP and miR-19a were ectopically introduced into T47D (Sup-
plementary Fig. 3h, i), and stable overexpression cell lines had
been established (Supplementary Fig. 3j, k) before the cells were
inoculated into mouse tibia. Similar to MCF?7, ectopic expression
of both miR-19a and IBSP resulted in increased tumor burden in
the bones (Fig. 2f), while discrete expression of miR-19a or IBSP
alone did not affect the tumor growth. Bone lesions of T47D/
IBSP/miR-19a presented decreased bone densities (Fig. 2g) and
increased OC activities (Fig. 2h). These results indicate that miR-
19a and IBSP work together to induce osteolytic bone metastasis
in ERt breast cancer patients, though not directly affecting
cancer cell growth or motility.

miR-19a promotes osteolytic bone metastasis. Because both
miR-19a and IBSP are necessary to promote the bone metastasis
of ERT breast cancer cells, we investigated how each of them
contributes to the bone-tropic metastasis of cancer cells. MiR-19a,

| (2021)12:5196 | https://doi.org/10.1038/s41467-021-25473-y | www.nature.com/naturecommunications 5


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-25473-y

N= &6 6 8 6 b ~25 Cc N= o9 10 9 9
IBSP - + - + o u N IBSP - + - +
miR-19a - - + + £ 20 Y miR-19a - - + +
o2 . . v Y
1 ; 1.5 =
A i o o
3 362 dkxel s+ = | 7 it had B
10 -—
g 10 Eos a7 ] MCF7/pLenti/GFP
2 100 (= o, E LD E £ 150 MCF7/IBSP/GFP
E 108 0.0 Q- Q- . 5 MCF7/pLenti/miR-19a
(2] iR-
32 107 MCF7/pLenti/GFP \é \é‘ IS 100 MCF7/IBSP/miR-19a
2 q0s- MCF7/IBSP/GFP & K 6;8' & e
c s MCF7/pLenti/miR-19a N2 \\0 R w
s 10 1 MCF7/IBSP/miR-19a AP % 50
3 10— & N 2 x
g 0 5 10 15 20 25 N A “gf‘ 2 o4 . . .
Days g o 10 pays 20 30
d 2
Z 200 = a *kk e a J s
a L % mpm aa v ™ Q.
e e 0 1501 8%, =R a4, o1 <
o w o Q O &
= 4 c L n o Vv ‘B »
£ a S 100 . W c o o
§ a @ g 18 a
2 - > 50 v o |~k g
k-
& o g 0 § K K § g 5
: g K K & i o
& & A A APY. £ o
E < Q"\ 5_3 &\ N £ — .
) £ ¥ WS £
£ = P B KR
-] ] (;Q v \\0 c 5 A Q'\\
2 g A A a <V ©
o OQ (,Q 9 o0 \&o &
N o =
f3 g h
= a a a 100
o ] E 4 o < 80
& 3%10%; - TA7DIpLent/iGFP n=5 E = £ = ;
Q T47D/pLenti/miR-19a n=4 7] 7]
£ T47D/IBSPIGFP n=6 2 2 9 o o 60
£ 2x10°| -~ T47D/IBSPIMiR-19an=6 |+ o ‘ 2 40
3 g 8 5 3
L 1x100 3 o Sk 20
[u1] £ ‘E 4
c b5 = £ 0
o 0 T S 7] ~ o
3 0 10 20 30 3 @ £} &
= Q ¥ <
o Days ]! ’\ O\QV‘;\O
A
b,‘\<>
A

Fig. 2 Both IBSP and miR-19a are essential for bone metastasis of ER* breast cancer. a miR-19a and/or IBSP were ectopically expressed in MCF7, and
they were transplanted into mammary fat pads of female nude mice. The growth of the tumor was monitored by measuring the luciferase activity by IVIS
Bioimager. p = 0.3110 (MCF7/pLenti/GFP vs MCF7/IBSP/miR-19a; n=6 vs 6), p = 0.2649 (MCF7/pLenti/GFP vs MCF7/IBSP/GFP; n=6 vs 6),
p=0.4739 (MCF7/pLenti/GFP vs MCF7/plLenti/miR-19a; n = 6 vs 8). Data are presented as mean values + SEM. b At day 21, tumors were removed from
the mammary fat pad and their weights were measured. p = 0.3971 (MCF7/pLenti/GFP vs MCF7/IBSP/miR-19a; n=6 vs 6), p = 0.2178 (MCF7/pLenti/
GFP vs MCF7/1BSP/GFP; n=6 vs 6), p = 0.7632 (MCF7/pLenti/GFP vs MCF7/pLenti/miR-19a; n = 6 vs 8). Data are presented as mean values + SEM. ¢
miR-19a and/or IBSP were ectopically expressed, and they were transplanted into female nude mice via intracardiac injection. The incidence of bone
metastasis was monitored by measuring the luciferase activity by 1VIS Bioimager. Log-rank (Mantel-Cox) test was performed to calculate the p-value.
p=0.0105 (MCF7/pLenti/GFP vs MCF7/IBSP/miR-19a), p = 0.3982 (MCF7/pLenti/GFP vs MCF7/IBSP/GFP), p = 0.9230 (MCF7/pLenti/GFP vs
MCF7/pLenti/miR-19a). d The legs of mice were imaged by X-ray and the bone density was measured by Imagel. p =0.0007 (MCF7/pLenti/GFP vs
MCF7/IBSP/miR-19a; n = 6 vs 12), p = 0.8621 (MCF7/pLenti/GFP vs MCF7/IBSP/GFP, n =6 vs 7), p = 0.6397 (MCF7/pLenti/GFP vs MCF7/pLenti/miR-
193, n =6 vs 7). Two-sided student’s t-tests were performed. Data are presented as mean values + SEM. e TRAP staining was performed in tumor-bearing
bones from mice. The total OC surface area relative to the bone surface area was measured by Image), then calculated and compared among different
groups. H&E staining of the same field was shown together with the TRAP staining. Scale bar, 100 um. p < 0.0001 (MCF7/pLenti/GFP vs MCF7/IBSP/miR-
19a, n=6 vs 12), p=0.1598 (MCF7/pLenti/GFP vs MCF7/IBSP/GFP, n=6 vs 7), p=0.0867(MCF7/pLenti/GFP vs MCF7/plLenti/miR-19a, n =6 vs 7).
Two-sided student's t-tests were performed. Data are presented as mean values + SEM. f miR-19a and/or IBSP were ectopically expressed, and they were
transplanted into female nude mice via intra-tibia injection. The growth of tumor in bone was monitored by measuring the luciferase activity by IVIS
Bioimager. p = 0.0175 (T47D/plLenti/GFP vs T47D/IBSP/miR-19a), p = 0.4877 (T47D/plLenti/GFP vs T47D/IBSP/GFP), p = 0.3305 (T47D/plLenti/GFP
vs T47D/plenti/miR-19a). Data are presented as mean values + SEM. g The legs of mice were imaged by X-ray and the bone density was measured by
Imagel. p=0.0034 (T47D/pLenti/GFP vs T47D/IBSP/miR-19a n=5 vs 6), p=0.5750 (T47D/plLenti/GFP vs T47D/IBSP/GFP, n=5 vs 4), p=0.3809
(T47D/plenti/GFP vs T47D/plLenti/miR-19a, n =5 vs 6). Two-sided student's t-tests were performed. Data are presented as mean values + SEM. h TRAP
staining was performed in tumor-bearing bones from the mice. The OC surface relative to the bone surface was calculated and compared among different
groups. H&E staining of the same field was shown together with the TRAP staining. Scale bar, 100 um. p = 0.0001 (T47D/pLenti/GFP vs T47D/IBSP/miR-
19a,n=5vs 6), p=0.7711 (T47D/pLenti/GFP vs T47D/IBSP/GFP, n=5 vs 4), p = 0.5701 (T47D/pLenti/GFP vs T47D/pLenti/miR-19a, n =5 vs 6). Two-
sided student’s t-tests were performed. Data are presented as mean values + SEM.
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Fig. 3 miR-19a promotes osteolytic bone metastasis. a MCF7BoM2/ScrambledKO and MCF7BoM2/miR-19aKO were transplanted into female nude mice
via intracardiac injection. The growth of bone metastasis was monitored by measuring the luciferase activity by IVIS Bioimager. Log-rank (Mantel-Cox) test was
performed to calculate the p-value (p = 0.0109). b At the endpoint (day 28), mice were sacrificed and the expression of exosomal miR-19a from serum was
examined by Tagman. A two-sided student'’s t-test was performed (p = 0.0011, n=9 vs 10). Data are presented as mean values + SEM. ¢ Representative figures
of the expression of exosomal marker CD63 in normal bone and tumor-bearing bone from the mice. Scale bar, 100 um. d TRAP staining for osteoclast cells in
tumor-bearing bones from the mice transplanted with MCF7BoM2/ScrambledKO or MCF7BoM2/miR-19aK0. OC surface relative to the bone surface was

calculated and compared. H&E staining of the same field was shown together with the TRAP staining. Scale bar, 100 um. A two-sided student’s t-test was

performed (p = 0.00000014, n =11vs 12). Data are presented as mean values * SEM. e Exosomes from the serum of ERT breast cancer patients with (n =10)
or without (n=12) bone metastasis were isolated. The harvested exosomes were incubated with mouse bone marrow-derived monocytes. After 1 week, the
cells were fixed and TRAP staining was performed. The size (p = 0.0000039) and number (p = 0.4254) of differentiated OC were quantified and compared.

Scale bar, 100 um. Two-sided student's t-tests were performed. Data are presented as mean values = SEM.

as a member of the OncomiR-1 family, was previously found to
be upregulated in multiple malignancies#!-43. It was also found to
be expressed in breast cancer cells, although its role remains
unclear3%44, We found both endogenous and secreted levels of
miR-19a were higher in the bone-metastatic cell lines compared
to the parental cell lines. However, endogenous expression of
miR-19a did not affect breast cancer cells per se because the
ectopic expression of miR-19a did not alter the growth or motility
of cells in vitro (Supplementary Fig. 3f, g). To further clarify the
role of miR-19a in bone metastasis of ER™ breast cancer cells, we
applied the CRISPR/Cas9 technology to knock out the miR-19a in
MCF7BoM cells. A specific gRNA (guide RNA) was designed to
target the stem-loop of miR-19a precursor so that the biogenesis
of mature miR-19a was hindered. The genomic DNA cleaving
ability of our gRNA targeting miR-19a was verified by the T7E1
enzyme (Supplementary Fig. 4a). Four independent clones with
minimal miR-19a expression and unaltered proliferation were
selected and combined to establish the stable knockout cell line
(Supplementary Fig. 4b-d). When tested in vitro, we found that
knockout of miR-19a did not alter the cell migration or invasion
abilities (Supplementary Fig. 4e-f). However, when miR-19a
knockout cells were implanted into nude mice by intracardiac

injection, loss of miR-19a significantly decreased bone metastasis
(Fig. 3a). These data are consistent with our previous finding that
miR-19a is needed for bone-tropic metastasis of MCF7BoM2.
MCF7BoM2 has a high expression of both miR-19a and IBSP.
Knockout of miR-19a, but leaving IBSP alone, compromised the
bone-metastatic ability of MCF7BoM2. Interestingly, when we
examined the serum exosomes in the mice, we found that the
knockout of miR-19a significantly decreased exosomal miR-19a
in the serum (Fig. 3b). This finding suggests that serum exosome
could represent the dynamic changes of breast cancer cells. These
results are also in agreement with the previous finding that miR-
19a could not induce the intrinsic change of cancer motility.
Accordingly, we investigated whether exosomal miR-19a could
promote bone metastasis by remodeling environmental cells in a
paracrine manner instead of directly affecting cancer cells. The
tumor lesion in the bone exhibited abundant expression of exo-
somal marker CD63 (Fig. 3c), implying exosome activity in the
microenvironment. Since we found an aberrant osteolytic change
in our previous data, we examined the OC in the bone lesions.
There was a decrease of osteoclastogenesis in the tumor-bearing
bones when miR-19a was knocked out from the cancer cells
(Fig. 3d), indicating a possible role of exosomal miR-19a in
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promoting OC cells. To verify this hypothesis, exosomes from
serum of ERT breast cancer patients with or without bone
metastases were isolated and incubated with primary OC pre-
cursors. Exosomes prepared from the patients with bone metas-
tases significantly promoted OC maturation and differentiation
(Fig. 3e). These results indicate that miR-19a is involved in the
osteolytic bone metastasis and exosomal miR-19a could directly
promote OC activity in the bone microenvironment.

Exosomal miR-19a targets PTEN/AKT pathway to promote
osteoclastogenesis. To validate our hypothesis that exosomal
miR-19a promotes the activity of OC cells, we first examined
whether exosomes can be directly up-taken by OC cells. OC
precursor RAW264.7 cells were treated with PalmGFP-labeled
exosomes derived from bone-metastatic breast cancer cells. The
result indicates that exosomes from MCF7BoM2 were indeed
incorporated into RAW264.7 cells 24h after the treatment
(Fig. 4a). It was reported that miR-19a targeted PTEN 3'UTR*
and that OC differentiation and their activity were regulated by
NF-kB and AKT pathways*%47, both of which were known to be
inhibited by PTEN4849. Thus, it is plausible that cancer cells
secrete miR-19a and suppress PTEN expression in OC cells when
exosomes are internalized. The decrease of PTEN leads to acti-
vation of NF-kB and AKT pathways that promote OC cells. To
test this notion, we examined whether exosomal miR-19a mod-
ulates OC activity by suppressing PTEN expression, using the 3/
UTR reporter assay. We confirmed that the miR-19a-targeted
sequence on PTEN is conserved between human and mouse
(Supplementary Fig. 5a, b), and found that ectopic expression of
miR-19a indeed targeted PTEN, while mutation of the miR-19a
binding site on PTEN 3’UTR rescued the reporter activity
(Fig. 4b). Furthermore, ectopic expression of miR-19a in OC
precursor cells, RAW264.7, suppressed PTEN expression and
induced NF-kB and AKT pathway with increased phosphorylated
P65 and AKT (Fig. 4c, d). We also examined whether increased
miR-19a could promote OC differentiation of RAW264.7 by
performing TRAP staining. The ectopic expression of miR-19a
significantly increased the number of mature OC cells and their
size (Fig. 4e). Next, we tested whether direct treatment of OC
precursor cells with exosomal miR-19a, instead of lentiviral
overexpression, could also induce the activation of P65 and AKT
pathways. Although there was no difference in the efficiency of
exosome uptake (Supplementary Fig. 5¢), compared to exosomes
from the parental cell line, exosomes from bone-metastatic
MCF7BoM2 increased miR-19a, decreased PTEN and induced
AKT, and P65 activation in mouse bone marrow monocyte
(mBMM), which is the primary precursor of OC (Fig. 4f, g). In
addition, exosomes from MCF7BoM2 promoted the differentia-
tion of mBMM into OC (Fig. 4h). In a bone resorption assay,
mBMMs were seeded on the bone chips and incubated with
exosomes from MCF7 and MCF7BoM2. Exosomes from
MCF7BoM2 exhibited significantly higher competence to induce
the osteolytic activities of OC cells as shown by the increased area
of resorption pit (Fig. 4i). Consistent with our finding of enriched
miR-19a in exosomes, only exosomes, but not MV or AB, could
induce the differentiation of OC cells (Supplementary Fig. 5d). To
further investigate whether miR-19a is responsible for the OC-
promoting effect of the exosomes, OC cells were incubated with
exosomes isolated from MCF7BoM2/ScrabmbleKO cells or
MCF7BoM2/miR-19aKO cells (Fig. 4j-m and Supplementary
Fig. 6a—c). When miR-19a was knockout, exosomes were unable
to deliver miR-19a into OC cells and suppress PTEN expression
(Fig. 4j and Supplementary Fig. 6b). We also found that exosomes
prepared from bone-metastatic breast cells with miR-19a
knockout could not induce P65 and AKT activation (Fig. 4k

and Supplementary Fig. 6¢) and reversed the OC-promoting
effect (Fig. 41, m and Supplementary Fig. 6a). Collectively, we
demonstrated that bone-metastatic cells delivered miR-19a-
containing exosomes to OC precursor cells and suppressed
PTEN expression. Decreased PTEN induced the activation of NF-
kB and AKT signaling pathways, promoting the differentiation
and osteolytic activity of OC cells. This notion was also verified by
examining the effect of exosomes from MCF7 and MCF7/miR-
19a cell lines on OC cells. Compared to exosomes from parental
MCEF7 cells, exosomes from MCF7 with ectopic expression of
miR-19a significantly increased the miR-19a expression and
decreased PTEN expression in both recipient RAW264.7 and
mBMM cells, increased OC number, and promoted the differ-
entiation of OC in vitro (Supplementary Fig. 6d-i).

ERT breast cancer cells secrete IBSP to recruit osteoclast pre-
cursors. Next, we examined the role of IBSP in osteolytic bone
metastasis induced by miR-19a. IBSP is known to act as a ligand
of integrin aVB3 receptor that is highly expressed on the surface
of OC*. A previous study found that IBSP knockout in mice
resulted in decreased OC number in bones*’. Integrin aVp3 is
known to be associated with OC migration and adhesion®%>!, and
IBSP was previously found to be a cell-secreted protein with bone
matrix binding ability>2. Therefore, we hypothesize that IBSP
secreted from the bone lodging cancer cells can recruit the OC
precursors to the micro-metastatic site followed by creating an
OC precursor-enriched niche. Such an environment enhances the
uptake of miR-19a-containing exosomes by the OC precursors in
a concentration-dependent manner. In a trans-well migration
assay, we found that both MCF7BoM2 and MCF7/IBSP recruited
more OC precursors to abluminal chambers compared to MCF7
(Fig. 5a), which supports our hypothesis that IBSP attracts OC
precursors. We then performed the knockout of IBSP using the
CRISPR-Cas9 system in MCF7BoM2. To rule out the clonal
effect, three clones that showed no IBSP expression and no
alteration of growth ability were selected and mixed into one
heterogeneous line, MCF7BoM2/IBSPKO (Fig. 5b, ¢ and Sup-
plementary Fig. 7a). The knockout of IBSP expression did not
alter the cell migration ability of MCF7BoM2/IBSPKO (Fig. 5d).
However, the bone-metastatic ability was significantly compro-
mised by IBSP knockout in MCF7BoM2/IBSPKO cells in the
xenograft mouse model (Fig. 5e). Loss of IBSP also preserved the
density of tumor-bearing bones (Fig.5f). Results from TRAP
staining of the tumor-bearing tibias also suggested that the IBSP
knockout led to decreased osteoclastogenesis (Fig. 5g). These
results strongly support our hypothesis that IBSP recruits OC
cells to the tumor lesions in the bone, which is essential for the
uptake of exosomes and establishment of bone metastasis of ER"
breast cancer cells.

CGA blocks cooperative function of miR-19a and IBSP in ER*
BCBM. We hypothesized that cooperation between exosomal
miR-19a and IBSP generates the osteolytic bone microenviron-
ment, enabling the ER* tumor growth in the bone. Therefore, we
examined the changes in bone microenvironment induced by
directly injecting IBSP and exosomal miR-19a prepared from
MCF7BoM2 into the tibial bone of mice every two days without
tumor cell injection. This treatment resulted in a significant
increase in the number of OC at the treatment site (Supple-
mentary Fig. 7b). We also found that the DiD-labeled exosomes
from MCF7BoM2 were incorporated into OC cells when they
were injected into the tibial bone (Supplementary Fig. 7c). These
results suggest that exosomal miR-19a and IBSP cooperatively
create an osteolytic bone microenvironment. We then tested
whether such change could enhance the growth of primary MCF7
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Fig. 4 Exosomal miR-19a targets PTEN/AKT pathway to promote osteoclastogenesis. a Exosomes were labeled with GFP by ectopic expression of
PalmGFP in MCF7BoM2 cells. OC cells were then treated with the labeled exosomes. After 24 h, uptake of exosome by osteoclast cells was monitored by
confocal microscope. Scale bar, 10 um. b Luciferase reporter assay for the constructs containing wild-type PTEN 3’UTR or mutant PTEN 3’UTR was
performed after transfecting the cells with the miR-19a expression vector. p = 0.0001 (WT + PCDH vs WT + PCDH-miR-19a, two-sided student's t-test).
Data are presented as mean values £ SEM. ¢ Tagman PCR for miR-19a expression (p = 0.0131, n=3), and SYBR Green gPCR for PTEN expression
(p=0.0232, n=3) in RAW264.7/GFP and RAW264.7/miR-19a were performed. Two-sided student’s t-tests were performed. Data are presented as
mean values + SEM. d Western blot analysis for PTEN, phospho-NF-kB P65, total NF-kB P65, phospho-AKT and total AKT expression in RAW264.7/GFP
and RAW264.7/miR-19a cell lines. The band intensity was quantified and normalized to that of control (left panels). @ TRAP staining of RAW264.7/GFP
and RAW264.7/miR-19a cells. On day 4, the number of differentiated osteoclasts (p = 0.0080, n =5 vs 6) and the size of these cells (p < 0.0001, n =30
vs 40) were measured. Two-sided student's t-tests were performed. Data are presented as mean values + SEM. Scale bar, 100 um. f Mouse BMMs were
induced into OC cells with the treatment of exosomes and cytokines. Tagman PCR for miR-19a expression (p = 0.0008, n = 3) and SYBR Green gPCR for
PTEN (p = 0.0271, n=3) expression were performed for OC cells treated with exosomes from MCF7 and MCF7BoM2. Two-sided student's t-tests were
performed. Data are presented as mean values + SEM. g Western blot analysis for PTEN, phospho-NF-kB P65, total NF-kB P65, phospho-AKT and total
AKT expression in mouse BMMs treated with exosomes from MCF7 and MCF7BoM2. The band intensity was quantified and normalized to that of control
(left panels). h TRAP staining was performed for mouse BMMs treated with exosomes from MCF7 and MCF7BoM2. On day 4, the number of differentiated
osteoclast (p =0.000036, n=5 vs 5) and their sizes (p =0.0323, n=10 vs 23) were measured. Two-sided student's t-tests were performed. Data are
presented as mean values + SEM. Scale bar, 100 um. i Bone-resorbing activities of OC treated with exosomes from MCF7 and MCF7BoM2 were measured
by the bone-resorption assay. BMMs were seeded on a bone chip and treated with exosomes and cytokines. Resorption pits were measured and compared
(p=0.0070, n=4). Two-sided student's t-tests were performed. Data are presented as mean values + SEM. j Tagman PCR for miR-19a expression
(p=0.0291, n=3) and SYBR Green gPCR for PTEN expression (p =0.0047, n=3) were performed for mouse BMMs treated with exosomes from
MCF7BoM2/miR-19aKO and MCF7BoM2/ScrambledKO. Two-sided student’s t-tests were performed. Data are presented as mean values + SEM. k
Western blot analysis was performed for PTEN, phospho-NF-kB P65, total NF-kB P65, phospho-AKT, and total AKT expression in mouse BMMs treated
with exosomes from MCF7BoM2/miR-19aKO and MCF7BoM2/ScrambledKO. The band intensity was quantified and normalized to that of control (left
panels). | TRAP staining was performed for mouse BMMs that were treated with exosomes from MCF7BoM2/miR-19aKO and MCF7BoM?2 /ScrambledKO.
On day 4, the number of differentiated osteoclast cells (p =0.0005, n=5 vs 5) and their sizes were measured (p = 0.0029, n=11 vs 38). Scale bar,
100 um. Two-sided student's t-tests were performed. Data are presented as mean values + SEM. m The bone-resorbing activity of OC was measured by
the bone-resorption assay using BMMs that were treated with exosomes from MCF7BoM2/miR-19aKO and MCF7BoM2/ScrambledKO (p = 0.0025,
n=24 vs 20). Two-sided student's t-tests were performed. Data are presented as mean values + SEM.
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Fig. 5 ERT breast cancer cells secrete IBSP to recruit osteoclast precursors. a Trans-well migration assays were performed to measure the migration
ability of BMMs towards breast cancer cells. BMMs were seeded on the luminal side and breast cancer cells (MCF7, MCF7BoM2, and MCF7/IBSP) were
seeded on the abluminal chamber. Data are presented as mean values + SEM. b CRISPR-Cas9 mediated knockout of IBSP in MCF7BoM2. Three knockout
clones were confirmed by western blot. The band intensity was quantified and normalized to that of control (left panels). ¢ The selected clones were mixed
and designated as MCF7BoM2IBSPKO. Cell proliferation was measured for MCF7BoM2 and MCF7BoM2/IBSPKO by MTS assay. A two-sided student's t-
test was performed on day 3 and p=0.0496 (n=3 vs 3). Data are presented as mean values + SEM. d Cell migration ability of MCF7BoM2 and
MCF7BoM2/IBSPKO was measured by wound-healing assay. Scale bar, 100 um. e MCF7BoM2/ScrambledKO and MCF7BoM2/1BSPKO (500,000/0.1ml
PBS) were transplanted into female nude mice via intracardiac injection. The growth of bone metastasis was monitored by measuring the luciferase activity
by IVIS Bioimager, and the Kaplan-Meier analysis was done for bone metastasis-free survival (p = 0.0496, HR = 4.101). f The tumor-bearing bones were
imaged by X-ray, and the relative bone densities were quantified by Image) (p = 0.0124, n =9 vs 4). Two-sided student's t-tests were performed. Data are
presented as mean values + SEM. g OC surface relative to the bone surface was calculated and compared after TRAP staining. H&E staining of the same
field was shown together with the TRAP staining (p = 0.0036, n=9 vs 4). Two-sided student's t-tests were performed. Data are presented as mean

values £ SEM. Scale bar, 100 pm.

cells in the mice’s tibias (Fig. 6a). MCF7 cells were transplanted
into the tibial bone. At the same time, both IBSP and exosomes
from MCF7BoM2 were given every two days into the tumor site.
To evaluate the roles of exosomal miR-19a, exosomes from
MCF7BoM2/miR-19aKO were used as a control. We found that
the injection of miR-19a-containing exosomes and IBSP sig-
nificantly promoted tumor growth (Fig. 6a) in the bones, which
resulted in a decrease in bone density (Fig. 6b) and an increase in
OC activity (Fig. 6¢). These results suggest the indispensable roles
of exosomal miR-19a and IBSP in bone metastasis of ERT breast
cancer cells. Consistent with these results, knockout of miR-19a
or IBSP from MCF7BoM2 significantly decreased the bone-
metastatic ability of cancer cells, while ectopic expression of each
factor alone did not rescue the effect. (Supplementary Fig. 7d, e).

Because IBSP plays a critical role in recruiting OC precursor
cells and enabling the delivery of exosomal miR-19a to promote
bone metastasis, targeting IBSP could be an effective preventive
strategy to block the IBSP/exosome pathway, and decrease the
risks of bone metastasis/recurrence. Therefore, we used a
competitive binding assay to screen a natural compounds library
aiming at identifying compound(s) that block the binding of IBSP
with its receptor integrin aV3. In this assay, we layered integrin

aVpB3 on the bottom of wells, followed by adding IBSP in the
presence or absence of 176 natural compounds. The binding of
IBSP protein to integrin aVB3 was quantified using an enzyme-
tagged antibody to measure the inhibitory effect of natural
compounds. We found that Chlorogenic acid (CGA) most
significantly inhibited the binding of IBSP to integrin aVp3
(Fig. 6d). To ensure that the inhibitory ability is not a result of
direct interaction between the natural compound and the enzyme
tag, we repeated our screening with a different enzyme-tagged
antibody (Supplementary Fig. 8a). In a chemotaxis assay, we
found that CGA significantly blocked the recruitment of OC
precursors (mBMM) by IBSP (Fig. 6e). On the other hand, CGA
did not directly suppress the growth or migration of cancer cells
(Supplementary Fig. 8b, c). These data indicate CGA is a
competent inhibitor of the recruitment of OC by IBSP.
Importantly, in the xenograft model, both CGA and exosome
inhibitor GW4869 effectively suppressed ER™ breast cancer bone
metastasis (Fig. 7a), while no notable side effects were observed
with the mice received CGA treatment (Supplementary Fig. 8d,
e). It should be noted that the inhibitory effect of CGA on bone
metastasis is not a result of its effect on tumor cell growth,
because CGA did not affect the primary tumor growth
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Fig. 6 IBSP and miR-19a cooperatively induce osteoclastogenesis and promote cancer cell growth in the bone. a, b MCF7 cells were injected into the
tibias of mice. These mice also received 2 pg exosomes prepared from MCF7BoM2 and 0.5 ug recombinant IBSP injected into the tibias every 2 days. The
exosomes prepared from MCF7BoM2/miR-19aKO and PBS were used as controls. After three weeks, the bioluminescence signals of tibial bones were
measured. Two-sided student’s t-tests were performed. p = 0.4670 (Exo'92KO  PBS vs Ex0'92KO 1 IBSP, n =4 vs 6), p = 0.1949 (Ex0'92KO 1 PBS vs
Exo + PBS, n=4 vs 6), p=0.0446 (Ex0'93KO 4 PBS vs Exo + IBSP, n=4 vs 6). Data are presented as mean values + SEM (a). The bones were then
removed and bone densities were measured by X-ray. Two-sided student's t-tests were performed; p = 0.9280 (Ex0'92KO  PBS vs Ex0'92KO 4 |BSP, n=4
vs 6), p=0.9143 (Ex0'93KO 4 PBS vs Exo + PBS, n=4 vs 6), p=0.0257 (Exo'93KO 1 PBS vs Exo -+ IBSP, n=4 vs 6) Data are presented as mean
values £ SEM (b). ¢ The removed bones were decalcified, sectioned, and examined for the amount of OC surface by TRAP staining followed by
quantification using the Imagel. Two-sided student's t-tests were performed; p = 0.7224 (Ex0'93KO 4 PBS vs Ex0'92KO 4 IBSP, n=4 vs 6), p=0.8773
(Ex0'9aKO 1 PBS vs Exo + PBS, n=4 vs 6), p = 0.0002 (Ex0'92KO 4 PBS vs Exo + IBSP, n = 4 vs 6). Data are presented as mean values + SEM. d Integrin
aVp3 was seeded on the bottoms of 96-well plates. IBSP was then added to the well in the presence or absence of the library of natural compounds. The
bound IBSP was measured by colorimetric substrates of alkaline phosphatase (AP). The OD 405 was compared between CGA-treated groups and the
DMSO-treated group. Two-sided student'’s t-tests were performed; p < 0.0001 (n = 3) in all groups. CGA was found to most significantly inhibit the binding
of IBSP to integrin aVp3. Data are presented as mean values = SEM. e The role of IBSP as a chemoattractant of osteoclast cells, and the inhibitory effect of
CGA on this chemoattraction were examined by the p-Slide Chemotaxis assay. The movement of 20 OC cells with the highest mobility was tracked and the
directionality was calculated by Chemotaxis and Migration Tool. p-value was calculated with the Rayleigh test (left: p=0.0000002, right: p = 0.194763).

(Supplementary Fig. 8f, h). On the other hand, CGA did not
suppress the bone metastasis of 231BoM cells in our ER" breast
cancer xenograft model (Supplementary Fig. 8i). These results
demonstrate that CGA is a promising preventive reagent for bone
metastasis of ERT breast cancer. With either CGA treatment or
exosome blockade, the bone-metastatic lesions showed signifi-
cantly decreased osteoclastogenesis (Fig. 7b) and increased bone
density (Fig. 7c). We also confirm our findings in the T47D
xenograft mouse model. When the T47D cells were implanted
into mice by intracardiac injection, ectopic expression of miR-19a
and IBSP significantly increased the rate of bone metastasis
(Fig. 7d), decreased the bone density of the metastatic lesions
(Fig. 7e), and increased the OC activities (Fig. 7f). The CGA
treatment significantly decreased the rate of bone metastasis, and
rescue the osteolytic changes in the bone lesions (Fig. 7d-f).
Interestingly, when we generated organ culture of tumor tissues
from various distant metastatic lesions in the T47D inoculated
mice, we found significantly more exosomal miR-19a in the
culture media of bone-metastatic lesions compared to other
metastatic sites (Supplementary Fig. 8j). We also examined
whether CGA was able to suppress the established bone
metastasis. We first transplanted MCF7BoM2 into the tibial
bone of mice. After confirming the tumor growth by measuring

the bioluminescent signals, CGA or bisphosphonate-DMDP
(Dichloromethylenediphosphonic acid disodium salt) was given
to the mice. We found that CGA was able to suppress the cancer
cell growth of established tumors in the bone more effectively
compared to the control group or the bisphosphonate treatment

group (Fig. 7g, h).

Discussion

ER™ breast cancer patients have a considerably higher risk of bone
metastasis2%2253-5> compared to other subtypes. In this study, we
identified exosomal miR-19a and IBSP as key secreted factors from
ER* bone-metastatic cells. Ectopic expression of one factor alone
did not increase bone lesions in our animal models. However,
upregulation of both factors together significantly promoted the
tumor growth in the bone and osteoclastogenesis, indicating the
cooperative roles of exosomal mIR-19a and IBSP in promoting
osteolytic bone metastasis. We found that ERT cancer cells secrete
IBSP as a chemoattractant for precursors of OC cells, while exo-
somal miR-19a enhances the osteoclastogenesis in the early
metastatic site, which promotes the bone colonization of ERT
breast cancer cells (Fig. 8). Importantly, in both serum and tran-
scriptome profiles of breast cancer patients, we verified that miR-
19a and IBSP are correlated with bone metastasis and recurrence
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status. While the serum of advanced breast cancer patients in this
study was collected during the course of treatment with tumor
burden, we did not see a significant difference in the expression of
exosomal miR-19a and IBSP between groups with different treat-
ment histories (Supplementary Data 5). These data suggest the
potential use of exosomal miR-19a and IBSP of serum as liquid

biomarkers to stratify ER™ breast cancer patients with a high risk
of bone recurrence.

MiR-19a is located in the miR-17-92 cluster (oncomiR-1),
which is characterized as a set of mammalian microRNA
oncogenes®®. The tumor-promoting role of miR-19a has been
reported in multiple types of cancers®’~%1, and it is known to
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Fig. 7 CGA blocks cooperative function of miR-19a and IBSP in ER* BCBM. a The mice were treated with 2 ug exosomes prepared from MCF7BoM?2 and
0.5 pg recombinant IBSP by injecting them into the tibias every two days. The exosomes from MCF7BoM2/miR-19aKO and PBS were used as controls.
After two weeks, the bones were removed, and the TRAP staining of the bones was performed. The OC surface of the bone surface was quantified by
Image) and compared by the two-sided student's t-test. p = 0.0181 (PBS + Ex0'93KO vs |BSP + Exo), p = 0.2436 (PBS + Ex0'92KO ys PBS + Exo),

p = 0.4594 (PBS + Ex0'93KO ys IBSP 4 Ex0'92K0). n =5 in all groups. b The ratio of OC surface relative to the bone surface was calculated after TRAP
staining. p <0.0001 (MCF7BoM2 vs MCF7BoM2 + CGA, n=13 vs 8), p=0.0001 (MCF7BoM2 vs MCF7BoM2 + GW4869, n =13 vs 5). Representative
H&E staining of the same field was shown (left panel) together with the TRAP staining (right panel). Scale bar, 100 um. Two-sided student's t-tests were
performed. Data are presented as mean values + SEM. ¢ The legs of tumor-bearing mice were imaged by X-ray, and the bone density was measured by
Imagel. Two-sided student’s t-tests were performed. p < 0.0001 (MCF7BoM2 vs MCF7BoM2 + CGA, n=13 vs 8), p=0.0002 (MCF7BoM?2 vs
MCF7BoM2 + GW4869, n =13 vs 5). Data are presented as mean values + SEM. d T47D, T47DBoM, and T47D with ectopic expression of miR-19a or/and
IBSP were intra-cardially injected into mice. One group of mice injected with T47DBoM also received CGA treatment. The growth of bone metastasis was
monitored by VIS Bioimager, and the Kaplan-Meier analysis and log-rank tests were performed for bone metastasis-free survival. p = 0.000036 (T47D vs
T47DBoM); p = 0.0078 (T47D vs T47D/IBSP/miR-19a); p = 0.0003 (T47DBoM vs T47DBoM + CGA). e The legs of tumor-bearing mice were imaged by
X-ray, and the bone density was measured by Imagel. p = 0.0027 (T47D vs T47D/IBSP/miR-19a, n=4 vs 12); p=0.0111 (T47D vs T47DBoM, n=4 vs
14); p=0.0009 (T47DBoM vs T47DBoM + CGA, n=14 vs 7). Two-sided student'’s t-tests were performed. Data are presented as mean values + SEM. f
The ratio of OC surface relative to the bone surface was calculated and compared after TRAP staining. H&E staining of the same field was shown (left
panels) together with the TRAP staining (right panels). Scale bar, 100 um. p = 0.0028 (T47D vs T47D/IBSP/miR-19a, n =4 vs12); p = 0.0023 (T47D vs
T47DBoM, n=4 vs 14); p=0.0003 (T47DBoM vs T47DBoM + CGA, n=14 vs 7). Two-sided student’s t-tests were performed. Data are presented as
mean values + SEM. g One week after intra-tibia injection of MCF7BoM2, mice were treated with CGA or DMDP. The growth of bone tumors was
monitored by measuring the luciferase activity by VIS Bioimager. Two-sided student's t-tests were performed. p =0.0215 (MCF7BoM2 vs
MCF7BoM2 + CGA, n=28vs 6), p=0.1920 (MCF7BoM2 vs MCF7BoM2 + DMDP n = 8 vs 6). Data are presented as mean values = SEM. h After 24 days,
the legs were removed and the bioluminescence of each leg was quantified. Two-sided student's t-tests were performed. p = 0.0144 (MCF7BoM2 vs
MCF7BoM2 + CGA, n=8 vs 6), p=0.1747 (MCF7BoM2 vs MCF7BoM2 + DMDP n=8 vs 6). Data are presented as mean values + SEM.

Osteoclastogenesis

@ Circulating Tumor Cell » Exosome {;‘1 Osteoblast ¢ IBSP |]Integrinavp3 @ % (¥ Osteoclast

Fig. 8 Proposed mechanism of exosomal miR-19a and IBSP mediated bone metastasis in ER* breast cancer. In the early metastatic niche, ER* breast
cancer cells secrete IBSP as a chemoattractant to recruit precursors of OC cells, creating an OC precursor-enriched microenvironment. OC precursors
incorporate exosomes from breast cancer cells, and miR-19a is transported into OC precursors. Inside the OC precursors, miR-19a suppresses PTEN
expression, activates NF-kB and AKT pathways, and promotes osteoclastogenesis. Mature OC cells induce bone resorption, liberating growth factors from
the bone matrix, which further promote the growth of cancer cells.

directly target tumor suppressor PTEN4262:63 1t is also predicted
to target ER. However, overexpression of miR-19a did not alter
the level of ER in breast cancer cells®, and the exact role of miR-
19a in breast cancer is yet poorly understood. The previous study
has characterized miR-19a targets in breast cancer by quantitative
proteomic approach3?. No growth-suppressive effect was found
when those targets were ectopically expressed, suggesting that
endogenous miR-19a does not directly alter the growth of cancer
cells per se. Consistent with their finding, the results of our study
revealed that modulation of miR-19a expression in breast cancer
cells did not alter the growth or migration abilities in vitro.
Interestingly, ectopic expression of miR-19a did not affect the
expression of PTEN in the cancer cells (data not shown). A
possible explanation is that miR-19a is actively sorted out of
cancer cells by exosomes. Accordingly, miR-19a expression is
positively correlated with osteolytic bone metastasis in vivo,
strongly suggesting a role of miR-19a as a key modulator of
tumor microenvironment in the process of bone metastasis of
breast cancer. In the “vicious cycle of bone metastasis”®, breast
cancer cells are known to interact with host cells to generate a
favorable microenvironment for cancer cell growth in the bone

through direct cell-cell contact or via secreted proteins®®-68. We
found that the oncogenic role of miR-19a in ERT breast cancer is
dependent on its secretory nature as exosomes. Exosomal miR-
19a secreted from tumor cells are internalized into the OC pre-
cursor and induces the differentiation of OC into mature OC. OC
osteoclastogenesis is one of the key steps related to the estab-
lishment of bone metastasis, and miR-19a augments this process
by activating the p-AKT pathway. Therefore, this study revealed a
specific role of miR-19a in ERT breast cancer bone metastasis.
The nature of miR-19a encapsulated inside exosomes also makes
it a promising candidate as a circulating biomarker for diagnostic
and prognostic purposes®®-72,

IBSP constitutes around 12% of the non-collagenous proteins
in human bone and it is synthesized by bone resident cells.
Several types of cancers, including colon, breast, prostate, and
lung cancers were reported to have upregulated IBSP
expression’3. In breast cancer, IBSP was also detected in cancer
cells’4, and we found that IBSP is only expressed in breast cancer
cells but not in normal breast tissue, making it a good candidate
as a tumor-specific biomarker. Indeed, IBSP was previously
reported to be associated with poor survival of breast cancer
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patients”>. Interestingly, it was also found to be positively asso-
ciated with bone metastasis, but negatively associated with lung
metastasis in breast cancer’>. These observations can be well
explained by our results, as we found IBSP regulates bone
metastasis in ERT breast cancer. ER™ breast cancer is known to
have a higher incidence of bone metastasis compared to other
subtypes, while they have a lower incidence of lung metastasis>°.
By classifying subtypes of breast cancer patients, we have shown
the feasibility of using IBSP, together with exosomal miR-19a to
predict the risk of bone metastasis in ERT patients. More
importantly, we clarified a cooperative pathway between IBSP
and miR-19a, that mobilizes the bone microenvironment to guide
the ERT breast cancer cells to the bone and support their cell
growth. However, in this study, we did not observe a regulatory
effect in gene expression between miR-19a and IBSP (Supple-
mentary Fig. 2a, b). Therefore, the increased bone metastasis is
likely to be a result of the colonial selection of high miR-19a/IBSP
cells that adapt well to the early metastatic niche due to the
interaction with OC cells.

Currently, there is no effective and safe regimen to prevent
bone recurrence in breast cancer. The present bone-targeted
therapy does not improve the survival of breast cancer patients,
and patients with bone metastases still rely on systemic treatment.
However, patients with bone recurrence develop resistance to
systemic treatment as the cancer cells acquired resistance to these
drugs at an early stage. In this study, we found that CGA blocks
the interaction between IBSP and OCs, inhibiting the pro-
osteoclastogenesis effect of cancer-derived exosomes. CGA is
abundant in the extract from plants, and it has minimum side
effects for long-term preventive treatment. By using exosomal
miR-19a and IBSP to predict the risk of bone metastasis, ERT
breast cancer patients could benefit from this agent in preventing
late-onset recurrence in the bone. CGA could also be used as a
combination therapy to treat ERT breast cancer patients with
bone metastasis.

Collectively, our study identified exosomal miR-19a and IBSP
as mediators of cell-cell communication between breast cancer
cells and OC cells, which promotes the vicious cycle of bone
metastasis in ER™ breast cancer. Importantly, the natural com-
pound CGA can block this process. This study sheds light on the
molecular mechanism of bone metastasis in ER™T breast cancer,
which warrants further investigation on the miR19a-IBSP axis for
the development of an effective therapeutic strategy.

Methods

Cells and cell culture. Human breast carcinoma cell lines, MDA-MB-231, MCF7,
T47D, and mouse monocyte/macrophage cell line RAW 264.7 were purchased
from American Type Tissue Culture Collection (ATCC, Manassas, VA, USA).
MCF7BoM2 and 231BoM-1833, the bone-metastatic derivative of breast cancer cell
lines were kindly provided by Dr. Joan Massagué (Memorial Sloan-Kettering
Cancer Center)’%3%. To select bone-tropic T47DBoM, 100,000 T47D cells were
injected into the left cardiac ventricle of athymic-nu/nu mice. Subsequently, bone-
metastatic tumor cells were isolated from the tibias. Three rounds of selection were
performed to establish the T47DBoM cell line. Luciferase-labeled cells were gen-
erated by infecting the lentivirus carrying the firefly luciferase gene. MDA-MB-231,
MCF7 cells and their variants, as well as RAW264.7, were cultured in DMEM
medium supplemented with 10% FBS and antibiotics. Murine bone marrow-
derived monocytes and macrophages (BMMs) were generated as previously
described””. Briefly, bone marrow cells were harvested by flushing the femurs and
tibias of six to eight-week-old C57BL/6 mice (The Jackson Laboratory, Bar Harbor,
ME, USA) with minimum essential medium-a (a-MEM; Invitrogen, Carlsbad, CA,
USA). The cells were then washed, centrifuged, and incubated in complete a-MEM
containing 10% heat-inactivated fetal bovine serum and penicillin/streptomycin for
18 h to separate the floating and adherent cells. The floating cells were collected and
cultured in complete a-MEM supplemented with 50 ng/ml murine recombinant
Macrophage Colony Stimulating Factor (M-CSF; Peprotech, Rocky Hill, NJ, USA).
After 3 days, non-adherent cells were washed out and the adherent cells were used
as BMMs.

Animal experiments. For experimental metastasis assay, cancer cells in 100 pl of
PBS were injected into the left cardiac ventricle of the athymic-nu/nu mice

(7-8 weeks). For intratibial implantation of cancer cells, cells with or without
ectopic expression of miR-19a and IBSP were injected into the tibia at a final
concentration of 100,000 cells/10 pl. To investigate the effect of miR-19a and IBSP
on the primary tumor, cancer cells (1 x 10°) in 50 pl PBS were mixed with Matrigel
matrix (Corning, Corning, NY, USA) at 1:1 ration, and implanted into mammary
fat pads of athymic-nu/nu mice. All mice received implantation of 1.7 mg estradiol
continuous release pellets (Innovative Research of America). To confirm a suc-
cessful injection, we immediately monitored photon flux from the whole body of
the mice after injection. The growth of tumors in the bones was monitored and
quantified by measuring luminescence using IVIS Xenogen bioimager (Caliper Life
Science), and the images were analyzed using Living Image (Caliper Life Science)
version 4.7.3 software and Aura software (Spectral Instruments Imaging, LLC)
version 3.2. For CGA (Sigma-Aldrich, St. Louis, MO, USA) treatment, the com-
pound dissolved in deionized water was administered orally at doses of 200 mg/kg
body weight per day. For GW4869 (Cayman Chemical, Ann Arbor, MI, USA)
treatment, the drug was intraperitoneally (i.p.) injected at the dose of 2.5 ug/g every
three days. For DMDP (Dichloromethylenediphosphonic acid disodium salt)
treatment, the drug was intraperitoneally (i.p.) injected at the dose of 10 mg/kg
twice a week. For in vivo exosome uptake assay, the mice were treated with 2 pg
Vybrant DiD-labeled exosomes with or without 0.5 ug recombinant IBSP by
injecting them into the tibias every two days. After two weeks, the bones were
extracted and sectioned with a diamond knife. The sectioned bone was then stained
with FITC-CTSK (Cathepsin K) and DAPI. The co-localization of OC and exo-
some was examined by Keyence All-in-one Fluorescence Microscope (BZ-X700).
For measurement of the percentage of OC surface per bone surface (OC.S/BS%),
bioluminescence and H&E staining were performed to identify the metastatic sites.
For each of the mice, all the bone-metastatic sites were TRAP stained and
cumulative osteoclast surface and bone surface were measured by Image] (FIJI,
1.52n)78,

X-ray imaging. On days 28 before euthanization, X-ray images of the mice were
captured with Faxitron Multifocus 10 x 15 Digital Radiography System. Mice were
anesthetized and placed dorsal side up in the X-ray chamber with legs in the
capture region. X-ray images of the tibias were analyzed using Image] (Image]J
1.8.0_112; 64-bit; National Institute of Health) according to previous
publications’*80 and relative bone density was quantified. The image was cali-
brated to a standard aluminum wedge. The average mean grayscale value of the
area of interest was recorded after the value of background soft-tissue was
subtracted.

Human L1000 array. The cell culture supernatants were dialyzed and biotinylated
according to the manual of L-Series Human Antibody Array 1000 (RayBiotech,
Peachtree Corners, GA, USA). The glass slide arrays were then locked and incu-
bated with biotin-labeled samples to allow the binding of target proteins to the pre-
printed capture antibodies. Streptavidin-conjugated fluorescent dye is then used to
interact with the bound proteins. Finally, when the slide is dried, laser fluorescence
scanning was performed with GenePix® 4000B Microarray Scanner to visualize
signals. To compare the expression of each protein target, Protein Array Analyzer
was used to quantify the signals.

Gene knockout and overexpression. IBSP and miR-19a knockout was carried out
with CRISPR/Cas9 system. lentiCRISPR v2 was a gift from Feng Zhang (Addgene
plasmid # 52961; http://n2t.net/addgene:52961; RRID:Addgene_52961) Guide
RNAs for IBSP (AGAACTTACTGAGAAAGCAC) and miR-19a (AATCTATG-
CAAAACTGATGG) were cloned into vectors according to the provided protocol.
Lentivirus was prepared by transfection of plasmids into HEK 293T cells.
MCF7BoM2 was infected with lentivirus and screened with puromycin. The suc-
cess of knockout was confirmed by the T7EI assay (NEB). Single-cell clones were
picked by limit dilution. Four miR-19a knockout clones and three IBSP knockout
clones were selected. The knockout clones of each gene were mixed to generate the
heterogeneous knockout cell lines and they were used for functional assays. The
stabilities of the knockout were verified every five passages by PCR and western
blot analysis. The plasmid for overexpression of IBSP (LV185867) was purchased
from ABM (Applied Biological Materials, Richmond, BC, Canada) and the plasmid
for overexpression of miR-19a (PCDH-miR-19a) was a kind gift from Dr. Yin-
yuan Mo.

Osteoclastogenesis assay and tartrate-resistant acid phosphatase (TRAP)
staining. Murine BMMs at a density of 1 x 10° cells/ml or RAW264.7 cells at a
density of 1 x 10° cells/ml were plated in a chamber slide (Thermofisher, Waltham,
MA, USA) and cultured in complete a-MEM supplemented with 50 ng/ml murine
recombinant M-CSF, 25 ng/ml murine recombinant RANKL (Peprotech, Rocky
Hill, NJ, USA) in the presence or absence of 20 ug/ml exosomes, a concentration
used previously in multiple studies?7-0%81:82, On day 4, TRAP staining was per-
formed using a leukocyte acid phosphatase kit (Sigma-Aldrich, St. Louis, MO,
USA) according to the manufacturer’s instructions. The multinucleated TRAP-
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positive cells from five biological replicates were considered mature OC cells and
monitored by Zeiss Axioplan2 microscope. The size of OC cells was measured by
Image] as reportedS3.

Bone-resorption assay. To determine the role of exosomal miR-19a in the bone
resorption activity of OC cells, pit assay was performed on bone slices (Immu-
nodiagnostic Systems). 50,000 bone marrow-derived OC precursor BMMs were
seeded on sterilized bone slices placed in a 96-well plate. The BMMs were cultured
with complete a-MEM supplemented with 50 ng/ml murine recombinant M-CSF,
25 ng/ml murine recombinant RANKL (Peprotech, Rocky Hill, NJ, USA) in the
presence or absence of 20 pg/ml exosomes. The media was changed every 2-3 days.
After two weeks of cell culture, cells were washed, and resorption pits were stained
with 1% toluidine blue. The resorption area was photographed under microscopy
and the image was analyzed by Image].

Extracellular vesicles purification and tracking analysis. Extracellular vesicles
(EVs) from cells were isolated by ultracentrifugation. Cells were grown in EVs-
depleted media for 48 h before CM was collected for EVs purification. To isolate
total EVs, CM was centrifuged at 300 x g for 10 min to remove cells. EVs were
collected by ultracentrifugation at 120,000 x g for 70 min. Apoptotic bodies (ABs),
microvesicles (MVs), and exosomes were isolated by differential centrifugation as
published before®48>. Briefly, the harvested CM was centrifuged at 300 x g for

10 min to remove cells. ABs were collected by centrifugation at 2000 x g for 20 min.
The supernatant was centrifuged at 16,500 x g for 20 min to collect MVs. After that,
the Supernatant was passed through a 0.2 um filter (Sarstedt, Niimbrecht, GER-
MANY) to remove the particles larger than 200 nm. Exosomes were then pelleted
by ultracentrifugation at 120,000 x g for 70 min. The isolated EVs were analyzed
and quantified by nanoparticle tracking analysis (NTA) and electron microscope
with negative staining.

Imaging of exosomes by transmission electron microscopy. For negative
staining, Purified exosomes were incubated onto discharged 200 mesh copper EM
grids and fixed with 2% Paraformaldehyde (PFA). 1% uranyl acetate (UA) solution
was used to stain the exosomes on the surface of the EM grids. The exosomes were
imaged by FEI Tecnai BioTwin Transmission Electron Microscope. For immu-
nostaining of IBSP and CD63 on the surface of exosomes, Anti-CD63 (1:100)
(Santa Cruz Biotechnology, Dallas, Texas, USA) and anti-IBSP (1:100) (Thermo-
fisher, Waltham, MA, USA) were used to incubate the fixed exosomes on the grids.
The 10 nm colloidal gold-labeled protein A (1:50)(BOSTER BIOLOGICAL
TECHNOLOGY, Pleasanton, CA, USA) was then used to label the primary anti-
bodies. After that, negative staining was performed with 2% uranyl acetate and the
grid was imaged by transmission electron microscopy.

Exosome uptaking assay. Breast cancer cell lines were labeled with lentivirus
expressing PalmGFP (a kind gift from Dr. Xandra O. Breakefield). Cells with
intense fluorescence were selected by BD FACSAria Cell Sorter. Exosomes labeled
with PalmGFP were isolated by differential ultracentrifuge. To monitor the uptake
of exosomes in OC cells, RAW264.7 cells were seeded in chamber slides overnight
and 20 pg/ml exosomes were added into the media. After 24 h of incubation, the
cells were washed and fixed. Cell nuclei were stained with DAPI followed by sealing
the slides with coverslips. The uptake of exosomes was confirmed by examining the
GFP signal under Olympus FV1200 SPECTRAL laser scanning confocal
microscope.

ExoELISA. To compare the exosome production from cells after ectopic expression
of miR-19a and IBSP, exosome concentration in the cell culture media was
determined using ExoElisa from System Biosciences (SBI, Mountain View, CA,
USA). According to the manufacturer’s instruction, exosomes from a comparable
amount of different cell lines were purified by ExoQuick-TC precipitation solution
(SBI, Mountain View, CA, USA). Diluted exosomes, together with protein stan-
dards, were incubated with a provided microtiter plate. The detection antibody was
added to the wells, followed by a horseradish peroxidase enzyme-linked secondary
antibody. Finally, TMB ELISA substrate was added to develop the signal, and a stop
buffer was used to stop the reaction. OD value was recorded with a spectro-
photometric plate reader at 450 nm. The data were normalized to the cell count.

Immunohistochemistry. Immunohistochemical analysis was carried out for par-
affin-embedded, surgically resected specimens of breast cancer bone metastases.
Briefly, the sections were de-paraffinized, rehydrated, and heated at 100 °C for
20 min in Tris-buffered saline (pH 9.0) for antigen exposure. They were treated
with 3% H,O, to block endogenous peroxidase activity, followed by treatment with
5% BSA solution for 30 min. The slides were then incubated with primary anti-
bodies targeting IBSP (Invitrogen, PA5-50633, 1:100) and E-cadherin (Cell Sig-
naling Technology, clone 24E10, #3195, 1:200) for 16 h at 4 °C. After washing in
PBS/0.1% Tween-20, the sections were treated with the secondary antibody anti-
rabbit (Bio-Rad, #1706515, 1:500). The sections were washed extensively, and DAB
substrate chromogen solution was applied followed by counterstaining with
hematoxylin. For negative control, we added the rabbit IgG isotype control

(Invitrogen, 02-6102, 1:250) instead of primary antibodies during the primary
antibody incubation. The expression of the protein of interest was evaluated by H
scoring as the sum of the frequency and the intensity (0: none; 1: weak; 2: mod-
erate; 3: strong). The final score =1x (% of 1 + cells) + 2 x (% of 2 + cells) +
3 % (% of 3 + cells). IHC scores were determined by concordance among the scores
of two independent reviewers.

MTS assay. Viability of cell lines was quantified by using the CellTiter 96 Aqueous
One solution cell proliferation assay kit (Promega, Madison, WI, USA). Cells were
plated in 96-well tissue culture plates at a density of 5000 cells per well. At the time
of measurement, 20 pl of CellTiter 96 AQueous One solution reagent was added
into each well of the 96-well assay plate containing the samples in 100 pl of culture
medium. The plate was incubated at 37 °C for 1h in a humidified, 5% CO,
atmosphere. The absorbance at 490 nm was measured and recorded.

Wound-healing migration assay. The cell migration was estimated by a wound-
healing migration assay and monitored by the Olympus IX-70 microscope. Cells

were seeded in 12 well cell culture dish and a scratch was made on the monolayer
using a sterile tip when cells reach 100% confluence. The distance of migration by
cancer cells was measured every 24 h.

Real-time PCR and western blotting. Total RNA was isolated by using Direct-zol
RNA MiniPrep Plus (Zymo Research Corp, Irvine, CA, USA) and miRNeasy Mini
Kit (Qiagen, Germantown, MD, USA) for mRNA and microRNA, respectively. We
used iScript Reverse Transcription Supermix (Life Science Research, Hercules, CA,
USA) and TagMan MicroRNA Reverse Transcription kit (ThermoFisher Scientific,
Waltham, MA, USA) for mRNA and miRNA reverse transcription, respectively.
Quantitative PCR (qPCR) for miRNA was conducted by using TagMan Universal
Master Mix IT and TagMan microRNA assays (ThermoFisher Scientific, Waltham,
MA, USA). All miRNA assays were purchased from ThermoFisher Scientific.

U6 snRNA and RNU48 TagMan probes were used as endogenous controls for
human and mouse cells, respectively. For coding genes, qPCR was conducted by
using iTaq Universal SYBR Green Supermix (Life Science Research, Hercules, CA,
USA). Primers used in this study were listed in Supplementary Data 1. Western
blotting was carried out using general methods. Briefly, the protein was extracted
from the cells using RIPA buffer, quantified by Protein Assay (Bio-Rad, Hercules,
California, USA), resolved by 10% SDS-polyacrylamide gel, and then electro-
transferred to nitrocellulose membrane. Primary antibodies against IBSP (Invi-
trogen, PA5-50633, 1:500), Phospho-NF-kB p65 (Ser536) (Cell Signaling
Technology, clone 93H1, #3033, 1:1000), NF-kB p65 (Cell Signaling Technology,
#8242, 1:1000), Phospho-Akt (Ser473) (Cell Signaling Technology, clone D9E,
#4060, 1:3000), Akt (Cell Signaling Technology, #9272, 1:2000), HSP70 (Invitrogen,
Clone 5A5, #MA3-007, 1:1000), PTEN (Santa Cruz Biotechnology, clone A2B1, sc-
7974, 1:1000), CD63 (Santa Cruz Biotechnology, clone MX-49.129.5, sc-5275,
1:500), TSG101 (Santa Cruz Biotechnology, clone C-2, sc-7964, 1:1000), GRP94
(Santa Cruz Biotechnology, clone H-10, sc-393402, 1:500), a-actinin-4 (Santa Cruz
Biotechnology, clone G-4, sc-390205, 1:500), Calregulin (Santa Cruz Biotechnol-
ogy, clone A-9, sc-166837, 1:500), GAPDH (Cell Signaling Technology, clone
DI16H11, #5174, 1:15,000), a-tubulin (Cell Signaling Technology, #2144, 1:2000)
were used. HRP-conjugated anti-mouse IgG (Cell Signaling Technology, #7076) or
anti-rabbit IgG (Bio-Rad, #1706515) and mouse IgG kappa binding protein
m-IgGk BP-HRP (Santa Cruz Biotechnology, sc-516102) were used as secondary
antibodies. Immunoblotting images were captured by Amersham Imager 600 or
the X-ray film processor. Images were quantified with ImageJ software.

Receptor-ligand in vitro binding assay. The receptor-ligand in vitro binding
assay was developed according to previous publications3¢8”. Briefly, a high-binding
96-well plate was coated with integrin aVp3 in the carbonate-bicarbonate buffer.
The plate was sealed and incubated at 4 °C overnight. The plate was then washed
and blocked with PBS (0.1% Tween and 1% BSA). IBSP with or without the natural
compound library was incubated with coated integrin aVp3 at room temperature
for 2 h. The plate was then washed and further incubated with primary antibody
Goat anti-IBSP (R&D SYSTEMS, AF4014, 1:100) or Goat IgG Control (R&D
SYSTEMS, AB-108-C, 1:100). Anti-goat IgG tagged with either HRP (horseradish
peroxidase) (Invitrogen, A15999, 1:5000) or AP (alkaline phosphatase) (Invitrogen,
A16002, 1:2500) was used as the secondary antibody. After washing the plates, the
substrate was added, and the plates were incubated for 30 min followed by adding
the stop solution. The binding of integrin aVp3 and IBSP was quantified by
measuring the absorbance value with a plate reader.

p-Slide chemotaxis assay. The p-Slide chemotaxis assay was carried out
according to the manufacturer’s instructions. Briefly, OC precursors BMMs at

3 x 10 cells/ml were mixed with collagen type I gels and other ingredients before
being seeded into the middle channel. Left and right chambers were filled with FBS
media with or without IBSP. The movement of cells was tracked according to a
previous publication®®. Time-lapse video microscopy was performed using an
inverted Nikon microscope. Cell tracking was performed using the Image] software
(National Institutes of Health, Bethesda, USA) plugin “Manual Tracking” (Fabrice
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Cordeliéres, Institut Curie, Orsay, France), then analyzed with Chemotaxis and
Migration Tool (Version 2.0, IBIDI).

Clinical samples. Clinical samples from breast cancer patients and healthy indi-
viduals were obtained from Tumor Tissue and Pathology Shared Resource of Wake
Forest Baptist Comprehensive Cancer Center and Cooperative Human Tissue
Network. The serum samples from early-stage breast cancer patients were collected
before surgery and the serum samples from advanced breast cancer patients were
collected during the course of treatment. Population characteristics including
patient age, race, diagnosis, metastasis, receptor status, and treatment history were
retrieved from medical records, and summarized in Supplementary Data 2 and 3.
The patient information of tumor tissue and healthy bone tissue was summarized
in Supplementary Data 4.

MiRNA array, bioinformatics, statistical tests, and reproducibility. EVs from
MCF7 and MCF7BoM2 were collected and miRNA was extracted using miRNeasy
Micro Kit (Qiagen, Hilden, North Rhine-Westphalia, Germany). Expression pro-
filing of miRNA was performed by using the Affymetrix GeneChip miRNA Array.
For calculation of FDR and fold change in differential expression analyses, the
ComparativeMarkerSelection module from GenePattern®® (Broad Institute, Cam-
bridge, MA, USA) was used. For clustering and visualization, the Hier-
archicalClustering and HierarchicalClusteringViewer modules from GenePattern
were used. For metastasis-free survivals, Kaplan-Meier curves were plotted using
the time to event as the outcome. Statistical differences in survival across groups
were assessed using the log-rank test. For other analyses, student’s ¢-tests (two-
sided) were used unless otherwise noted. All other statistical analyses were per-
formed using the GraphPad Prism 8 Program (GraphPad Software, San Diego, CA,
USA). Asterisk: *p < 0.05, ¥*p <0.01, ***p <0.001, ****p < 0.001, "5p > 0.05.
Representative experiments were repeated independently three times with similar
results.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

CEL and expression files associated with the GeneChip miRNA array in this study are
deposited at GEO (https://www.ncbi.nlm.nih.gov/geo/) with the accession number
GSE176105. The GEO data set (GSE41922, GSE22220, GSE56493, GSE2034), TCGA
referenced during the study are available in a public repository from https://
www.ncbi.nlm.nih.gov/geo/ and https://portal.gdc.cancer.gov/ websites. The source data
underlying Figs. 1-7 and Supplementary Figs. 1-8 are provided as a Source Data file. All
the other data supporting the findings of this study are available within the article and its
supplementary information files and from the corresponding author upon reasonable
request. A reporting summary for this article is available as a Supplementary Information
file. Source data are provided with this paper.
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Despite accumulating evidence in rodents, the functional role of neuromedin B (NMB) in regulating somato-
sensory systems in primate spinal cord is unknown. We aimed to compare the expression patterns of NMB and its
receptor (NMBR) and the behavioral effects of intrathecal (i.t.) NMB with gastrin-releasing peptide (GRP) on itch

E;ir;ltl‘;smaca e or pain in non-human primates (NHPs). We used six adult rhesus monkeys. The mRNA or protein expressions of
Scratching q NMB, GRP, and their receptors were evaluated by quantitative reverse transcription polymerase chain reaction,

immunohistochemistry, or in situ hybridization. We determined the behavioral effects of NMB or GRP via acute
thermal nociception, capsaicin-induced thermal allodynia, and itch scratching response assays. NMB expression
levels were greater than those of GRP in the dorsal root ganglia and spinal dorsal horn. Conversely, NMBR
expression was significantly lower than GRP receptor (GRPR). I.t. NMB elicited only mild scratching responses,
whereas GRP caused robust scratching responses. GRP- and NMB-elicited scratching responses were attenuated
by GRPR (RC-3095) and NMBR (PD168368) antagonists, respectively. Moreover, i.t. NMB and GRP did not
induce thermal hypersensitivity and GRPR and NMBR antagonists did not affect peripherally elicited thermal
allodynia. Consistently, NMBR expression was low in both itch- and pain-responsive neurons in the spinal dorsal
horn. Spinal NMB-NMBR system plays a minimal functional role in the neurotransmission of itch and pain in
primates. Unlike the functional significance of the GRP-GRPR system in itch, drugs targeting the spinal NMB-
NMBR system may not effectively alleviate non-NMBR-mediated itch.

1. Introduction in rodents and primates [6,7]. Moreover, the ablation of GRP receptor

(GRPR)" neurons in the spinal dorsal horn (SDH) markedly reduces

Of all nociceptive somatosensory systems, acute itch/pruritus is an
essential alert system that eliminates noxious components by scratching
responses. However, intractable itch associated with several skin or
systemic diseases (e.g., atopic dermatitis, dry skin, diabetes mellitus,
and cholestatic liver disease) significantly affects the quality of life and
causes huge economic losses globally [1,2]. Several lines of evidence
reveal critical molecules that contribute to the transmission of itch from
the periphery to the central nervous system [3-5]. The intrathecal (i.t.)
administration of gastrin-releasing peptide (GRP), a mammalian
bombesin-related peptide, elicits robust itch-related scratching behavior
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scratching behavior induced by different types of pruritic stimuli,
without affecting the pain threshold in rodents [8,9]. The enhancement
of GRP-GRPR activity based on the upregulation of each molecule and
the sensitization of GRPR™ neurons may not only underlie acute but also
chronic itch [10,11].

Neuromedin B (NMB) is a decapeptide that bears close homology
with bombesin-related peptide, and it mediates several physiological
functions such as smooth muscle contraction, hormone secretion, and
cell growth [12,13]. In contrast to GRP, NMB may be involved in both
itch and pain signaling. Initially, intracerebroventricular administration
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of NMB elicits itch-related scratching behavior [14], supported by other
rodent studies using i.t. or an intracerebroventricular delivery route
[15-17]. However, the degree of NMB-induced scratching is consider-
ably less than that of GRP. Conversely, the intraplantar administration of
NMB elicits nociceptive hypersensitivity and the ablation of NMB re-
ceptor (NMBR) " neurons results in thermal hypoalgesia [18]. NMBR and
GRPR, which have close structural homology, are predominantly
expressed in separate subpopulations of spinal neurons, and the NMB-
NMBR system may function upstream of the GRP-GRPR system in ro-
dents [15,19]. Despite accumulating evidence in rodents, there is no
evidence regarding the functional role of spinal NMB-NMBR system for
regulating itch and pain in primates.

A substantial neurochemical gap between rodents and primates
[20-22] warrants confirming the functional significance of key mole-
cules contributing to sensory processing in primates. The pharmaco-
logical effects of opioid peptides (i.e., p-opioid peptides and nociceptin/
orphanin FQ) on pain and itch-related behaviors in non-human primates
(NHPs) differ from those in rodents [23-25]. The i.t. administration of
p-opioid receptor agonists, such as morphine, produces itch sensation in
patients and elicits robust scratching behavior in NHPs [6,26]; however,
the degree of scratching in rodents is much less than that in NHPs
[16,27,28]. Unlike opioids, the behavioral effects of i.t. GRP in rodents
are similar to those in NHPs [6,29], thereby indicating the functional
significance of GRP-GRPR system in rodents can be translated to NHPs.
NMBR is distributed in the central nervous system of primates [30], thus
functional evidence for the NMB-NMBR system in NHPs is needed to
understand the mechanisms in the spinal transmission of itch. We aimed
to compare the expression patterns of NMB-NMBR and GRP-GRPR sys-
tems and the behavioral effects of i.t. NMB with GRP on itch or pain
sensation in NHPs.

2. Materials and methods
2.1. Animals

We used six adult rhesus monkeys (Macaca mulatta), comprising four
males and two females, with a body weight of 6-11 kg and aged 10-16
years. The animals were housed at an indoor facility accredited by the
Association for Assessment and Accreditation of Laboratory Animal Care
International (Frederick, MD, USA). They were individually placed in
cages with a floor space of 6-12 square feet, 2.7-5.4-feet high ceiling,
and an environmentally controlled room (21-25 °C, 40-60% relative
humidity) with a 12-h light/dark cycle (lights on: 6:30-18:30). They
were provided with water, monkey chow (LabDiet St. Louis, MO, USA),
and fresh fruit ad libitum. We provided them with primate enrichment
devices and treats daily. They were not subjected to any experiment 1
month before initiating the study. The animals were assigned to each
experiment based on the tasks they were trained to perform. All exper-
iments followed a within-subject design (i.e., each group of animals
served as its own control and all dosing conditions were randomized by a
counterbalanced design). All experiments were conducted during late
mornings of weekdays until the completion of time courses or testing
sessions. All animal care and experiments were conducted in accordance
with the Guide for the Care and Use of Laboratory Animals by the US
National Institutes of Health (Bethesda, MD, USA), and were approved
by the Institutional Animal Care and Use Committee of Wake Forest
University (Winston-Salem, NC, USA). The present study was reported in
accordance with the Animal Research: Reporting of In Vivo Experiments
[31].

2.2. Tissue collection

Researchers have previously described detailed procedures for tissue
collection [32]. Briefly, the animals were deeply anesthetized with so-
dium pentobarbital (Sigma-Aldrich, St. Louis, MO, USA) and the
vascular system was flushed with saline (Baxter, Deerfield, IL, USA). The

Biochemical Pharmacology 198 (2022) 114972

spinal column was dissected to expose the spinal cord and the attached
dorsal root ganglia (DRG). For reverse transcription-quantitative real-
time polymerase chain reaction (RT-qPCR), the spinal dorsal horn (SDH)
and DRG tissues from the lumbar segment 4 (L4) were flash frozen in dry
ice. For in situ hybridization and immunohistochemistry, one block of L4
spinal cord tissue was fixed in 4% paraformaldehyde (Sigma-Aldrich),
cryopreserved in 30% sucrose (Sigma-Aldrich) prepared in phosphate
buffered saline (PBS) (Sigma-Aldrich), and embedded in an optimal
cutting temperature compound (Sakura Finetek, Torrance, CA, USA). All
tissues were stored at —80 °C until use.

2.3. RT-gPCR

We performed SDH and DRG tissue processing and the RT-qPCR
protocol according to a previous study [32]. The mRNA expression
levels of NMB, GRP, NMBR, and GRPR from five animals were quantified
based on the comparative threshold cycle (Cr) method [33]. PCR
amplification efficiency for each primer was determined by the slope of
standard curve generated from tenfold serial dilutions (0.02-20 ng) of
the cDNA mixture from subjects. The average Cr values were obtained
from three replicates and normalized against that of p-actin (ACTB)
using the following formula; 2~(Cr target gene=Cr ACTB) (9-ACr)

2.4. Immunohistochemistry

Fixed frozen spinal cord tissues were sectioned at a thickness of 30
pm using a cryostat (Leica CM30508S; Leica Biosystems, Wetzlar, Ger-
many) for free-floating immunostaining. The tissue sections were
washed in PBS containing 0.3% Triton X-100 (Sigma-Aldrich) and
treated with TrueBlack Lipofusin Autofluorescence Quencher (Biotium,
Fremont, CA, USA) for 2 min. After washing with PBS, we blocked the
tissues with PBS containing 3% normal donkey serum (Jackson Immu-
noResearch Laboratories, West Grove, PA, USA) at room temperature for
1 h. The sections were incubated with a primary antibody against GRPR
(rabbit polyclonal, 1:500 dilution; MC-831, MBL International, Woburn,
MA, USA), NMBR (rabbit polyclonal, 1:500 dilution; ABR-004, Alomone
Labs, Jerusalem, Israel), and NeuN (mouse monoclonal, 1:500 dilution;
MAB377, MilliporeSigma, Burlington, MA, USA; markers for neuronal
nuclei) at 4 °C overnight. The following day, we rinsed the sections in
PBS before incubation with donkey anti-rabbit or anti-mouse IgG sec-
ondary antibody conjugated to AlexaFluor 594 or 488, respectively
(1:500 dilution; Jackson ImmunoResearch Laboratories), at room tem-
perature for 3 h. All antibodies were prepared in PBS containing 1%
normal donkey serum. The tissue sections were rinsed in PBS, mounted
on glass slides to air dry, and cover-slipped with Prolong Gold AntiFade
mounting media (ThermoFisher Scientific, Waltham, MA, USA).

2.5. In situ hybridization

Fixed frozen spinal cord tissues were sectioned at a thickness of 10
pm using a cryostat (Leica) for detecting mRNA expression. We per-
formed in situ hybridization according to the protocol of the RNAscope
Multiplex Fluorescent v2 Assay (Advanced Cell Diagnostics, Newark,
CA, USA). Briefly, the spinal cord sections were fixed in 4% para-
formaldehyde, dehydrated in ethanol, and treated with HyO,, target
retrieval reagent, and protease III. The tissues were hybridized with
commercial probes for NMBR (# 821681, GRPR (# 821671), protein
kinase C y (PKCG; # 837971; marker for pain processing neurons), ve-
sicular glutamate transporter 2 (VGLUTZ2; # 540961; marker for excit-
atory neurons), and vesicular GABA transporter (VGAT; # 428881;
marker for inhibitory neurons). Moreover, we visualized the nuclei with
the DAPI. The tissue sections were cover-slipped with Prolong Gold
AntiFade mounting media, followed by the capture of confocal images
using Olympus FV1200 confocal microscope (Olympus America, Center
Valley, PA, USA). For quantifying the percentage of co-expression, we
captured mosaic images with Z series by setting a fixed matrix that
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Fig. 1. A comparison of mRNA expression of GRP versus NMB, and GRPR versus NMBR, in the dorsal root ganglia and spinal dorsal horn of monkeys. mRNA levels
were quantified using RT-qPCR and analyzed by the comparative Cr method. (A) PCR amplification efficiency for each primer (NMB, GRP, NMBR, GRPR, and ACTB)
was determined by the slope of standard curve generated from tenfold serial dilutions (0.02-20 ng) of the ¢cDNA mixture from subjects. (B-E) Relative mRNA
expression levels in the dorsal root ganglia (B, C) and spinal dorsal horn (D, E). Data represent the mean + SD (n = 5), with dots representing individual NHP. Data
were analyzed by the paired t-test. *p < 0.05, significantly different between GRP and NMB (B, D) or GRPR and NMBR (C, E).

contained the entire spinal dorsal horn. To quantify the distribution of
NMBR" and GRPR" cells, we identified laminae I-III versus IV-V using
standard lamination criteria [34]. Cells containing at least three dots of
punctate staining were counted with the software Image J, developed by
the National Institute of Health (NIH, Bethesda, MD, USA).

2.6. Itch scratching responses

We recorded the scratching responses of six animals in their home
cages to assess the itching sensation caused by test compounds [35].
Each 15-min recording session followed the i.t. administration of NMB,
GRP, or a mixture of NMB or GRP with different antagonists. The
number of scratches was the primary outcome. A scratch was defined as
one brief (<1 s) scraping on the skin surface of other body parts using the
forepaw or hind paw. The total number of scratches for each 15-min
period was calculated by experimenters blinded to the dosing
conditions.

2.7. Acute thermal nociception

We performed the warm water tail-withdrawal assay to measure
nociceptive responses of five animals to thermal stimuli and the effects
of test compounds [36,37]. The animals were seated in primate restraint
chairs, followed by the immersion of lower parts of their shaved tails
(~15 cm) in water maintained at 42 °C, 46 °C, or 50 °C. We used water
at 42 °C or 46 °C as a normally non-noxious stimulus (i.e., no tail-
withdrawal expected), whereas that at 50 °C was used as an acute
noxious stimulus (i.e., 2-3 s tail-withdrawal latency); however, it did not
cause thermal injury. The tail-withdrawal latency was the primary

outcome. The animals were randomly assigned to the dosing condition.
Experimenters unaware of the dosing conditions measured the tail-
withdrawal latencies at each temperature, randomly using a comput-
erized timer. They recorded a maximum duration of 20 s (the cut-off) if
the animal did not withdraw its tail within 20 s. Test sessions
commenced with the baseline measurements at each temperature.
Subsequently, the tail-withdrawal latencies were measured at 15 min,
30 min, 45 min, and 60 min following the i.t. administration of the test
compound.

2.8. Capsdaicin-induced thermal allodynia

We evaluated the antiallodynic effects of the test compound using a
1-h pretreatment regimen (i.e. 1 h before capsaicin administration)
[38,39] in five animals. Capsaicin (1.2 mg/mL x 0.3 mL) was topically
administered via a bandage attached to the terminal 3-5 cm of the tail
for 15 min. The allodynic response was manifested as reduced tail-
withdrawal latency from a maximum value of 20 s to approximately
2-3 s in 46 °C water. The aforementioned allodynic effect peaked at 15
min following the removal of the capsaicin bandage, during which we
measured the tail withdrawal latency in 46 °C water (i.e., to determine
the antiallodynic effects of the test compound).

2.9. Drugs

NMB (Sigma-Aldrich), RC-3095 (Sigma-Aldrich), GRP (Tocris
Bioscience, Minneapolis, MN, USA), and DAMGO ([D—AlaZ,N—MePhe4,
Gly-ols]-enkephalin) (Cayman Chemical, Ann Arbor, MI, USA) were
dissolved in sterile water. PD168368 (Tocris) stock solution was
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Fig. 2. Effects of intrathecal NMB and GRP on itch scratching responses in monkeys. (A, B) Time courses of itch scratching responses elicited by varying doses of
NMB and GRP. (C) Total number of scratches summed from the four time points displayed in A and B. (D, E) Time courses of itch scratching responses elicited by
NMB (100 nmol) or GRP (10 nmol), in combination with the GRPR antagonist RC-3095 (100 nmol) or NMBR antagonist PD168368 (300 nmol). Data represent the
mean + SD (n = 6), with dots representing individual NHP. Data were analyzed by the two- (A, B, D, and E) or one-way (C) repeated measures ANOVA, followed by
Dunnett’s multiple comparison test. *p < 0.05, significantly different from the vehicle condition.
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Fig. 3. Effects of intrathecal NMB and GRP on the thermal nociceptive threshold, compared with substance P in monkeys. (A-C) Time courses of tail-withdrawal
latencies measured in 46 °C water following the intrathecal administration of varying doses of NMB (A), GRP (B), or substance P (C). Data represent the mean
+ SD (n = 5), and were analyzed by the two-way repeated measures ANOVA, followed by Dunnett’s multiple comparison test *p < 0.05, significantly different from
the vehicle condition.

prepared in a 1:1:8 ratio of dimethyl sulfoxide (ThermoFisher Scienti- administered the drugs intrathecally following a previously described
fic), Tween 80 (ThermoFisher Scientific) and sterile water, and diluted drug delivery procedure [35]. Briefly, the animals were positioned in
with sterile water to obtain the target working solution. The doses of primate restraint chairs and anesthetized by intravenous propofol

these test ligands were based on previous NHP studies [6,35,40]. We (2.5-4.0 mg/kg for bolus infusion and 0.3-0.4 mg/kg/min for
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Fig. 4. Effects of intrathecal NMBR and GRPR antagonists on peripherally
elicited pain, compared with DAMGO ([D-Alaz,N-MePhe4,Gly-ols]-enkephalin)
in monkeys. Topical capsaicin-induced allodynia was evaluated by tail-
withdrawal assays in 46 °C water following the intrathecal administration of
p-opioid receptor agonist DAMGO (1 and 3 nmol), GRPR antagonist RC-3095
(100 and 300 nmol), or NMBR antagonist PD168368 (300 and 1000 nmol).
Data represent the mean + SD (n = 5), and were analyzed via a one-way
repeated measures ANOVA, followed by Dunnett’s multiple comparison test.
*p < 0.05, significantly different from the vehicle condition.

continuous infusion; AstraZeneca Pharmaceuticals LP, Wilmington, DE,
USA). A spinal needle (22-gauge x 1.5; BD Biosciences, Franklin Lakes,
NJ, USA) was inserted into the subarachnoid space between the L4/L5
lumbar vertebra. A 1-mL solution of compound was slowly infused
through the spinal needle within 30 s. Animals recovered from anes-
thesia within 10 min after the termination of propofol infusion, and were
returned to their home cages.

2.10. Statistical analyses

Data are presented as mean values + SD. We performed comparisons
for similar monkeys across all test sessions for one experiment. We
conducted the paired t-test (Fig. 1) and two- or one-way repeated
measures analysis of variance (ANOVA) (Figs. 2, 3, and 4) to compare
the outcome measures (i.e., tail-withdrawal latency and the number of
scratches). The criterion for significance was set at p-value < 0.05. We
used GraphPad Prism version 9 software for statistical analyses.
Behavioral data collection was performed under blinded conditions. No
statistical power calculations were performed prior to the study. The
sample size was based on our previous experience with this design
[38,40].

3. Results
3.1. Expression of NMB, GRP, and their receptors in the DRG and SDH

First, we investigated the gene expression levels of NMB, GRP, and
their receptors in the DRG and SDH of NHPs by RT-qPCR. The slopes of
the standard curves for each gene were almost identical, which indicated
that the PCR amplification efficiencies were similar among same cate-
gories of molecules (Fig. 1A). In both the DRG and SDH, mRNA
expression levels of NMB (relative to ACTB) were substantially greater
than those of GRP (Fig. 1B, D), whereas the levels of NMBR were
significantly lower than those of GRPR (Fig. 1C, E).
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3.2. Effects of i.t. NMB and GRP on itch sensation

We conducted behavioral analyses to evaluate the effects of spinally-
delivered NMB and GRP on itch sensation in NHPs. The i.t. adminis-
tration of NMB transiently elicited scratching behavior in a dose-
dependent manner (Fig. 2A, C). In contrast, the i.t. administration of
GRP caused robust and prolonged scratching behavior (Fig. 2B, C).
NMB-induced scratching behavior was completely blocked by the NMBR
antagonist (PD168368), but not the GRPR antagonist (RC-3095)
(Fig. 2D). Conversely, GRP-induced scratching behavior was antago-
nized by RC-3095, but not PD168368 (Fig. 2E).

3.3. Effects of i.t. NMBR or GRPR ligands on pain sensation

Subsequently, we determined the impact of i.t. NMB and GRP on pain
sensitivity in NHPs. Neither NMB nor GRP affected withdrawal latency
to innoxious stimuli, whereas the i.t. administration of substance P
reduced the latency to stimuli, thus displaying thermal allodynia
(Fig. 3). Moreover, we assessed the anti-allodynic effects of PD168368
or RC-3095 on capsaicin-induced thermal allodynia. Unlike DAMGO, a
p-opioid receptor agonist with anti-allodynic effects, PD168368 and RC-
3095 did not exert an effect on thermal allodynia over the behaviorally
active dose range (Fig. 4).

3.4. Localization of NMBR in different subsets of neurons in the SDH

We characterized the distributions of NMBR and GRPR in the SDH.
By immunohistochemistry with NeuN antibody that labels neuronal
nuclei, protein expressions of NMBR and GRPR were located on the
NeuN™ neurons mainly in the superficial laminae and much less in the
deeper area (Fig. 5 A, B). By in situ hybridization using RNAscope, close
to 90% of the NMBR ™ neurons and GRPR" neurons were distributed in
laminae I-III and only about 10% were in laminae IV-V (Fig. 6A, D). Less
than 20% of the NMBR was colocalized with GRPR (Fig. 6 A, E), and the
majority of NMBR and GRPR did not colocalize with PKCG, a marker of
pain-responsive neurons (Fig. 6B, C, F). Approximately 60% and 70% of
the NMBR" neurons and GRPR™ neurons, respectively, were VGLUT2"
excitatory neurons (Fig. 7A, B, E), whereas the minority of NMBR " and
GRPR" neurons were VGAT" inhibitory neurons in the SDH (Fig. 7C, D,
F).

4. Discussion

We provided three key findings to define the functional roles of the
NMB-NMBR system in the SDH of NHPs. First, the i.t. administration of
NMB elicited a milder scratching behavior with lower potency than GRP.
Moreover, the activation of spinal NMB-NMBR or GRP-GRPR systems
resulted in scratching responses via independent receptor mechanisms.
Second, i.t. NMB and GRP did not induce thermal hypersensitivity.
Neither did i.t. NMBR and GRPR antagonists modulate peripherally
elicited thermal allodynia induced by capsaicin. Third, NMBR displayed
lower expression in both itch- and pain-responsive neurons in the SDH,
namely GRPR™ and PKCy™, respectively. In other words, the spinal
NMB-NMBR system plays a limited role in the neurotransmission of itch
and pain in NHPs.

Exploring the functional roles of spinal NMB-NMBR and GRP-GRPR
systems in regulating itch and pain in primates necessitates determining
their expression patterns in the sensory neurons and SDH. Despite the
functional significance of GRP in itch transmission [8,19,41,42], sources
of GRP contributing to itch sensation are still controversial in rodents.
GRP is produced in the interneurons located on the SDH [43-45],
whereas a recent report demonstrated that functionally-important GRP
is located on the sensory neurons, despite lower expression levels of GRP
in the DRG than that in the SDH [46]. Nevertheless, expression patterns
of GRP in NHPs are consistent with findings from rodent studies that
GRP-expressing cells are principally located on the SDH, but not the
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Fig. 5. Expression of NMBR and GRPR protein in the spinal dorsal horn of monkeys. (A, B) Representative images of immunohistochemistry depict the expression of
GRPR (left column) and NMBR (right column) in NeuN" cells. (C) Higher magnification of the boxed areas in (B). Scale bar = 200 ym (A, B), and 50 ym (C).

DRG. However, NMB is produced by DRG neurons and contributes to
nociceptive transmission in rodents [15,18,47]. The expression levels of
NMB are greater than that of GRP in both the DRG and SDH of NHPs,
thus suggesting NMB may modulate sensory processing, such as itch, in
NHPs. Regardless of the exact neuroanatomical site releasing endoge-
nous ligands, it is important to understand that NMB and GRP are

released within the SDH, and subsequently mediate itch sensation. Lt.
GRP elicited robust scratching behavior, whereas NMB caused mild
scratching behavior. The expression patterns of NMB and NMBR in
comparison with GRP and GRPR in NHPs are similar to a previous study
performed in dogs [48]. Possibly, lower expression levels of NMBR
relative to GRPR and shorter half-life of neuromedin peptides may
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Fig. 6. Expression of NMBR and GRPR mRNA in the spinal dorsal horn of monkeys (A-C). Representative confocal images of in situ hybridization (RNAscope) depict
the mRNA expression of NMBR in GRPR" (A) or PKCG" neurons (B) and the mRNA expression of GRPR in PKCG ™" neurons (C). (D) Quantification of the distribution
of NMBR" and GRPR " neurons in laminae I-III and IV-V of the spinal dorsal horn. (E, F) Bar graphs depict the percentage of co-expression. Data represent the mean

+ SD (n = 3), with dots representing individual NHP. Scale bar = 20 pm.

explain these behavioral differences in scratching [49]. Higher expres-
sion level of NMB in the peripheral tissues may indicate that this peptide
is involved in other peripheral functions such as muscle contraction and
endocrine secretion [12,13]. Moreover, the majority of NMBR and GRPR
are distributed on different subpopulations, and rarely observed in
PKCy™ pain-associated neurons. Therefore, NMB-NMBR and GRP-GRPR
pairs in spinal cord may not significantly contribute to pain in primates.

Itch-associated functions of NMB have been determined in rodents,
as the i.t. or intracerebroventricular administration of NMB increases
scratching behavior. Although i.t.-administered agents could be
distributed in the DRG [50], the likelihood of i.t. NMB acting on NMBR
in the DRG seems low as NMBR is expressed in the DRG of NHPs at a
minimal level compared to the SDH. This may indicate a species dif-
ference considering that i.t. NMB affected the NMBR-expressing DRG
neurons in rodents [51]. Scratching responses by centrally administered
NMB were considerably lower than those of GRP [14,16,17]. Never-
theless, another group demonstrated that NMB-induced scratching re-
sponses were significantly higher than those of GRP, based on a single
dose in mice [15,19]. Different mouse strains or species may contribute
to the aforementioned discrepancy. Herein, the full dose-response curve
confirmed the mild scratching effects of NMB, compared with GRP in the
same group of NHPs, consistent with previous rodent studies
[14,16,17,52]. NMB and GRP bind to NMBR and GRPR, respectively;
however, the cross-reactivity of NMB and GRP against other receptors (i.
e., GRP to NMBR) constitute the cross-binding theory for itch regulation
in rodents [15]. In primates, NMB-induced scratching responses were
blocked by a NMBR antagonist, but not a GRPR antagonist, and vice
versa, consistent with other rodent studies [16]. Therefore, each ligand
(NMB and GRP) acts on its cognate receptor to elicit scratching. Unlike
substance P, i.t. NMB and GRP did not affect pain sensitivity in NHPs,
despite NMB-induced thermal hypersensitivity in rodents [18]. L.t. GRP

did not exert anti-hypersensitive effects on carrageenan-induced ther-
mal hyperalgesia in NHPs [6]. Furthermore, we tested if NMBR and
GRPR antagonists affected thermal hypersensitivity. Normally, p-opioid
receptor agonists, such as DAMGO and morphine, induce significant
antinociceptive and antiallodynic effects in rodents and primates [53].
Unlike DAMGO, neither NMBR nor GRPR antagonists attenuated
capsaicin-induced allodynia. Therefore, the spinal NMB-NMBR system
partially contributed to itch; however, it did not affect pain regulation in
NHPs.

Behaviorally, NMB and GRP only acted on their cognate receptors for
regulating itch in NHPs. Anatomically, NMB-saporin only ablated
NMBR™ neurons, but not GRPR" neurons, and vice versa in rodents
[15,18]. In NHPs, the localization of NMBR and GRPR were restricted to
the NeuN™ neurons. Moreover, the aforementioned receptors were
principally expressed in VGLUT2" excitatory interneurons, but not in
VGAT™ inhibitory neurons. Therefore, both NMB-NMBR and GRP-GRPR
systems directly facilitated itch transmission in the SDH. The majority of
NMBR did not colocalize with GRPR, a marker of itch-responsive neu-
rons, in the SDH of both rodents and NHPs. Thus, NMB-NMBR and GRP-
GRPR systems may activate the spinal transmission of itch via inde-
pendent mechanisms. Particularly, the spinal NMB-NMBR system plays
a functional role in regulating mild itch.

The pharmacological effects of ligand-receptor systems vary between
rodents and primates [23,24]. Particularly, opioid ligands (i.e., p-opioid
receptor and nociceptin receptor agonists) often exert diverse effects in
sensory processing between rodents and primates [54,55]. p-opioid re-
ceptor agonists, such as morphine, produces itch sensation in humans
and exerts robust scratching behavior in NHPs [36,56]. However, the
degree of scratching behavior caused by p-opioid receptor agonists in
rodents is considerably less than that in NHPs [16,27], thereby indi-
cating itch sensation elicited by p-opioid receptor agonists in humans is
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Fig. 7. Expression of VGLUT2 and VGAT mRNA in NMBR" and GRPR" neurons in the spinal dorsal horn of monkeys. (A-D) Representative confocal images of in situ
hybridization (RNAscope) show the mRNA expression of VGLUT2 in NMBR™ (A) or GRPR™ (B) neurons and the mRNA expression of VGAT in NMBR ™" (C) or GRPR™
(D) neurons. (E, F) Bar graphs show the percentage of co-expression. Data represent the mean + SD (n = 3) with dots representing individual NHP. Scale bar = 20 um.

modeled in NHPs, but not in rodents [23]. Moreover, nociceptin re-
ceptor agonists demonstrate differential effects between rodents and
NHPs. The effects of an endogenous nociceptin receptor agonist, noci-
ceptin/orphanin FQ, on pain regulation in rodents depends on the
administration route or pain modality [24,55], whereas nociceptin/
orphanin FQ exerts distinct antinociceptive effects in NHPs under varied
experimental conditions [25,54]. Therefore, pharmacological and
behavioral studies in NHPs are pivotal for the translational relevance in
humans [23]. GRP-induced scratching behavior is robust in both rodents
and primates; thus, it may be reasonable to emphasize the functional and
translational significance of GRP and explore the neurobiological
mechanisms of itch mediated by the GRP-GRPR system in rodents. In
contrast, i.t. NMB caused mild scratching behavior in NHPs; however,
the potency was < 1/100, compared with that of GRP. Moreover, in-
tradermal NMB resulted in weak scratching behavior in NHPs [51].
Taken together, NMB is highly expressed in the DRG and SDH, but the
NMB-NMBR pair plays a minimal “functional” role in regulating itch
than the GRP-GRPR pair in primates. Both NMBR " and GRPR" neurons
are mainly expressed in laminae I-III of SDH, which may not explain the
observed differences between GRP and NMB in NHP behavioral tests.
Further studies are warranted to elucidate the other functions of NMB in

the peripheral tissues and central nervous system [12].

By focusing the translational relevance of the spinal NMB-NMBR
system previously evaluated only in rodents, our study revealed the
neuroanatomical and functional evidence for the NMB-NMBR system in
primates. Spinal NMB-NMBR and GRP-GRPR systems can independently
elicit scratching; nonetheless, both systems are insignificantly involved
in pain regulation. In terms of the expression patterns of NMB and NMBR
in the DRG and SDH, our findings for NHPs were consistent with pre-
vious studies in rodents. Despite the high expression of NMB in DRG and
SDH, low expression of NMBR in the GRPR' neurons of the SDH may
limit its function in regulating itch. Unlike the functional significance of
spinal GRP-GRPR system in itch, drugs targeting the spinal NMB-NMBR
system may not effectively alleviate non-NMBR-mediated itch. This
warrants future neuropharmacological studies assessing translational
properties from rodents to primates to validate the functional signifi-
cance of these target molecules.
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Abstract

Purpose There is significant interest in the development of targeted alpha-particle therapies (TATs) for treatment of solid tumors.
The metal chelator-peptide conjugate, DOTA-TATE, loaded with the -particle emitting radionuclide ' ""Lu (['""Lu]Lu-DOTA-
TATE) is now standard care for neuroendocrine tumors that express the somatostatin receptor 2 (SSTR2) target. A recent clinical
study demonstrated efficacy of the corresponding [**>Ac]Ac-DOTA-TATE in patients that were refractory to ['/’Lu]Lu-DOTA-
TATE. Herein, we report the radiosynthesis, toxicity, biodistribution (BD), radiation dosimetry (RD), and efficacy of [**>Ac]Ac-
DOTA-TATE in small animal models of lung neuroendocrine neoplasms (NENs).

Methods [**>Ac]Ac-DOTA-TATE was synthesized and characterized for radiochemical yield, purity and stability. Non-tumor—
bearing BALB/c mice were tested for toxicity and BD. Efficacy was determined by single intravenous injection of [**>Ac]Ac-
DOTA-TATE into SCID mice-bearing human SSTR2 positive H727 and H69 lung NENs. RD was calculated using the BD data.
Results [*°Ac]Ac-DOTA-TATE was synthesized with 98% yield, 99.8% purity, and displayed 97% stability after 2 days incubation
in human serum at 37 °C. All animals in the toxicity study appeared healthy 5 months post injection with no indications of toxicity,
except that animals that received >111 kBq of [**>Ac]Ac-DOTA-TATE had chronic progressive nephropathy. BD studies revealed that
the primary route of elimination is by the renal route. RD calculations determined pharmacokinetics parameters and absorbed oc-
emission dosages from **>Ac and its daughters. For both tumor models, a significant tumor growth delay and time to experimental
endpoint were observed following a single administration of [*°Ac]Ac-DOTA-TATE relative to controls.

Conclusions These results suggest significant potential for the clinical translation of [**Ac]Ac-DOTA-TATE for lung NENs.

Keywords **°Ac targeted alpha therapy - [**>Ac]Ac-DOTA-TATE - Lung neuroendocrine neoplasms
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Introduction

Neuroendocrine tumors (NETs) arise from the neuroendo-
crine system in the lung, gastrointestinal tract, and pancreas,
among other organs [1]. A large fraction (25%) of well-
differentiated NETs are of bronchopulmonary origin. Well-
differentiated and moderately differentiated lung NETs are
referred to as lung carcinoids and are divided into typical
and atypical classifications. Poorly differentiated lung neuro-
endocrine carcinomas are divided into large cell neuroendo-
crine carcinoma and small cell lung cancer (SCLC) [2, 3]. Few
trials have investigated systemic treatments for patients with
lung NETs [4-8]. The only medication approved by the US
Food and Drug Administration (FDA) for progressive lung
NETs is everolimus, an oral inhibitor of the mechanistic target
of rapamycin (mTOR) [9].

Overexpression of somatostatin receptors in patients with
neuroendocrine neoplasms (NEN) is utilized for both diagno-
sis and treatment. Somatostatin receptor 2 (SSTR2) is widely
expressed in pulmonary NENS, including typical carcinoids,
atypical carcinoids, large cell neuroendocrine carcinoma, and
SCLC [10]. Therefore, somatostatin analogues (SSAs) with
high affinity to SSTR2 can be used for targeting these types
of tumors [10]. Peptide receptor radionuclide therapy (PRRT)
with the ['7"Lu]Lu-DOTA chelate conjugated to the octreotate
SSA (['""Lu]Lu-DOTA-TATE) has proved to be an effective
therapy option for NETs [6, 7, 11].

The limitations of ['”’Lu]Lu-DOTA-TATE therapy are
that only 26-55% of patients achieve stable disease, 18—
32% are treatment refractory, and half progress within 2 to
3 years after starting treatment [12—14].

""Lu is a B-particle emitting radionuclide and there is ev-
idence that a superior therapeutic index could be achieved
using targeted o-particle therapy (TAT) as an alternative
[15-20]. Compared to {3 particles, « particles have a 200—
400x greater linear energy transfer and a shorter range in solid
tissue, <100 pwm for x-emissions relative to a few mm for f3-
emissions. Hence, a-particle emissions are more likely to de-
posit energy within the boundaries of a tumor or metastasis
relative to 3-emissions, which can cause toxicity in surround-
ing normal tissues, and greater energy deposition leads to
greater cell killing. Unlike 3-emissions, it is hypothesized that
«-emissions do not rely solely on generation of free radicals to
generate DNA damage. Instead, the energy deposited is suffi-
cient to directly cause DNA double-strand breaks [21]. This
enables TATs to potentially evade a common mechanism of
radiation resistance, i.c., free radical scavenging. To demon-
strate these advantages, [**°Ac]Ac-DOTA-TOC was com-
pared to ['""Lu]Lu-DOTA-TOC in the treatment of rat pan-
creatic exocrine tumor xenografts in immunocompromised
mice and TAT demonstrated greater efficacy and lower tox-
icity relative to the TBT [16]. In recently published case stud-
ies, significant efficacy of [**>Ac]Ac-DOTA-TATE was

demonstrated in patients’ refractory to ['’’Lu]Lu-DOTA-
TATE [22]. Furthermore, ['""Lu]Lu-DOTA-TATE has been
compared with ['7"Lu]Lu-DOTATOC in patients and a great-
er tumor residence time was observed for ['""Lu]Lu-DOTA-
TATE, indicating that DOTA-TATE may be a superior
targeting ligand for delivery of radiotherapy [23].

2 Ac is an «-particle emitting isotope that has demonstrat-
ed significant utility in TAT and decays with a 10-day half-life
via a complex decay scheme, emitting four « particles and
depositing significantly higher energy levels in local tissue,
28 MeV, compared to single «-particle emitters, e.g.,
7.8 MeV for '?Bi (or >'?Pb), or 384 keV for the B-emitter
"TLu [24, 25]. Hence, **>Ac has been described as an in vivo
«-particle generator [26]. The main method for generating
225 Ac for clinical studies is through the decay of **Th which
originates from 2**U. There are three main sources of >*°Th in
the world: Oak Ridge National Laboratory (USA), The
Institute of Physics and Power Engineering (Russia), and
The Institute for Transuranium Elements (Germany). In addi-
tion, it has been shown that large-scale quantities can be pro-
duced through the decay of **Th [27, 28]. To address the
shortage of the clinical need of ***Ac, 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 alterna-
tive route for production of >*>Ac by use of a linear accelerator
[29]. Due to the long half-life, ***Ac-based TATSs can be pro-
duced at regional radiopharmaceutical facilities and distribut-
ed for use by Nuclear Medicine Departments within 1 to 3 days
post-production.

Herein, we investigate the toxicity, biodistribution (BD),
radiation dosimetry (RD) in mice, and efficacy of
[***Ac]Ac-DOTA-TATE in xenograft tumor models of pul-
monary NENSs. These preclinical studies are needed to support
the clinical translation of [**>Ac]Ac-DOTA-TATE.

Materials and methods
Cell culture

NCI-H69 human SCLC, NCI-H727 human lung carcinoid,
and HEK293 cells were purchased from American Type
Culture Collection, expanded for 2 passages and cryopre-
served. NCI-H69 and NCI-H727 cells were grown in RPMI-
1640 Medium, (Life Technologies), 10% FBS (Life
Technologies), 100 units/mL penicillin, 100 mg/mL strepto-
mycin in 5% CO, at 37 °C. HEK293 cells were grown in
DMEM/F12 medium (Life Technology). Cells were authenti-
cated using short tandem repeat (STR) DNA typing according
to ATCC’s guidelines [30], monitored by microscopy to as-
sure maintenance of their original morphology, tested for
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mycoplasma contamination using the MycoAlert kit (Lonza)
and experiments used cells of passage numbers <25.

SSTR2 transfection of HEK293 cells

HEK?293 cells were transfected with 2 pg of SSTR2
(NM_001050) Human Tagged ORF Clone in pCMV6 vector
with Neomycin selection marker (Origene) using the
FuGENE HD Transfection Reagent (Promega) as described
before [31]. SSTR2 expression was determined by quantita-
tive real-time RT-PCR (qRT-PCR) using the primers de-
scribed below. The HEK293/SSTR2 clone with the highest
expression was maintained in medium containing 400 pg/mL
of G418.

Chelation of lanthanum and europium

DOTA-(Tyr3)-octreotate (DOTA-TATE), >98% purity, was
purchased (Bachem). DOTA-TATE was loaded with lantha-
num (La>*) by addition of LaCl;"7H,0 (3.9 mg, 10.5 umol) to
DOTA-TATE (5.0 mg, 3.5 umol) in 1 mL of 0.1 M AcONa
buffer (pH 6.0) and europium (Eu®"), by addition of
EuCl;6H,0 (1.6 mg, 4.2 pmol) to DOTA-TATE (2 mg,
1.4 umol) in 5 mL H,O and 0.1 mL DMSO, and stirring
12 h at room temperature (RT). For both chelates, reaction
completion was determined by HPLC (Agilent 1260 Infinity
IT HPLC system with a quaternary pump, a vial sampler, and a
DAD detector) and a C18 column yielded the final product
(~3.3 mg and 1.9 mg, respectively). A Phenomenex C18 col-
umn (Luna 5 uL C18(2) 100 A, 4.6 x 250 mm) was used. The
DAD detector was set to 214 nm. Phase A: 0.1% TEA/AcOH
(TEAA) in water (pH 6.0) and Phase B: 90% acetonitrile in
Phase A (pH adjusted to 6.0 with AcOH) using the following:
10-45% Phase B in Phase A in 50 min. Mass and purity were
determined by HRMS (ESI) and HPLC, respectively.

Binding assay

The receptor number of HEK293/SSTR2 cells was deter-
mined using time-resolved fluorescence (TRF) saturation
binding assay. Different concentrations of Eu**-DOTA-
TATE (0-2500 nM) were used as the test ligand and 5 pM
of La**-DOTA-TATE was used as the blocking ligand.
Briefly, black 96-well plates (clear bottom, Corning, #3603)
were coated with 0.25 mg/ml of PDL (Poly-D Lysine, Sigma).
Hek293/SSTR2 cells were plated in the coated plates, at a
density of 30,000 cells/well. On the day of the experiment
(1 day after seeding the cells), the medium was aspirated
and for the top half of the plate (total binding) 50 puL of the
Eu**-DOTA-TATE (2.5-2500 nM) test ligand was added to
each well in a series of decreasing concentrations, followed by
50 pL of binding medium (DMEM, 1 mM 1,10-
phenanthroline, 200 mg/L bacitracin, 0.5 mg/L leupeptin,
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0.3% BSA). The bottom half of the plate (non-specific bind-
ing), was prepared as the top half, except that 5 pM of
blocking La**-DOTA-TATE ligand was added instead of
binding medium. Cells were incubated with the ligands for
1 h at 37 °C in a cell culture incubator, followed by two
washes with PBS. After washing, the cells were incubated
with 50 ul of 2.0 M HCl for 2 h at 37 °C followed by neutral-
ization with 55 ul of 2.0 M NaOH. Then, 115 puL of enhance-
ment solution (PerkinElmer) was added to each well and cells
were incubated for an additional 30 min at 37 °C prior to
reading. The plates were read on a PerkinElmer VICTORx4
2030 multilabel reader using the standard Eu®* time-resolved
fluorescence (TRF) measurement (340-nm excitation, 400-us
delay, and emission collection for 400 s at 615 nm). The
standard curve was used to determine the amount of ligand
present at the B, obtained in the saturation binding assay.
The average number of cells per well at the end of the assay
was calculated. To determine the receptor number, the follow-
ing equation was used: (Eu3+ amount for B, (moles)/aver-
age cell number per well) x 6.023 x 10** =mreceptor number
per cell. This B, value was then used to calculate ligand
association and binding kinetics for each cell using the follow-
ing equation: B = By + (Bmax—Bo)/(l—e’kt), where B corre-
sponds to a receptor saturation parameter, an analog of
ligand-receptor complex formation [RL], with values between
initial saturation B and the maximum saturation By,,; & is the
reaction rate constant, and z is time. NCI-H69 receptor number
was determined as above except that ligand incubation step
was reduced to 30 min with only x 1 PBS wash.

La**-DOTA-TATE binding affinity was determined using
a TRF competitive binding assay as previously [32], using
HEK293/SSTR2 cells and 50 nM Eu’*-DOTA-TATE used
as the competing ligand. Data points were acquired in quadru-
plicate and each assay was repeated 3 times.

Radiochemical synthesis and characterization

The ***Ac(NOs); (5.80 x 10* Ci/g; carrier free; >10 mCi/ml
concentration) was purchased from Oak Ridge National
Laboratory (TN, USA). Complexation was achieved by
reacting DOTA-TATE (5-10 pg in 5-10 puL water from
1.0 mg/mL solution) with 25 A¢(NO5); (3.4 MBq) that was
diluted in 100 pL of water containing 10 puL of 20% L-
ascorbic acid. The pH was adjusted to 5.8 using 1 M Tris
buffer (10-12 pL), and then incubated at 75 °C for 1 h
(Scheme 1). Reaction progress and radiochemical purity of
[***Ac]Ac-DOTA-TATE were measured without further pu-
rification 24 h after collection (to ensure secular equilibrium
among **°Ac and its daughters) using ITLC with y counting,
radio-TLC, and 'y counting of radio-HPLC fractions. Stability
was determined by adding 50 pL of [***Ac]Ac-DOTA-TATE
(1702 kBq) to 1 mL of human serum (rz =4), 37 °C incubation
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Scheme 1 Radiochemical synthesis of [**>Ac]Ac-DOTA-TATE

for 10 days, and TLC scanner (Bioscan) and y-counter
(PerkinElmer) quantification at time points [33].

Animal studies

Protocols were approved: University of South Florida IACUC
protocol IS00006466. Animals were purchased from Charles
River (Wilmington, MA). An equal number of males and
females were used for each cohort.

Injected activity measurement

Syringes were prefilled with £10% of [**°Ac]Ac-DOTA-
TATE activity. Activities were measured using the Atomlab
500 Dose Calibrator (Biodex) as described before [34].

Toxicity

Cohorts (n=6) of non-tumor-bearing BALB/c mice (6—
8 weeks old) were given a single intravenous injection by
tail-vein catheter of 200 ul of 55.5, 111 or 185 kBq of
[**°Ac]Ac-DOTA-TATE activity in 0.9% sterile saline
(Cardinal Pharmaceuticals) in the syringe (45.8 + 14.8, 94.7
+4.8, and 163.9 £ 9.6 mean injected activity), or 0.9% sterile
saline alone as a control. These administration activities were
selected based on results from a previous preclinical study
using an *?>Ac-based peptidic TAT [34]. Injected activity is
determined for each animal by subtracting the amount of ac-
tivity remaining in the syringe and catheter from the pre-
injection amount of activity in the syringe. Mice were moni-
tored for distressed behavior and weighed twice per week for
5 months, followed by euthanasia and tissue collection. Blood
urea nitrogen (BUN), creatinine, alkaline phosphatase
(ALKP), alanine aminotransferase (ALT), and aspartate

NH,
[225Ac]Ac-DOTA-TATE

aminotransferase (AST) in serum were analyzed using an au-
tomated biochemical analyzer (CLIP, Catalyst DX, IDEXX).
Bone, bone marrow, brain, cecum, duodenum, kidney, liver,
lymph nodes, muscle, pancreas, salivary gland, small intes-
tine, and spleen were harvested and fixed in 10% formalin.
Bone was decalcified in 14% ethylene diaminetetraacetic acid
(EDTA) solution after fixation. Tissues were embedded in
paraffin, sectioned (4—6 pum thickness), stained with hematox-
ylin and eosin (H&E), and examined blind by the veterinary
pathologist (R.E.).

Biodistribution

Non-tumor-bearing BALB/c mice (6-8 weeks old) were ad-
ministered by tail-vein catheter 200 pl of 74 kBq of
[**Ac]Ac-DOTA-TATE activity in 0.9% sterile saline in
the syringe (66.6 £2.9 kBq mean injected activity), eutha-
nized at 24, 48, and 96 h p.i., n=4 mice per cohort. This
administration activity was selected based on results from a
previous preclinical BD study using an **>Ac-based peptidic
TAT [34]. Tissues were removed, weighed, and the percent
injected activity per gram (%IA/g) calculated as before [34].

Radiation dosimetry

Dosimetry calculations were performed using BD data as pre-
viously described [34].

gRT-PCR and immunocytochemistry

SSTR2 expression was verified by qRT-PCR and ICC per-
formed to determine protein. NCI-H69 and NCI-H727 RNA
was extracted (RNeasy, Qiagen). Two sets of human SSTR2
primers were designed (Gene Runner for Windows 3.05): set
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1: forward, 5’-AACCAGACAGAGCCGTACTA-3' and re-
verse, 5- GCATAGCGGAGGATGACA-3'; and set 2: for-
ward, 5’-GCTGGCTTCCCTTCTACATATT-3' and reverse,
5’-GAGGACCACCACAAAGTCAA-3'. B-actin was used
for normalization as previously [35]. NCI-H69 and NCI-
H727 ICC was performed using 30 pg/mL anti-SSTR2 anti-
body (Sigma, HPA007264) as before [34], except that H69
were grown on coverslips coated with 0.25 mg/ml poly-D-

lysine (Sigma).
Anti-tumor efficacy

NCI-H69 and NCI-H727 subcutaneous xenograft tumor—
bearing SCID mice (6—8 weeks old, n =10/cohort) were
injected by tail-vein catheter with 200 pl of 185 kBq
[**Ac]Ac-DOTA-TATE activity in 0.9% sterile saline in
the syringe (148.0 + 17.8 and 144.3 + 18.8 kBq mean injected
activity), or 0.9% sterile saline alone as a control. This ad-
ministration activity was selected based on preliminary re-
sults from the toxicity study herein. The efficacy study was
initiated 4—1/2 months after initiation of the toxicity study
and no toxicities were detected at this activity at that time.
Animals underwent euthanasia after reaching 2000 mm® tu-
mor volume or if clinical endpoints were observed, e.g., 20%
weight loss, tumor ulceration, hunched back, lack of
grooming, and lethargy.

Histology and immunohistochemistry

Following euthanasia, organs (toxicity) and tumors (efficacy)
were excised, formalin fixed, paraffin embedded, sectioned
(5 nm), and stained with H&E (tumors and organs) and IHC
(tumors) using rabbit SSTR2 polyclonal antibody (1:200 di-
lution, GTX70735, GeneTex) and a Discovery XT automated
system (Ventana Medical Systems). Slides were scanned
using a ScanScope XT digital slide scanner (Aperio, CA).
To quantify SSTR2 expression in tumors, images from serial
H&E and IHC central sections were analyzed using
Visiopharm 2017.7 as before [34].

SSTR2 expression was evaluated in using gray-level co-
occurrence texture analysis in three main steps: (1) tumor
segmentation, (2) target expression extraction, and (3) tex-
ture analysis. The tumor region was segmented to limit the
analysis to cells within the tumor. For target expression, a
binary mask was created from the positive and negative
stained cells with each pixel representing a cell with the
value of 1 if unstained or 2 if stained. A co-occurrence
texture analysis was applied to the binary mask to calculate
the heterogeneity score for target expression. Specifically,
the diagonal values in the gray-level co-occurrence matrix
measure the closeness of the distribution of all gray levels.
Therefore, heterogeneity is calculated from diagonal entries
that are related, i.e., with target expression. The

@ Springer

heterogeneity score ranges from 0 to 1, where 0 is complete-
ly homogeneous and 1 is completely heterogeneous.

Statistics

Cohort size was determined by power analyses. Analysis of
variance (ANOVA) was used to assess differences in toxicity
by activity and Dunnett’s test to determine differences among
activities and saline control. Prior to ANOVA, the Anderson
Darling test assessed whether a transformation was required.
The unpaired #test compared the ICC or IHC expression level
of SSTR2 in NCI-H69 and NCI-H727 cells and tumors. Two-
way ANOVA was used to compare tumor volume among
treatment and saline groups and Kaplan-Meier analyses
(GraphPad Prism 7 software) determined significance among
the cohorts.

Results
Binding affinity of La>*-DOTA-TATE

There are no non-radioactive isotopes of actinium and lantha-
num is a useful surrogate for Ac since both are trivalent ions in
solution [36]. The HRMS (ESI) calculated mass for the pre-
pared La>*-DOTA-TATE, Cg¢sHg,LaN;400S, (M +H)",
1571.4855 MW, was 1571.4867 with 100% purity, tz=
22.15 min (Supplemental Fig. 1). La>*-DOTA-TATE bound
SSTR2 expressing HEK293/SSTR2 cells with high, 19.00 +
9.2 nM K; (Fig. 1).

The HRMS (ESI) calculated mass for the Eu**-DOTA-
TATE chelate, C65H87EUN1401952 (M + H)+,
1585.5004 MW, was 1585.5031 with 100% purity, ¢z =
22.14 min (Supplemental Fig. 2). Eu**-DOTA-TATE bind-
ing affinity for SSTR2 was 22.12 nM K,, and HEK293/

80000 -
60000
40000

20000

0 T T
0 1 2 3 4

Log [PM]

Fig.1 Whole-cell competitive binding assay of La**-DOTA-TATE. The
binding affinity of La**-DOTA-TATE was calculated to be 19.00 +
9.2 nM K; (n =3 repeats). In this whole-cell lanthanide time-resolved
fluorescence assay, HEK293/SSTR2 cells were used and 50 nM of
Euw’*-DOTA-TATE was used as the competing ligand
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Table 1 In vitro serum
stability of [**°Ac]Ac-
DOTA-TATE

% Intact
TLC scanner

Day

100
100.44+0.88
99.27+0.29
96.74+2.06
93.19+1.50
90.29+4.00

N L W= O

10

SSTR2 cells were shown to express 1.87 x 10® SSTR2 recep-
tors on the cell-surface per cell (Supplemental Fig. 3A).

Radiosynthesis and characterization of [***Ac]Ac-
DOTA-TATE

Radiosynthesis (Scheme 1) provided >98% yield with high
radiochemical purity (=99.8%) (Supplemental Fig. 4). Also,
[*>*Ac]Ac-DOTA-TATE had an excellent in vitro stability,
with 97% integrity remaining after 2 days in human serum
at 37 °C (Table 1).

Toxicity

Weight gain was observed in all animals at 5 months post
injection (p.1.), albeit less weight was gained by animals at the
highest dose level relative to the lowest (Fig. 2a). Significant
differences in weight change were observed among saline and
111 kBq and 185 kBq treatments (»p <0.01 and p < 0.001, re-
spectively), but not 55.5 kBq (p = 0.50) (Supplemental Table
1). Blood BUN and creatinine were all in the normal range (Fig.
2b and c¢), p values = 0.12 and 0.33, respectively
(Supplemental Table 2 and 3). No significant differences in
ALT, AST, or ALKP liver enzymes were observed among the
cohorts (Fig. 2d—f and Supplemental Table 4-6).

No pathologic findings were observed for 55.5 and 111 kBq
cohorts. In contrast, animals in cohorts receiving >111 kBq in
the syringe (>94.8 kBq actual injected activity) began to lose
weight at ~100 days p.i. (Supplemental Fig. 5), and at necrop-
sy chronic progressive nephropathy was observed (Fig. 3). No
other organ (bone, bone marrow, brain, cecum, duodenum,
liver, lymph nodes, muscle, pancreas, salivary gland, small in-
testine, and spleen) showed pathologic changes related to the
treatment. Glycogen accumulation was observed in the livers of
some animals (including the saline control group), but this was
considered an incidental finding.
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Fig. 2 Toxicity of [**Ac]Ac-DOTA-TATE in BALB/c mice. a Percent
weight gain, b BUN (reference range: 18-29 mg/dl), ¢ blood creatinine
(reference range: 0.2-0.8 mg/dL), d ALT (reference range: 28—132 U/L),

e AST (reference range: 59247 U/L), and f ALKP (reference range: 62—
209 U/L)
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Fig. 3 Histological appearance of kidney from a mouse administered a
saline or b 179.0 kBq. (a) Kidney histology of a saline administered
mouse, without significant abnormalities, where glomeruli are
normocellular, with open capillary loops, and tubular epithelium is uni-
formly cuboidal, with round nuclei, and a prominent brush border. (b)

Biodistribution
BALB/c mice (n =4 per cohort) were injected intravenously

with 74 kBq of [**°Ac]Ac-DOTA-TATE o activity in the
syringe. The activities from **>Ac and daughters **'Fr and

Kidney histology of a 179.0-kBq administered mouse, with chronic pro-
gressive nephropathy. Extensive tubular cell regeneration, diffuse fibro-
sis, mild mononuclear inflammatory cell infiltrates, and thickened,
hypercellular glomerular tufts are evident

*13Bi in equilibrium were determined for each organ and time
point using y spectroscopy (Fig. 4a—c and Supplementary
Fig. 6). [34, 37] At 24 h p.i., the kidneys, liver, and stomach
had 1.63+0.72,0.147 £ 0.07, and 0.31 £0.08 %IA/g, respec-
tively, while only negligible activity was observed in the other

Fig.4 Biodistribution of a ***Ac, a 257¢
b ?*'Fr, and ¢ *"*Bi after 2.5+ == 24 h (n=4)
intravenous injection of
[**°Ac]Ac-DOTA-TATE in 2.0 mm 48 h (n=4)
BALB/c mice o 1.5- mm 96 h (n=4)
<
= 1.0+
0.5=
0.0l y—ipa s — T'-i"'i-
> 3 Q& & XY oS (o) X2 C o RN N X
8 N 2 > o & =\ & O ‘.3 2 & ) O
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Fig. 5 Radiation dosimetry of
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tissues measured. Activity had largely cleared from the tissues
by 96 h p.i. Since at the time of the BD measurement, **>Ac
was in equilibrium with its daughters, whereas the actual dis-
tributed daughters had been decayed, **'Fr and '’Bi only
represent the biodistribution of ***Ac.

Radiation Dosimetry

Radiation dosimetry (RD) calculations were based on the data
obtained from the BD studies at 24, 48 and 96 h p.i. The x-
particle dose from 2**Ac and each of its x-emitting daughters
was calculated (Supplementary Fig. 6). The decay of **'Fr to
17 At was assumed to take place in the same location as **'Fr.
Similarly, the decay of *'*Po was assumed to take place at the
same location as 2'’Bi, while accounting for its 98%
branching ratio.

BD data for the different tissues were fitted using an expo-
nential decay nonlinear regression, allowing the estimation of
the initial activity due to uptake (A,), the decay rate constant
(Aefp), decay half-life (T.¢), accumulated activity (A), and
absorbed dose/injected activity (Gy/kBq) for each radionu-
clide in each tissue (Table 2). The total absorbed dose is the
summation of the values for the five x-emitting radionuclides.
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The calculated total absorbed dose for [**>Ac]Ac-DOTA-
TATE was minimal in all tissues except kidney and liver, with
0.0068 and 0.0059 Gy/kBq, respectively. Figure 5 represents
graphs of the absorbed dose from each radionuclide per tissue.

The effective decay half-lives (7.¢) calculated for *°Ac in
tissues that had significant uptake were shorter than the radio-
active decay half-life of ***Ac (10 days), indicating biological
clearance. For example, the calculated 7. in kidney and liver
were 1.16 and 5.45 days, respectively (Table 2). Hence, T is
a composite of radioactive decay and active biological clear-
ance. The T, was only calculated to be longer in tissues with
minimal uptake where instrument background likely inter-
fered with the accuracy of measurement. It is notable that
the kidneys had the highest initial activity, 0.39 kBq, relative
to liver, 0.12 kBq, but the kidneys had a nearly 5-fold lower
effective half-life compared to liver, leading to faster kidney
clearance relative to liver and a higher but comparable total
absorbed dose.

SSTR2 expression in NEN cells

NCI-H69 cells have significantly higher SSTR2 mRNA
(p<0.001) and protein expression (p < 0.05) relative to NCI-

Fig.6 SSTR2 expression on NCI-H69 and NCI-H727 cells. a qRT-PCR. Note the Log10 scale for the expression level. b ICC using DAPI (blue), WGA

(green), and anti-SSTR2 antibody (red)
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H727 (Fig. 6). The SSTR2 cell-surface receptor number per
NCI-H69 cell was 1.60 x 10° (Supplemental Fig. 3b).
SSTR2 expression in NCI-H727 cells was not high enough
to accurately calculate the receptor number.

Anti-tumor efficacy

Eight days after tumor cell xenoengraftment, mice (n =10
per cohort) were intravenously injected with a single bolus of
148.7 kBq or 144.3 kBq mean ***Ac activity for H69 and
H727 cohorts, respectively, or saline solution. Figure 7a and
b show representative images at 25 days p.i. Tumor volumes
decreased significantly after treatment relative to saline con-
trols (p <0.001) prior to eventual regrowth (Fig. 7c and d).
Saline control mice had significantly greater tumor volumes at
the 25 d p.i. time point (p <0.0001) compared to mice treated
with [**Ac]Ac-DOTA-TATE. Fig. 7e and f show Kaplan-
Meier analyses. Animals treated with [*2°Ac]Ac-DOTA-
TATE had a significantly delayed time to experimental end-
point (p < 0.0001 for H69 and p = 0.0009 for H727) relative to
the saline controls. The median time to endpoint was 93.6 +
10.1 and 62.7+6.7 days for the H69-treated and saline co-
horts, respectively, and the median time to experimental end-
point was 62.7 £ 7.9 days and 51.4 +4.4 for the H727-treated
and saline cohorts, respectively.

IHC staining determined SSTR2 expression in tumors with
and without treatment after reaching the experimental end-
point of 2000 mm® tumor volume (Fig. 7 g—j). As seen in
the in vitro ICC results, saline treated H69 tumors had signif-
icantly greater SSTR2 expression relative to saline treated
H727, p<0.0001 (Fig. 7i). Heterogeneity of SSTR2 expres-
sion was quantified and saline treated H727 tumors had sig-
nificantly greater heterogeneity scores relative to saline treated
H69 tumors, p <0.0001 (Fig. 7j). Following a single admin-
istration of [**>Ac]Ac-DOTA-TATE, SSTR2 expression sig-
nificantly decreased by 10%, p <0.01, in H69-treated tumors
relative to saline treated tumors, with no significant difference
observed in H727 tumors (Fig. 7i). Similarly, H69 tumors
demonstrated increased heterogeneity by 22%, p < 0.05, fol-
lowing treatment, with no significant difference observed for
H727 tumors (Fig. 7j). Hence, the decrease in expression in
H69 tumors likely represents a population of cells with de-
creased SSTR2 expression rather than a general decrease in
every cell within the tumor.

Discussion

Ballal, et al. recently presented the first clinical experience and
early results on the efficacy and safety of [**>Ac]Ac-DOTA-
TATE in 32 patients with SSTR expressing metastatic GEP-
NETs who were ['7"Lu]Lu-DOTA-TATE refractory [22]. For
these case studies, systemic TAT using [**>Ac]Ac-DOTA-

Fig. 7 Efficacy of [**>Ac]Ac-DOTA-TATE in SCID mice-bearing H69 P>
and H727 tumors. The treated animals were intravenously injected with a
single bolus of 148.7 kBq and 144.3 kBq mean **> Ac activity for H69 and
H727 cohorts, respectively, or saline solution at 8 days after tumor cells
inoculation. Representative images of mice-bearing a H69 and b H727
tumors (outlined), 25 days p.i. Tumor growth volumes of ¢ H69 and d
H727 tumors relative to saline controls (arrow indicates the day of injec-
tion). Kaplan-Meier plots of e % H69 and f H727 tumor-bearing mice
that have reached the experimental endpoint. (g) Representative SSTR2
IHC images of treated and control g H69 tumors and h H727 tumors at
experimental endpoint. i Quantified SSTR2 IHC expression j and quan-
tified heterogeneity in treated and control H69 tumors and H727 tumors

TATE was performed in all the patients with [**°Ac]Ac-
DOTA-TATE (100 kBg/kg body weight) at an interval of
8 weeks, to a cumulative dose of 55,500 kBq [22]. This pilot
study was reported at an early stage, too soon to calculate
overall and event-free survival. However, the short-term clin-
ical results with a median follow-up duration of 8 months
suggests that treatment with [**>Ac]Ac-DOTA-TATE can
overcome resistance to ['’’Lu]Lu-DOTA-TATE and that
[***Ac]Ac-DOTA-TATE can be used as a promising treat-
ment option.

Despite this early clinical experience, preclinical animal
studies are needed to better understand the biodistribution
and radiation dosimetry of [**>Ac]Ac-DOTA-TATE, and to
support the development of novel methods of determining
radiation dosimetry in patients. Furthermore, preclinical stud-
ies are required to support an investigational new drug (IND)
application to the United States Food and Drug
Administration (US FDA) to enable clinical trials in the
USA and to enable development of advanced radiation dosim-
etry methods for clinical use. In addition, the method for syn-
thesis and quality assurance of [**>Ac]Ac-DOTA-TATE were
not presented in the Ballal study.

Herein, we report the first preclinical study for [**°Ac]Ac-
DOTA-TATE. We have synthesized [***Ac]Ac-DOTA-
TATE with high radiochemical yield and purity, and per-
formed stability, BD, RD, toxicity, and efficacy studies in
preclinical models of somatostatin receptor 2 (SSTR2) posi-
tive lung tumors. DOTA-TATE was chosen because
['77Lu]Lu-DOTA-TATE has been compared with
['""Lu]Lu-DOTA-TOC in patients and a greater tumor resi-
dence time was observed for ['/’Lu]Lu-DOTA-TATE, indi-
cating that DOTA-TATE may be a superior targeting ligand
for delivery of radiotherapy [23].

Previous somatostatin receptor-targeted PRRT studies
have shown that nephrotoxicity is a dose-limiting factor since
reabsorption of radio-labeled SSAs by cells in the proximal
tubule of the nephron occurs [38, 39]. A preclinical study on
PRRT with [**Ac]Ac-DOTA-TOC conducted in nude mice
bearing AR42]J rat pancreatic NET xenograft tumors demon-
strated significant kidney tubular necrosis at activities higher
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than 30 kBq [16]. Our BD results demonstrated that
[**>Ac]Ac-DOTA-TATE is primarily cleared by the renal
route, with some hepatic clearance. Clearance kinetics param-
eters and RD were calculated, and the highest accumulated
doses were observed in the kidneys and liver, with the highest
uptake (initial accumulation, A,) and fastest clearance (7.s) in
the kidney relative to the liver.

In the toxicity study, all animals survived to 5 months
p.i., and there was no acute kidney damage observed by
pathology at any dose level. BUN and creatinine levels
were in the normal range for all animals in the study.
However, chronic progressive nephropathy was observed
in animals injected with >2.56 puCi (94.72 kBq) and,
despite overall weight gain, animals that were injected
with the highest activities, averaging 4.43 uCi
(164 kBq) began losing weight at ~100 days p.i. It is
notable that for clinical administrations, SSA PRRTs are
co-infused with amino acids for renal protection by
blocking peptide reabsorption in the proximal tubules,
which significantly diminishes the radiation dose to the
kidneys [6, 40]. Liver enzymes were normal and there
was no treatment related damage observed in the liver
or other tissues by pathology.

We confirmed a high and moderate endogenous expression
of SSTR2 in H69 and H727 human lung cancer cells, respec-
tively. Following a single treatment of [***Ac]Ac-DOTA-
TATE, the in vivo efficacy study demonstrated significantly
decreased tumor volume, increased tumor growth delay, and a
prolonged time to experimental endpoint for animals bearing
both tumor types. The responses were greater in H69 tumor—
bearing animals compared to H727, which is likely due to the
relatively higher and more homogeneous SSTR2 expression
in H69 tumors. It is notable that H69 tumors that regrew fol-
lowing treatment had 10% lower SSTR2 expression and 22%
increased heterogeneity of SSTR2 expression relative to con-
trols, and these differences were significant, but the H727
tumors regrew with unaltered expression. Tumor regrowth
with retained target expression suggests the potential for mul-
tiple dosing regimens to prolong survival. However, the loss
of some expression in regrowth suggests the potential for de-
velopment of treatment resistance over time.

In conclusion, our overall results suggest significant poten-
tial for the clinical translation of [**Ac]Ac-DOTA-TATE as a
novel therapy for lung neuroendocrine neoplasms.
Nephrotoxicity results suggest that renal protective measures
will be needed, such as the co-injection of amino acid that is
currently done during clinical administration of ['”"Lu]Lu-
DOTA-TATE [6, 40]. Furthermore, since it is not practical
to directly image “*°Ac in patients, personalized methods for
determining radiation dosimetry need to be developed using
companion imaging agents, e.g., [**Ga]Ga-DOTA-TATE
positron emission tomography and image voxel-based
Monte Carlo simulations.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00259-021-05315-1.
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ABSTRACT: Lipophilicity is explored in the biodistribution (BD), pharmacokinetics (PK), radiation dosimetry (RD), and toxicity
of an internally administered targeted alpha-particle therapy (TAT) under development for the treatment of metastatic melanoma.
The TAT conjugate is comprised of the chelator DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetate), conjugated to
melanocortin receptor 1 specific peptidic ligand (MCI1RL) using a linker moiety and chelation of the **Ac radiometal. A set of
conjugates were prepared with a range of lipophilicities (log D, , values) by varying the chemical properties of the linker. Reported
are the observations that higher log D, values are associated with decreased kidney uptake, decreased absorbed radiation dose, and
decreased kidney toxicity of the TAT, and the inverse is observed for lower log D, , values. Animals administered TATSs with lower
lipophilicities exhibited acute nephropathy and death, whereas animals administered the highest activity TATs with higher
lipophilicities lived for the duration of the 7 month study and exhibited chronic progressive nephropathy. Changes in TAT
lipophilicity were not associated with changes in liver uptake, dose, or toxicity. Significant observations include that lipophilicity
correlates with kidney BD, the kidney-to-liver BD ratio, and weight loss and that blood urea nitrogen (BUN) levels correlated with
kidney uptake. Furthermore, BUN was identified as having higher sensitivity and specificity of detection of kidney pathology, and the
liver enzyme alkaline phosphatase (ALKP) had high sensitivity and specificity for detection of liver damage associated with the TAT.
These findings suggest that tuning radiopharmaceutical lipophilicity can effectively modulate the level of kidney uptake to reduce
morbidity and improve both safety and efficacy.

KEYWORDS: Biodistribution, Melanocortin receptor 1, Actinium-22S, Lipophilicity, Radiotherapy, a-Particle emmiter
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D rug discovery and development is a complex, labor-
intensive, and lengthy process. This long road includes
determining a clinical need, identification and validation of

clinically relevant target(s), discovery of targeting moieties, Received: January 22, 2021 Pharmiacoliey.
& Transation 4

preclinical testing of the drug candidates, and documentation Published: March 12, 2021
of the efficacy and safety of the drug candidate in the clinical
trial phase.l_3 On average, this process can take 12—15 years

with a cost of hundreds of millions of dollars.”® Furthermore,
roughly 10% of compounds that are selected for further clinical
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study make it to the marketplace as safe and effective drugs,
demonstrating that the overall drug development process is
formidable.®

The success of a new drug candidate is determined not only
by its efficacy but also by proper pharmacokinetic behavior.
Many promising drug candidates with appreciable activity in
vitro fail to become marketable products, most often due to
inappropriate pharmacokinetic behavior. Physicochemical
properties can be used in the optimization of pharmacokinetics
and the early prediction of absorption, distribution, metabo-
lism, and excretion (ADME) can save time and money.”*

Lipophilicity, which is the affinity of a molecule or a moiety
for a lipophilic environment, is a key physicochemical property
that plays a crucial role in ADME characteristics of drugs.”® It
is one of the factors included in the rule of five formulated by
Lipinski in 1997, a tool for medicinal chemists that is used for
quick assessment of compounds during drug discovery.'" It
also has considerable impact on solubility and membrane
permeability,'>"* potency, * selectivity,"> and promiscuity'” of
drugs, therefore affecting their biodistribution (e.g., hepatic
elimination vs renal excretion), pharmacodynamics, and
toxicological profile.”'*'® Lipophilicity is commonly described
by the processes of partition between two phases, a nonpolar
(organic phase) and a polar (mostly aqueous phase), and
expressed as the logarithm of the n-octanol partition coeflicient
(log P or log D).!

Peptide—ligand drug conjugates can have high binding
affinity and specificity for targets that are highly expressed on
cancer cells but have low or nonexpression on normal cells of
concern for toxicity. These properties have created significant
interest in the use of peptide li§ands in pharmaceutical
research and development (R&D),' as there are currently
~140 therapeutics with peptide targeting ligands in clinical
trials.” The systemic clearance route of peptide-drug
conjugates can be a significant factor in terms of dose-limiting
toxicity (i.e., renal vs hepatic). Although several studies have
correlated the route of clearance with the physicochemical
properties of small molecules,”'™*" to the best of our
knowledge, these correlations are largely unexplored for
peptide conjugates.

Because of the high linear energy transfer (LET) and short-
range of a particles in tissue, there is significant interest in the
development of targeted alpha-particle therapy (TAT) for the
treatment of solid tumors (reviewed recently by our group).””
We recently published studies demonstrating the conjugation
of a peptide based ligand (MCIRL) with high affinity and
selectivity for the melanocortin 1 receptor (MCIR)> to a
metal chelator (dodecane tetraacetic acid, DOTA) using an
aminohexanoic acid (Ahx) linker (DOTA-Ahx-MC1RL). This
conjugate was radiolabeled with the a-particle-emitting
radionuclide, 2°Ac, for use as TAT for treatment of metastatic
uveal melanoma.”” The melanocortin 1 receptor (MCIR) is
expressed in 94% of uveal melanoma metastases.

Our preclinical studies demonstrated low toxicity, signifi-
cantly prolonged survival, and decreased metastasis burden
following treatment with 2>Ac-DOTA-Ahx-MCIRL.”> We
also observed that ***Ac-DOTA-Ahx-MCIRL was cleared
more via the hepatic route, which differed from our previously
reported near-infrared fluorescent dye conjugate (MCIRL-
800) that has predominant renal clearance.”*”> We observed
that the log D,, value of **Ac-DOTA-Ahx-MCIRL was
significantly higher than the value of MCIRL-800 and
hypothesized that lipophilicity may have a role in determining
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the clearance route of these two conjugates. To test this
hypothesis, we designed and synthesized a library of DOTA-
linker-MC1RL compounds with diverse linkers and a predicted
range of log D,, values. Herein, we report the synthesis and
characterization of lipophilicity, biodistribution, clearance
route, radiation dosimetry, and toxicity profile of this new
library of compounds.

B MATERIALS AND METHODS

Synthesis of DOTA-linker-MC1RL Compound Library.
MCIRL compounds™ with different linkers were synthesized
on Rink Amide resin (initial loading: 0.568 mmol/g) using N*-
Fmoc-protecting amino acids and a HCTU/DIEA strategy.
After the resin was swollen in DCM for 30 min, the Fmoc
protecting group was removed with 2% DBU in DMF (2 X §
min). The resin was washed with NMP and DCM three times
each, and the first amino acid was coupled using HCTU and
DIEA in NMP (4 equiv of N*-Fmoc amino acid, 4 equiv of
HCTU, and 8 equiv of DIEA). The double coupling was
performed at all steps under the same coupling conditions due
to the sequence deletion and the slower coupling rate in longer
sequences. After coupling, the resin was washed with NMP
(x3) and DCM (x3), and any unreacted free amine groups on
the resin were treated using 50% acetic anhydride in pyridine
for S min. After the resin was washed with NMP (x3) and
DCM (%3), the same procedure was repeated for the next
amino acid coupling until every residue in the sequence was
coupled.

The Alloc protecting group of the C-terminal Lys was
deprotected with piperidine (5—10 drops) and Pd(PPh,), (0.2
equiv) in anhydrous chloroform. Under nitrogen gas, the
reaction mixture was stirred for 15 min and then repeated.
After the resin was washed with chloroform, NMP, and DCM;
DOTA (no-linker), aminohexanoic acid—DOTA, b-Lys-D-
Lys—DOTA, or p-Lys-D-Glu—DOTA, were coupled to the
free amine via HCTU coupling as described above.

The peptide and every protecting group was cleaved using
cleavage cocktail (88% TFA, 5% water, 5% phenol, and 2%
triethylsilane) for 4 h. The crude peptide was isolated from the
resin by filtration, and the filtrate was concentrated. The
peptide was precipitated in ice cold diethyl ether, dissolved in
water, and lyophilized. The off-white crude powder was
purified by reverse-phase chromatography.

Complexation of the peptides with lanthanum (La’*) was
accomplished by incubation (25 °C) of the purified peptide in
0.1 M of sodium acetate, pH 6 buffer solution with 3 equiv of
lanthanum chloride heptahydrate. The complexation reaction
was assayed for completion by monitoring the retention time
shift of the ligands on a linear gradient of analytical RP-HPLC.
After 16 h of incubation, the reaction was complete, and
peptide ligand solutions were separated from the excess metal
and buffer by semiprep RP-HPLC. Eu-DTPA-MCIRL was
synthesized as described before.*”

Cell Culture. HEK293/MCIR (HEK293 cells engineered
to express MCIR)26 were grown in DMEM/F12 (Life
Technologies) containing 10% FBS, 100 units/mL penicillin,
and 100 mg/mL streptomycin in 5% CO, at 37 °C. All
experiments were performed with cells of passage number less
than 2S. Cells were authenticated using short tandem repeat
(STR) DNA typing according to ATCC’s §uidelines by the
Molecular Genomics Core Facility at Moffitt”” and monitored
by microscopy to ensure maintenance of their original
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morphology. Cells were tested for mycoplasma contamination
using the MycoAlert kit (Lonza).

Binding Assay. HEK293/MCIR cells’® were used to
assess ligand binding in a lanthanide-based time-resolved
fluorescence competitive binding assay as described previ-
ously.”” Briefly, the cells were plated on SigmaScreen poly-n-
lysine coated plates (Sigma-Aldrich) at a density of 30000
cells/well 1 day before the experiment. On the day of the
experiment, the medium was aspirated, and 50 pL of
nonlabeled competing ligand was added to each well in a
series of decreasing concentrations (ranging from ~1 uM to
0.1 nM), followed by 50 uL of Eu-DTPA-MCIRL at 10 nM.
All ligands were diluted in binding medium (DMEM, 1 mM
1,10-phenanthroline, 200 mg/L bacitracin, 0.5 mg/L leupeptin,
and 0.3% BSA). Cells were incubated with ligands for 30 min
at 37 °C. Following incubation, cells were washed two times
with PBS, and 100 uL of enhancement solution (PerkinElmer)
was added to each well. Cells were incubated for an additional
30 min at 37 °C prior to reading. The plates were read on a
PerkinElmer VICTORx4 2030 multilabel reader using the
standard Eu time-resolved fluorescence (TRF) measurement
(340 nm excitation, 400 us delay, and emission collection for
400 ps at 615 nm). Competitive binding curves were analyzed
with GraphPad Prism software using the sigmoidal dose—
response (variable slope) classical equation for nonlinear
regression analysis.

Lipophilicity. The lipophilicities of the unmetalated and
La**-chelated DOTA-linker-MCIRL compounds were deter-
mined by a miniaturized shake-flask method similar to a
previous report.”* Stock solutions of the compounds (200 yM)
in 10 mM, pH 7.4, phosphate buffer were prepared. Aliquots of
the stock solutions were vortexed with three different ratios of
n-octanol. The resulting emulsions were centrifugated and the
PBS and n-octanol layers separated. Unknown compound
concentrations in the aqueous and organic layers were
measured by HPLC-triple quadrupole MRM mass spectrosco-
py. Triplicate measurements of compound concentration were
used to calculate the log of partition between the lipid and
aqueous phases at pH 7.4 (log D,,).

Radiochemical Synthesis and Quality Control for
225Ac-DOTA-linker-MC1RL Compounds. Actinium-225
(**Ac: t)), = 10 days; Egp, = 6—8 MeV) was purchased
from Oak Ridge National Laboratories. The complexation of
225Ac was achieved for DOTA-Ahx-MCIRL as previously
described” and by reacting DOTA-MCIRL (no linker),
DOTA-DLDL-MCIRL (p-Lys-p-Lys linker), or DOTA-
DLDG-MCIRL (p-Lys-p-Glu linker) (5—10 pg in 5—10 uL
water from 1.0 mg/mL solution) with **Ac(NO;); (3.4 MBq)
that was diluted in 100 uL of water containing 10 yL of 20% L-
ascorbic acid. The pH of the resulting solution was adjusted to
5.5—6 using 1 M Tris buffer (10—12 yL) and then incubated
at 60 °C for 1 h. Reaction progress and radiochemical purity
were measured without further purification using ITLC with
gamma counting, radio-TLC, and gamma counting of radio-
HPLC fractions. Specific activity was calculated using a
standard method.” Analysis was performed 24 h after sample
collection to ensure secular equilibrium was achieved between
*Ac and its daughter products. The proportion of chelated
2Ac in this preparation relative to the proportion of chelated
La* is described in Supplemental Experimental Methods.

Animal Studies. All protocols were approved as University
of South Florida IACUC protocol 1500004454
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Injected Activity Measurement. Syringes were prefilled
with ***Ac radiopharmaceutical activity, and since a-particles
from **Ac cannot be directly measured in tissue due to the
range,”’ the activity was measured using the isomeric gamma
spectra by the 47 well-type Atomlab 500 Wipe Test Gamma
Counter (BioDex) and converted to ***Ac alpha activity using
factors for y ray abundance per alpha decay as described
previously.”” The spectra were acquired using a full energy
window to include gamma counts from ***Ac, with peak at 99.8
keV (abundance 1%), and its two y-emitting daughters, **'Fr
(4.9 min T, ,) with peak at 218.1 keV (abundance 11.4%) and
*BBi (46 min T,/,,) with peak at 440.5 keV (abundance
25.9%).>> The alpha activity in 1 #Ci of each radionuclide was
determined by fitting each peak with a multi-Gaussian fit and
integrating to determine the net number of counts while
incorporating the acquisition time. The activity was injected
into each mouse via tail-vein catheter. Activity remaining in the
syringe and catheter postinjection were calculated and
subtracted to determine net administered activity. Spectra
were acquired at >24 h post-radiosynthesis or tissue rendering
ensurin% that **Ac and daughters were in secular equili-
brium.*

Biodistribution (BD). Male and female BALB/c mice
(10—12 weeks, 18—22 g, Charles River) were used for the BD
studies. Tail vein catheters were used for agent administration
to mice. All mice were intravenously administered 148 kBq +
10% of **>Ac alpha activity in the syringe. The animals were
euthanized at multiple time-points between 24 h and 1 week
post-injection (p.i.) (n = S mice per time point), and tissues
were removed and weighed. The isomeric gamma spectra were
measured for each tissue sample as described above. Using the
net administered activity for *>Ac, **'Fr, and *"*Bi, the percent
injected activity per gram (%IA/g) were then calculated and
compared to a weighed, counted standard for all groups.

In-house-designed Matlab (MathWorks) code was used to
calculate the pharmacokinetics (PK) rates of uptake and
clearance for each compound. Data were fit using the nonlinear
least-squares approach and the logarithmic equation for uptake
and two-exponential decay equation for clearance to find
relevant parameters (e.g., rates of uptake and clearance).”* The
following equation was used for uptake:

y=A X log(x) + 4

where y [%IA/g] is the percentage of measured radioactivity
per gram of tissue, A [%IA/g] is the peak percentage of
radioactivity per gram of tissue, and A [%IA/g/h] is the rate of
uptake.

A two-compartment model was used where rapid clearance
of radiopharmaceutical circulating in the blood and a slower
clearance of radiopharmaceutical from tissues are observed.
Hence, the following two-exponential equation was used for
clearance:

(=A%) + A2 X e(_lzx)

y=A Xe
where y [%IA/g] is the percentage of measured radioactivity
per gram of tissue, A; [%IA/g] and A, [%IA/g] are the initial
percentages of radioactivity per gram of tissue at two different
phases of clearance, and 4, [%IAg/h] and 4, [%IAg/h] are the
rates of clearance for two different phases.

Radiation Dosimetry (RD). Dosimetry calculations were
performed as previously described.” As described above for
BD studies, isomeric y-emission spectra of ***Ac and the two

https://dx.doi.org/10.1021/acsptsci.1c00035
ACS Pharmacol. Transl. Sci. 2021, 4, 953—965


pubs.acs.org/ptsci?ref=pdf
https://dx.doi.org/10.1021/acsptsci.1c00035?ref=pdf

ACS Pharmacology & Translational Science

pubs.acs.org/ptsci

Scheme 1. Synthetic Route of DOTA-Linker-MC1RL Compounds

1) a) Remove Fmoc, b) Couple Fmoc-Lys(alloc)OH
2) a) Remove Fmoc, b) Couple Fmoc-Gly-OH

3) a) Remove Fmoc, b) Couple Fmoc-Trp(Boc)-OH
4) a) Remove Fmoc, b) Couple Fmoc-Arg(Pbf)-OH
5) a) Remove Fmoc, b) Couple Fmoc-D-Phe-OH
6) a) Remove Fmoc, b) Couple Fmoc-His(Trt)-OH
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7) a) Remove Fmoc, b) Couple 4-phenylbutyric acid

8) a) Remove alloc, b) Couple Fmoc-amino acid (Linker 1)

9) a) Remove Fmoc, b) Couple Fmoc-amino acid (Linker 2)

10) a) Remove Fmoc, b) Couple DOTA-tri-t-butyl-ester

11) a) Cleavage: TFA, H,0, Triethylsilane, Phenol b) Lyophilization, ¢) HPLC Purification

NH

HO.C
W “W
HO,C K/

Linker 1

HO,C
Compounds MW Linker Residue 1 Linker Residue 2
1 1361 - -
2 1474 Ahx -
3 1586 D-Lys D-Lys
4 1618 D-Lys D-Glu

radionuclides in the decay chain with detectable emissions,
*!Fr and **Bi, were acquired in tissues rendered at different
p-i. time points and used for these calculations. Because of their
short half-lives, *'7At (32.2 ms) and *"*Po (4.2 us) were
assumed to decay at the site of their parent radionuclides, **'Fr
and *"Bj, respectively. The 3 decay branching ratio for >'”At to
*I7Rn is only 0.01%; therefore, it was assumed that all decays of
I7At progressed by a emission to *'*Bi. The branching ratios
for decay of **Bi are 98% to **Po and 2% to *®TI and were
accounted for in the calculation. Due to the relatively low LET
and the small dimensions of the target tissues, the  emissions
from 2YAt, 2%Bi, 2®T1, and *“Pb were assumed to be
negligible and are not included in the calculations.™

Organ and tumor absorbed doses from 25pc, 2UFr, YA,
*IBi, and **Po were determined using acquired BD data.
Dosimetry calculations were performed using the generalized
internal dosimetry schema of the MIRD Committee for a-
particle emitters.”* According to MIRD #21, the absorbed
radiation dose due to particle type x, D,(rr, Tp), is the mean
energy imparted to target tissue r per unit tissue mass, defined

by eq 1:

2 Ay < r5; EY)
M("T)

Dx("T; TD) = kA("sr TD) (1)

where A(rg, Tp) is the total number of nuclear transitions in
the target region (accumulated activity), A} is the mean energy
emitted per nuclear transition, ¢(ry < rg; Ef) is the fraction of
energy emitted per nuclear transition in the source region that
is absorbed in the target region by the ith emission that is
emitted with initial energy E, k is a conversion factor, and
M(rr) is the mass of the target tissue. Time—activity curves
were generated for each organ and fit with an exponential
decay nonlinear regression. Accumulated activity in each
organ/tumor was determined by analytically integrating the
resulting equation of fit. Several assumptions were made in the
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calculation of absorbed dose. It was assumed that the a-particle
activity was uniformly distributed in each organ/tumor
volume, and as a result of its short-range in tissue, no «a
particles escaped from its source organ/tumor. Electron and
photon contributions were assumed to be negligible compared
to a-particle energy deposition.”” After these assumptions, eq 1
simplifies to

kA(r, Tp) A

Da(": T,) = — 2 D=
M(r) )
It was assumed that a particles from **'Fr (4.9 min T ,), *'7At

(322 ms Ty,,), **Bi (46 min T,),), and *"*Po (4.2 us T,),)
were deposited in the same location as ***Ac (10 day T /,) due
to the relatively shorter half-lives of these daughter isotopes.
Although *7At and *"*Po do not have detectable y emissions,
under the assumption that the decay chain had reached secular
equilibrium, the accumulated activity of these two daughters
would equal that of 21pr and 213Bj, respectively. The total
absorbed a-particle dose was calculated from the summation of
doses from **’Ac, 2*!'Fr, 2'7At, *'3Bi, and *'*Po.

Toxicity. Toxicity studies were conducted using cohorts of
normal BALB/c mice. After a single intravenous injection of
each *Ac conjugate ranging from 3 to 314 kBq ***Ac activity
or saline, cohorts (n = 6 mice/cohort) were weighed 2 times
per week and monitored for 7 months for signs of distressed
behavior. At the end of that period, animals were euthanized,
and serum was collected by centrifugation at 1500 X g. Blood
urea nitrogen (BUN), creatinine, alkaline phosphatase
(ALKP), alanine aminotransferase (ALT), and aspartate
aminotransferase (AST) content in serum were analyzed
using the Catalyst DX automated chemistry analyzer and CLIP
(IDEXX, ME). Liver, kidney, spleen, pancreas, cecum, small
intestine, lymph nodes, bone marrow, muscle, salivary gland,
and bone were harvested and fixed in 10% formalin. Bone was
decalcified in 14% ethylene diaminetetraacetic acid (EDTA)
solution after fixation in formalin. All tissues were embedded in
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paraffin, sectioned (4—6 um thickness), and stained with
hematoxylin and eosin. The slides were scanned in the Moffitt
Analytical Microscopy Core Facility using a ScanScope XT
digital slide scanner (Aperio, CA) and examined by the
veterinary pathologist (R.E.), in a blind manner.

Statistical Analysis. Analysis of variance (ANOVA) was
used to assess the relationship of BD (%IA/g) with the log D
value, with log D and time as the independent variables. These
analyses were modeled on liver BD, kidney BD, and the
kidney/liver BD ratio (i.e. three separate models). An
interaction effect with time and BD (either kidney or liver or
the ratio) was included too.

Logistic regression analyses were used to assess the toxicities
for each compound and injected activity group using standard
reference ranges (adjusted for control levels if necessary) based
on the injected activity. Weight change for each compound and
activity was evaluated relative to the control group’s weight
change. A predicted probability of toxicity was then generated
across the range of injected activity levels to generate curves for
each of compound group.

Using the Spearman’s correlation coeflicient, the correlation
of log D values with uptake values for both kidney and liver
were estimated for each radiopharmaceutical. Also, for each
derived toxicity measure for either kidney or liver, we
calculated the sensitivity and specificity of toxicity using
pathology as the standard.

B RESULTS

Synthesis and Characterization of DOTA-linker-
MC1RL Compounds. The library of DOTA-linker-MC1RL
compounds were synthesized using the synthetic route shown
in Scheme 1. Synthesis of the DOTA-Ahx-MCI1RL version was
previously described.”” Each compound was chelated with La**
to facilitate in vitro characterizations. La®" has been reported as
a useful surrogate for compounds being developed with Ac,
since both exist as trivalent ions in solution.”® See Figures S1—
S8 for HPLC chromatograms and MALDI-TOF spectra of
each compound, with and without La*" chelation.

Via competitive binding assay, we determined that all of the
La**-DOTA-linker-MCIRL compounds have high binding
affinity for MC1R (i.e., 0.08, 0.20, 0.06, and 0.23 nM K;) for
versions with the following linkers: no linker, Ahx, DLDL, and
DLDG, respectively (Figure 1).

Log D, which can influence the tissue distribution of a
compound and is an indicator of lipophilicity or solubility, was
determined for the unmetalated and La**-chelated compounds
(Table S1). Complexation with La*" reduced the log D, , for

50000~ - | 2%*.DOTA-MC1RL
40000 -# La®"-DOTA-Ahx-MC1RL
" - La®*-DOTA-DLDL-MC1RL
£ 300004 = La°*-DOTA-DLDG-MC1RL
o
2 20000-
w
10000
0 T
0 2 4 6

Log [PM]

Figure 1. Competitive binding assay for La**-DOTA-linker-MC1RL
compounds.

each compound. These values suggest that the compounds are
soluble in aqueous buffer, but with variable lipophilicities
(ranging from —1.79 to —2.75 for the unmetalated compounds
and from —2.14 to —3.88 for the compounds chelated with
La*").

Radiosynthesis and Characterization of 22°Ac-DOTA-
linker-MC1RL Radiopharmaceuticals. Radiosynthesis
(Scheme 2) for all **Ac-DOTA-linker-MC1RL radiopharma-
ceuticals provided a greater than 95% vyield with high
radiochemical purity (>99.0%) as determined by radio-TLC
and radio-HPLC (Figures S9—S12).

Biodistribution and Pharmacokinetics. Tissue BD of
the ***Ac-DOTA-linker-MCIRL radiopharmaceuticals were
determined in BALB/c mice. Following intravenous injection,
25Ac activity was observed primarily in clearance tissues (i.e.,
liver, kidneys, and intestine), and clearance occurred over a
period of weeks (Figure 2). Using the BD data, the
pharmacokinetics of kidney and liver uptake and clearance
rates, and blood clearance rates were calculated for each
radiopharmaceutical (Table 1). The uptake data were best fit
using the logarithmic uptake equation. A two-compartment
model for clearance was assumed, and clearance data were
fitted using the two-exponential clearance equation.

Radiation Dosimetry. Radiation dosimetry (RD) calcu-
lations were based on the data obtained from the BD studies.
RD for targeted radiotherapy is the determination of the
absorbed energy deposited per unit mass by ionizing radiation
in the different tissue compartments within the body. As
described in the Materials and Methods, the a-particle dose
from ***Ac and each of its a-emitting daughters was calculated
using y spectroscopy of **Ac, **'Fr, and *"*Bi (Figure S13).

BD data for the different tissues were fitted using an
exponential decay nonlinear regression, allowing the estimation
of clearance kinetics, tissue biological half-life, accumulated
activity, and absorbed dose/injected activity (Gy/kBq) for
each radionuclide in each tissue. See Table S2A—C for ***Ac-
DOTA-MCIRL, ?*Ac-DOTA-DLDL-MCIRL, and 2**Ac-
DOTA-DLDG-MCIRL. RD for **Ac-DOTA-Ahx-MCIRL
was previously reported.” The total absorbed dose is the
summation of the values for the five @-emitting radionuclides.
The calculated total absorbed dose for each of the ***Ac-
labeled compounds was minimal in all tissues except clearance
organs (kidneys and liver). The total absorbed dose of **’Ac
and daughters was greater in the liver relative to the kidneys for
25Ac-DOTA-MCIRL (no linker) and ***Ac-DOTA-Ahx-
MCIRL with 0.56 and 0.24 Gy/kBq for kidneys and 0.79
and 0.70 Gy/kBq for liver, respectively. The total absorbed
dose of **Ac and daughters was greater in the kidneys (1.59
and 0.92 Gy/kBq) relative to the liver (1.36 and 0.45 Gy/kBq)
for **Ac-DOTA-DLDL-MCIRL and **Ac-DOTA-DLDG-
MCIRL, respectively. Figure 3 presents graphs of the absorbed
dose from each radionuclide per tissue for all four
radiopharmaceuticals.

It is noted that in tissues with significant uptake, the effective
decay half-lives (T.g) calculated for 2**Ac were shorter than the
radiodecay half-life of ***Ac (10 days) for all the compounds,
indicating biological clearance. For example, the calculated T
in kidneys and liver for ***Ac—no linker was 4.8 and 5.7 days,
respectively (Table S2A). Hence, T.4 is a composite of
radiodecay and active biological clearance. The T was only
calculated to be longer in some tissues with minimal uptake
where instrument background likely interfered with the
accuracy of measurement.
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Scheme 2. Radiochemical Synthesis of ***Ac-DOTA-linker-MCIRL Compounds
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Figure 2. BD results for (A) **Ac-DOTA-MCIRL, (B) *Ac-DOTA-Ahx-MCIRL, (C) ***Ac-DOTA-DLDL-MCIRL, and (D) **Ac-DOTA-
DLDG-MCIRL. Activities were calculated for tissues rendered from BALB/c mice (n = 6 per time point). The time courses vary among the
different compounds due to differences in animal survival and liver clearance.

Toxicity. Cohorts of mice received a single intravenous
injection of a range of ***Ac activities from 3 to 314 kBq of
each radiopharmaceutical. Animals were weighed twice per
week and monitored for 7 months for signs of discomfort or
declining condition. At the completion of the study, serum was
collected for renal and hepatic toxicity assays, and tissues were
collected for histological staining and pathology examination.
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See Table S3 for the histopathology scoring of all tissues in the
study.

Death due to acute renal failure was observed in some
cohorts. There were no deaths observed in mice administered
225Ac-DOTA-MCIRL (no linker) or *°Ac-DOTA-Ahx-
MCIRL at any injected activity. All mice treated with >77.6
kBq of **Ac-DOTA-DLDL-MCIRL and a single mouse
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Table 1. Pharmacokinetics of Uptake and Clearance Rate Constants for Each Compound

uptake rate constant, 1

fast clearance rate constant, 4,

slow clearance rate constant, 4,

compound organ (%IA/g/h) (%IA/g/h) (%IA/g/h)
blood 0.00756 1.89
25Ac-DOTA-MCIRL kidney 3.98 0.0361 0.0275
liver 30.1 63.8 0.00737
blood 0.507 0.0125
25Ac.DOTA-Ahx-MCIRL kidney 5.63 0.0605 0.00514
liver 17.3 0.0662 0.00319
blood 1.87 0.00577
25A¢.DOTA-DLDL-MCIRL  kidney 179 0.0229 —0.0109
liver 55.9 0.00511 -0.0323
blood 0.0198 2.00
#5Ac-DOTA-DGDL-MCIRL  kidney 44.1 0.0117 —0.0118
liver 8.97 0.0412 0.00360
A 225 B
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Figure 3. Radiation dosimetry of ***Ac and daughters following administration of (A) **Ac-DOTA-MCIRL (no linker), (B) **Ac-DOTA-Ahx-
MCIRL, (C) **Ac-DOTA-DLDL-MCIRL, and (D) **Ac-DOTA-DLDG-MC1RLin BALB/c mice.

injected with 44.0 kBq of **Ac-DOTA-DLDG-MCIRL died
within 1-2 weeks p.i, and at necropsy, kidneys appeared
grossly pale, pitted, small, and irregular in shape (Figure 4A).
Histologically, tubular cell necrosis was characterized by
intense cytoplasmic eosinophilia with pyknotic nuclei, while
other tubules appeared regenerative with cytoplasmic baso-
philia and nuclear crowding (Figure 4C).

By the end of the study, mice injected with **>Ac-DOTA-
MCIRL, ***Ac-DOTA-Ahx-MCIRL, ***Ac-DOTA-DLDL-
MCIRL, and **’Ac-DOTA-DLDG-MCIRL at >268.9, 181.5,
11.5, and 50.2 kBq of ***Ac activity, respectively, had chronic
progressive nephropathy. Histologically, this pathophysiolog-
ical entity was characterized by little normal renal parenchyma
remains due to extensive tubular cell necrosis, epithelial
sloughing and cast formation, extensive tubular cell regener-
ation, diffuse interstitial edema and fibrosis with mild
mononuclear inflammatory cell infiltrates, and hypercellular
glomerular tufts (Figure 4D,E). Animals injected with less than
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the above activities survived without abnormal kidney
pathology.

None of the animals injected with *>Ac-DOTA-MCIRL or
2Ac-DOTA-DGDL-MCIRL had histopathological liver dam-
age. By the end of the study, mice injected with greater than
>317.8 kBq of **Ac-DOTA-Ahx-MCIRL had treatment-
related liver damage such as bile duct hyperplasia and
hepatocyte apoptosis (Figure 4G), and mice injected with
>27.0 kBq of **Ac-DOTA-DLDL-MCIRL had treatment
related hepatocyte granular degeneration, apoptosis, and
necrosis (Figure 4H,I). Incidental hepatocyte glycogen
accumulation and mild, focal, hepatocellular fatty changes
were observed in the livers of some treated and untreated
control mice.

The spleen of some animals injected with >125.8 kBq of
?Ac-DOTA-DLDL-MCIRL had moderate lymphoid deple-
tion. A mild multifocal lymphoplasmacytic infiltration of
salivary glands was observed in some treated mice.

https://dx.doi.org/10.1021/acsptsci.1c00035
ACS Pharmacol. Transl. Sci. 2021, 4, 953—965


https://pubs.acs.org/doi/10.1021/acsptsci.1c00035?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00035?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00035?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00035?fig=fig3&ref=pdf
pubs.acs.org/ptsci?ref=pdf
https://dx.doi.org/10.1021/acsptsci.1c00035?ref=pdf

ACS Pharmacology & Translational Science pubs.acs.org/ptsci

Figure 4. Gross appearance of kidneys (A, B) and histological appearance of kidney (C—F) and liver (G—J) from mice treated with different
peptides in the toxicity study. (A, B) Gross appearance of kidneys from mice injected with 79.4 kBq of ***Ac-DOTA-DLDL-MCIRL and 305.4 kBq
25Ac-DOTA-MCIRL. (C) Kidney histology of a 135.4 kBq of **Ac-DOTA-DLDL-MCIRL administered mouse, with acute tubular necrosis
resulting in death at 11 days after administration. At necropsy, kidneys appeared grossly pale, pitted, small, and irregular in shape. Histologically,
tubular cell necrosis was characterized by intense cytoplasmic eosinophilia with pyknotic nuclei (arrows), while other tubules appeared regenerative
with cytoplasmic basophilia and nuclear crowding (arrowheads). (D) Kidney of a 293.4 kBq of the ?*Ac—No linker administered mouse with
nephropathy comprised of tubular epithelial cell degeneration with cytoplasmic vacuolization, necrosis, and regeneration with cytoplasmic
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Figure 4. continued

basophilia and nuclear crowding, hypercellularity of glomerular tufts, and focal infiltration of mononuclear cells (arrow). (E) Kidney histology of a
84.2 kBq of **Ac-DOTA-DLDG-MCIRL administered mouse euthanized 7 months after administration, with chronic progressive nephropathy.
Little normal renal parenchyma remains due to extensive tubular cell necrosis (arrow), epithelial sloughing and cast formation, extensive tubular cell
regeneration (arrowheads), diffuse interstitial edema and fibrosis with mild mononuclear inflammatory cell infiltrates, and hypercellular glomerular
tufts. (F) Kidney of saline-treated mouse with normal eosinophilic cuboidal tubular epithelium, and normal glomerluli. (G) Liver of 292.2 kBq of
the ?’Ac-DOTA-Ahx-MC1RL administered mouse with hepatocellular eosinophillic cytoplasmic swelling, single hepatocellular apoptosis (arrows)
with hypereosinophillic cytoplasm and pyknotic nuclei, and single hepatocellular necrosis (arrowheads) with pale eosinophilic cytoplasm and
karyolysis. (H) Liver histology of a 135.4 kBq of **Ac-DOTA-DLDL-MCIRL administered mouse, with focal hepatocellular eosinophillic
cytoplasmic swelling, single hepatocellular apoptosis (arrows) with hypereosinophillic cytoplasm and pyknotic nuclei, and single hepatocellular
necrosis (arrowhead) with pale eosinophilic cytoplasm and karyolysis. (I) Liver histology of a 36.0 kBq of **Ac-DOTA-DLDL-MCIRL
administered mouse, with hepatocellular eosinophillic cytoplasmic swelling, hepatocellular apoptosis (arrows), and hepatocellular necrosis
(arrowhead). (J) Liver of saline administered mouse with normal, well-delineated hepatic cords and sinusoids, a portal triad (left), and a central

vein (right).

The animal weights for each radiopharmaceutical and
administered activity are plotted in Figures S14—S17. By the
end of the study, mice injected with *Ac-DOTA-MCIRL,
**Ac-DOTA-DLDL-MCIRL, and ***Ac-DOTA-DGDL-
MCIRL at >268.9, 25.5, and 44.4 kBq of **Ac activity,
respectively, decreased in weight over the course of the study.
Mice injected with >192.9 kBq of ***Ac-DOTA-Ahx-MCIRL
lost weight, but three mice injected with 200, 212, and 315 kBq
of activity gained weight. Mice administered lower activities
gained weight over the course of the study.

Serum specimens were tested for BUN and creatinine levels
as indicators of renal toxicity, and ALKP, ALT, and AST levels
as indicators of hepatic toxicity (Table S4).** Elevated BUN
levels were observed in some mice injected with **Ac-DOTA-
MCIRL, **Ac-DOTA-Ahx-MCI1RL, **>Ac-DOTA-DLDL-
MCIRL, and *’Ac-DOTA-DLDG-MCIRL at >193.6, 200.1,
11.5, and 19.36 kBq of **’Ac activity, respectively.

Since histopathology is considered the gold standard of
determining toxicity of exposure to ionizing radiation and since
weight loss and serum biomarkers are indirect indicators of
damage due to toxicity, the sensitivity and specificity of these
indirect measures were evaluated relative to pathology (Table
2). Weight loss was shown to have high sensitivity and

Table 2. Determination of Sensitivity and Specificity of the
Indirect Indicators of Toxicity Incomparison to Pathology

parameter % sensitivity % specificity
Kidney Pathology
weight loss 87 95
BUN 74 97
Liver Pathology
weight loss 85 74
AST 14 90
ALKP 85 86
ALT 28 95

specificity for tissue damage to either kidney or liver. BUN
levels had high sensitivity and specificity for kidney damage,
and ALKP levels had high sensitivity and specificity for liver
damage. The probabilities of kidney or liver damage by
pathology, elevated BUN or ALKP levels, or weight loss per
injected activity for each radiopharmaceutical are shown in
Figure SA—E.

Relationship of BD, PK, RD, and Toxicity with
Compound Lipophilicity. Using the BD data for all four
compounds, a significant relationship was determined between
log D, and kidney BD, p < 0.05, and between log D, and the
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kidney-to-liver BD ratio, p < 0.001 (Table S5). It is noted that
no relationship was observed between log D,, and liver BD.
Since BD is a composite of agent uptake and clearance, the
correlations among log D, and kidney and liver uptake, and
clearance rates and toxicity indicators (weight loss, pathology,
BUN and ALKP levels) were examined (Table S6). The
statistical analysis showed that log D,, is significantly
associated with weight loss, p < 0.0001, and that both log
D, and weight loss are significantly associated with kidney
clearance rates, p < 0.0001. Furthermore, BUN levels are
significantly associated with kidney uptake rates, p < 0.0001,
and liver clearance rates, p < 0.0001.

B DISCUSSION

Lipophilicity is a major determinant of route of clearance of
small molecule drugs due to the dependence of renal clearance
on membrane permeability.”> However, this observation has
not been fully substantiated for peptide conjugates.*’ Mass can
influence the route of clearance (i.e., molecules <50 kDa are
removed from circulation via renal glomeruli, while larger
macromolecules clear via the splenic and hepatic routes)."’
With the goal of characterizing the relationship between
lipophilicity and clearance route, we designed and synthesized
a set of peptide-conjugate based radiopharmaceuticals for TAT
with a range of lipophilicities (log D, values) and comparable
mass values ranging from 1361 to 1618 MW without metal
chelation. Also, unnatural amino acids are incorporated into
the peptidic component of these compounds, and high
radiochemical stability has been previously demonstrated for
the *Ac-DOTA-Ahx-MCIRL radiopharmaceutical.”’ Hence,
peptide metabolism is likely a minor factor in determining the
route of clearance. Herein, we report characterization of the
BD, PK, RD, and toxicity of these compounds in mice and the
relationships of log D, , values with the route and PK of uptake
and clearance of the administered TAT.

Since the lipophilicities of the compounds were adjusted by
inserting linkers that have different structures and chemical
properties between the peptide targeting moiety and the metal
chelator, quality control characterizations were also performed.
As a nonradioactive surrogate of 25A¢, La** chelates were used
for these assays. The high binding affinity (low nM K;) of the
MCIRL peptide for the MCIR receptor and log D, values
were confirmed for each compound.

For BD, PK, and RD determinations, each compound was
labeled with ***Ac with high radiochemical yield and purity.
When evaluating the BD, PK, and RD data, general
observations can be made that the metalated compounds
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Figure S. Toxicity probability curves per injected activity for each radiopharmaceutical per (A) kidney pathology, (B) liver pathology [no toxicities
were observed for the other two radiopharmaceuticals], (C) BUN, (D) ALKP, and (E) weight loss.

with log D, values above —2.6 have lower kidney uptake rates,
are cleared more by the hepatic route than renal, and have a
lower radiation dose to the kidney when compared to the
compounds with log D, values below —3.4, which are cleared
more by the renal route, have higher kidney uptake rates, and
have a higher radiation dose to the kidney. This negative
correlation of decreased kidney uptake and decreased radiation
dose with increasing lipophilicity can be explained as a result of
an increase in passive reabsorption in the kidney tubule,
leading to less renal uptake.”"*”

Radiation-induced renal toxicity is a major concern in the
therapeutic application of peptides labeled with radiometals.*'
In this study, we observed two distinct pathological features:
acute kidney damage and chronic kidney damage. Acute
kidney failure was observed in animals that were administered
compounds with log D,, values below —3.4 and was grossly
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characterized by pale, pitted, small, and irregular shaped
kidneys at necropsy and by acute nephropathy via pathology
examination. Acute kidney damage resulted in a rapid loss of
kidney function and death within the week following
treatment. Animals administered compounds with log D,,
values above —2.6 lived for the duration of the 7 month study
and exhibited chronic pathologies of the kidney and liver at
high administered activities. The relative probabilities of
pathology in the kidney and liver by administered activity
were calculated for all cohorts. Weight loss and serum
biomarkers of kidney and liver toxicity were also quantified,
and weight loss was shown to have high sensitivity and
specificity for detection of both kidney and liver pathology.
While creatinine and BUN levels are typically used as
biomarkers of kidney damage,*” BUN was identified in our
study as having higher sensitivity and specificity of detection of
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Table 3. Relationship of log D, with Kidney Uptake, Radiation Doses, and Toxicity

linker log D, uptake rate constant, A (%IA/g/h)
no linker —2.41 + 0.26 3.985
Ahx —2.59 + 0.20 5.625
DLDL —3.49 + 0.27 178.5
DGDL —3.88 + 0.17 44.08

kidney”
probability of toxicity at 148 kBq injected
activity
total absorbed dose (Gy/kBq) pathology BUN weight loss
0.5628 0.00 0.04 0.01
0.1366 0.23 0.10 0.10
1.5980 0.95 1.00 1.00
0.9200 0.95 0.94 0.99

“Determined using the La* chelate. “Determined using the 25A¢ chelate.

kidney pathology. Of all liver enzymes tested, ALKP levels had
both high sensitivity and high specificity for detection of liver
damage. Statistical analyses identified significant relationships
between log D,, and kidney BD, the kidney-to-liver BD ratio,
weight loss, and kidney clearance rates. Weight loss also
significantly correlated with kidney clearance rates. BUN levels
were significantly correlated with kidney uptake and liver
clearance rates.

Table 3 was prepared to highlight the relevant relationships
among the log D, values of the La**-chelated compounds and
the kidney uptake, kidney total absorbed dose, and kidney
toxicity values of the corresponding ***Ac-chelated com-
pounds. It is notable that the compounds with log D-, values
above —2.6 have kidney uptake rates, total absorbed doses, and
probabilities of toxicity that range from 3- to 100-fold lower
than the compounds with log D, values below —3.4.

The arginine side chain in the MCIR targeting ligand is
likely to be positively charged in all of the peptide conjugates at
pH 7.4. This likely gives an overall plus one charge to the
metalated no-linker, Ahx linker, and DLDG analogs and no
overall charge for those same unmetalated analogs. The +3
metals, La and **’Ac, are balanced by the three carboxylates
giving no overall charge for the DOTA-metal-chelated portion
of the conjugates. The free DOTA-MCIRL species have three
negative charges from the DOTA carboxylates and two positive
charges from the protonation of two of the four tertiary amines
in the 1,4,7,10-tetrazadodecane ring system. The metalated and
unmetalated DLDL MCIRL analogs are expected to have
overall +3 or +4 charge, respectively, but they are less polar
than the relevant DLDG MCIRL analogs, which suggests
significantly reduced basicity for the Lys side chains at
physiological pH due to the overall charge density of DLDL
analogs.

All of the linkers used for conjugation are expected to be
stable to metabolic changes and all of the conjugates have
epsilon lysine-amide linkages which are unlikely to be
substrates of proteolytic enzymes. D-Amino acids were used
in the polar linkers to inhibit possible proteolytic cleavage
between the first and second amino acids in the linkers
themselves.

In conclusion, by using different linker chemistry to increase
the lipophilicity of a TAT radiopharmaceutical, we demon-
strated that the kidney uptake rate can be significantly
decreased, which also decreases the total absorbed dose and
probability of toxicity to the kidney. Liver uptake, dose, and
toxicity were not significantly influenced by the increase in
lipophilicity. Hence, there is significant potential to decrease
the kidney toxicity of radiopharmaceuticals via medicinal
chemistry approaches that adjust lipophilicity.
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The gut microbiota, an often forgotten organ, have a tremendous impact on human health. It has long been
known that the gut microbiota are implicated in cancer development, and more recently, the gut microbiota have
been shown to influence cancer metastasis to distant organs. Although one of the most common sites of distant
metastasis is the bone, and the skeletal system has been shown to be a subject of interactions with the gut
microbiota to regulate bone homeostasis, little research has been done regarding how the gut microbiota control
the development of bone metastasis. This review will discuss the mechanisms through which the gut microbiota

and derived microbial compounds (i) regulate gastrointestinal cancer disease progression and metastasis, (ii)
influence skeletal remodeling and potentially modulate bone metastasis, and (iii) affect and potentially enhance
immunotherapeutic treatments for bone metastasis.

1. Introduction

In the human body, it is estimated that there are ten times as many
microorganisms as nucleated host cells [1]. The genome of these mi-
croorganisms, known as the human microbiome, is found to contain
approximately 100 times the number of genes present in the human
genome [2]. Microorganisms, established in the human body in utero,
begin to multiply and diversify immediately after birth until stabiliza-
tion occurs at three years of age [3,4]. One of the major sites where
microorganisms exist in the human body is the gut [5]. The collection of
microorganisms that exists in the gut is labeled as the gut microbiota, as
microorganisms that live in a specific environment are coined the
microbiota. The gut microbiota consists of a vast number of bacteria,
viruses, fungi, archaea, and protists, and can have a tremendous impact

on human health [6,7]. Especially, with all components working in
conjunction, the gut microbiota plays a fundamental role in human
digestion, as it is capable of breaking down nutrients that the host would
be incapable of digesting on its own [8]. For example, a single gene locus
in Bacteroides ovatus is responsible for the digestion of xyloglucans, a
sugar from plants that would otherwise be indigestible for the human
host [9]. Similarly, there are specific microbiota that regulate the uptake
of vitamins and minerals [10]. Additionally, Prevotella corpi and Lacto-
bacillus plantarum are just two of the gut microorganisms believed to be
necessary for vitamin B2 synthesis [11]. Through these functions, the
gut microbiota contribute to maintaining host health.

Another important role of the gut microbiota in the host environment
is to equilibrate and maintain the interaction between the gut and host
microorganisms. In a healthy individual, this equilibrated state is
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achieved by crosstalk and cross-regulation between the gut microbiota
and their human host, which serves to create a stable balance in the
gastrointestinal (GI) tract [12]. The primary functions of the healthy GI
tract are to regulate nutrient and water absorption in addition to pre-
venting toxins from entering circulation, and the design of the gut bar-
rier is indicative of these roles [13]. The gut barrier is comprised of three
layers (i) a mucus layer that serves as protection for epithelial cells from
gut microbiota, (ii) a single layer of epithelial cells that comprise the
majority of the physical intestinal wall, and (iii) a series of junctional
complexes that regulate the transport of molecules and maintain the
intestinal barrier [14-16]. Typically, gut microbiota can reside within
the gut without problem due to this barrier system; however, problems
arise when the gut microenvironment is thrown into a state of dysbiosis,
the state in which equilibrium between the gut microbiota and their
human host is disrupted [17,18]. Dysbiosis is brought on by a variety of
causes primarily related to environmental contaminants, excess alcohol
consumption, and unhealthy eating [19]. The physical, biochemical,
and immune barriers that serve to protect the host become compromised
during dysbiosis resulting in systemic inflammation [20-23]. When
dysbiosis is induced, this can lead to permeability within the gut barrier,
essentially impairing the protective responses and normal function
within the gut, creating what is known as a “leaky gut”. When the gut
barrier becomes compromised, the bacteria that in some cases initially
created the leaky gut, along with toxins and food particles, can leak out
into the blood stream stimulating a proinflammatory response and
secreting cytokines [24-27]. A chronic state of gut dysbiosis is known to
be linked to irritable bowel syndrome, osteoarthritis, obesity, diabetes,
cancer, and many other diseases [28-30].

Chronic inflammation has long been known to be associated with
cancer development [31]. Innate immune cells are capable of detecting
infection or injury in a tissue through pattern recognition receptors in
the cytoplasm [32]. When damage is detected, innate immune cells
move into the damaged, precancerous tissue and induce an inflamma-
tory response; this leads to angiogenesis, tissue remodeling, and cyto-
kine and chemokine presence, creating an ideal environment for
tumorigenesis [33]. Recent evidence has come to suggest that environ-
mental factors that induce inflammation can cause the composition of
the gut microbiota to fluctuate, which can then influence different types
of cancer, namely colorectal cancer (CRC), through gut microbiota-
related mechanisms [34]. As previously stated, one of these environ-
mental agents is infection, and several types of bacteria are known to be
linked to cancer. Helicobacter pylori (H. pylori) infection, for example, has
a known association with GI cancer development [35]. Streptococcus
bovis was the first bacterium to be associated with CRC, and since then
several other bacteria including Bacteroides fragilis (B. fragilis), Entero-
coccus faecalis, Fusobacterium nucleatum, and Escherichia coli (E. coli)
have all been implicated in colorectal carcinogenesis [36]. These find-
ings corroborate the idea that the gut microbiota play a role in
tumorigenesis.

Although there are clear examples of the gut microbiota’s involve-
ment primarily in GI cancer, research regarding gut dysbiosis and cancer
outside of the gut remains elusive. In this review, we will discuss the
effects of the gut microbiota and gut dysbiosis on cancer development
and metastasis, specifically as it pertains to bone metastasis, and po-
tential therapeutic strategy for bone metastatic disease using probiotics.

2. The mechanisms whereby gut microbiota induce GI cancer
tumorigenesis

H. pylori was linked to stomach inflammation, and ultimately gastric
cancer, in what some would consider a reckless, albeit dedicated
demonstration of scientific commitment that later won two researchers
the Nobel Prize. Subject to much scrutiny, Dr. Barry Marshall inten-
tionally infected himself with H. pylori and underwent a stomach biopsy
in order to prove that the bacterium was linked to gastric disease
[37,38]. While this was the first known class I oncogenic bacterium with
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a carcinogenic effect, this discovery was a gateway for further explo-
ration into bacteria that induce cancer and the mechanisms through
which this induction occurs [39]. When exploration of bacteria as
carcinogenic agents first began, it was learned that bacteria induce
cancer by both creating a chronic state of inflammation and generating
metabolites that are known to be carcinogenic [40]. Since this discovery
in the late 1900s, the knowledge of these mechanisms has expanded.

It is currently known that bacteria are capable of promoting carci-
nogenesis through several different mechanisms, and one of the primary
courses of action for which the gut microbiota induce GI carcinogenesis
is through chronic inflammation caused by bacterial infection. When
bacteria such as H. pylori breach the gut epithelium, this bacterium in-
duces chronic inflammation by invading the gastric cells where it can
reside, potentially asymptomatic, for years, all while releasing the
oncoprotein, cytotoxin-associated gene A (CagA) [41,42]. CagA ulti-
mately effects gastric epithelial cells in multiple ways. Inducing cell
proliferation of gastric epithelial cells is one of the known functions of
CagA, and this occurs through (i) the activation of the protein kinase B
(AKT) pathway through phosphoinositide 3-kinase (PI3K), (ii) the acti-
vation of the extracellular signal-regulated kinase (ERK) pathway
through growth factor receptor bound protein 2 (GRB2) and mitogen-
activated protein kinase (MEK), and (iii) pB-catenin activation of the
wingless/integrated (WNT) pathway [43-47]. CagA has also been found
to induce an inflammatory response through its contribution to inter-
leukin (IL)-8 expression in gastric epithelial cells; by acting on the Ras
pathway, CagA helps stimulate IL-8 induction which triggers an in-
flammatory response through nuclear factor kappa light chain enhancer
of activated B cells (NF-xB) signaling [48]. Additionally, CagA stimu-
lates reactive oxygen species (ROS) in infected gastric epithelial cells.
When ROS production occurs in excess, DNA damage and carcinogenesis
can occur in gastric epithelial cells [49]. These findings suggest that
H. pylori infection contributes to carcinogenesis in the gut through the
induction of inflammation and DNA damage.

In recent years, there has been some success in treating H. pylori
infection, which has led to the finding that this bacterium is primarily
responsible for non-cardia gastric cancer (cardia gastric cancer is located
near the esophageal-gastric junction, while non-cardia gastric cancer is
located in the distal section of the stomach [50]), whose rates have been
declining with lower H. pylori infection rates [51]. Subsequently, cardia
gastric cancer rates have been seen to increase seven-fold [52]. While
H. pylori infection increases the risk of gastric cancer, it is also thought to
play a protective role in esophageal cancer by reducing acid secretion in
this area [50]. There is some evidence to suggest that by eradicating
H. pylori in the developing world, the incidence of the cardia subtype has
increased, because the quantity of acid in this area has decreased
[52,53]. Regardless of gastric subtype, it is through mechanisms that
induce inflammation and DNA damage that H. pylori infection, or lack
thereof, contributes to carcinogenesis in the gut.

Other bacteria also utilize similar mechanisms to induce DNA dam-
age and ultimately cancer. When B. fragilis breach the gut epithelium
and release B. fragilis toxin, an inflammatory immune response, one of
the hallmarks of cancer, occurs in the body [54]. This bacterium induces
an inflammatory response through (i) the activation of f-catenin and the
WNT pathway and (ii) the induction of IL-8 secretion [55-58]. Heli-
cobacter hepaticus and E. coli are examples of gut bacteria that act to
promote carcinogenesis through mechanisms that induce an inflamma-
tory response. These two bacteria produce DNA double-strand breaks in
epithelial cells by inducing cytolethal distending toxin, which causes
cancer proliferation in conjunction with inflammation [59,60]

An alternative mechanism through which gut bacterial carcinogen-
esis occurs is the mediation of bile acid metabolism by the gut micro-
biota [61]. In a healthy microenvironment, bile acids are expelled into
bile where they are then digested by the gut microbiota for reuptake into
the blood stream [62]. Problems can occur however, when bile acids are
present at high levels, because bile acids are cholesterol derivatives
whose detergent properties act to disrupt bacterial and host cell
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membranes, denature proteins, and cause oxidative DNA damage
[63,64]. When these acids are highly concentrated, a process that can be
facilitated by bacteria such as Salmonella typhi, they quickly induce in-
flammatory reactions in the body’s attempt to repair the damaged tissue
[41,65,66]. In the process of tissue repair, an accumulation of bone
marrow-derived mesenchymal stem cells (BM-MSCs) is seen in the
mucosal layer of the gut barrier, contributing to the now precancerous
state of the gut [67,68]. In addition to generating this precancerous
state, bile acids are also known to stimulate ROS, which disrupts the
base excision repair pathway, contributing to DNA damage which leads
to carcinogenesis through gene mutation [66,69]. When exposure to
excess bile acids occurs chronically, this causes degradation of p53, a
tumor suppressor, leading to a decrease in the apoptosis of cancer cells
[65]. This degradation further impairs the process of DNA repair as the
cell cycle will not arrest in response to DNA damage and apoptosis will
not be induced [65,70]. This evidence implicates bile acids in the in-
duction and progression of the cancer disease state, primarily in gastric
cancer and CRC.

While contributing heavily to gut carcinogenesis, the gut microbiota
can also play anti-tumorigenic roles in the gut. Gut bacteria, in the
process of digesting carbohydrates and fibers that the body would
otherwise be unable to digest, generate short chain fatty acids (SCFAs)
which interact with cancer cells [71]. It was recently discovered that the
concentration of SCFAs — and SCFA producing bacteria — is reduced in
patients with CRC, as compared to a control group [72]. One specific
SCFA, butyrate, can act as a ligand to G protein-coupled receptor (GPR)
109A, a cell surface receptor of macrophages and adipocytes that was
shown to correlate with CRC development when expression of butyrate
is decreased [73]. Butyrate, in conjunction with GPR109A, can down-
regulate the activity of NF-kB and decrease the expression of inducible
nitric oxide synthase (iNOS) and cyclooxygenase (COX)-2, known to be
involved in tumorigenesis [74-76].

3. The mechanisms whereby gut microbiota control GI cancer
metastasis

While primary tumorigenesis remains a problem, metastasis is
considered to be the predominant cause of poor prognosis in patients
with GI cancer [77]. In patients diagnosed with CRC, approximately
60% develop metastases to secondary sites within five years, and when
CRC metastasizes, patients are faced with poor prognosis [78]. The five-
year survival rates for patients with distant metastasis from CRC are just
14% (colon cancer) and 16% (rectal cancer), while those for patients
without metastasis are 91% and 89%, respectively [79]; this accounts
for 9.4% of all the patient deaths attributed to cancer in 2020, second
only to lung cancer [80,81]. One of the GI cancer counterparts, stomach
cancer has an average five year survival rate of just 31% across all dis-
ease states, largely because this cancer has already metastasized upon
diagnosis [52], thus making gastric cancer the third leading cause of
cancer related death globally [82]. When cancer metastasizes from the
GI system, the most common secondary sites include liver, peritoneum,
lung, and bone [83]. Although not as thoroughly studied as its role in
primary GI carcinogenesis, the gut microbiota has also been found to
heavily influence metastasis of GI cancers.

Bacteria are known carcinogens, functioning to promote carcino-
genesis and metastasis, in part, through the release of toxins, primarily
lipopolysaccharide (LPS), which interfere with immune and inflamma-
tory cell signaling pathways in a healthy individual [84,85]. LPS is a
glycolipid on the outer membrane of gram-negative bacteria [86], many
of which safely reside in the gut microenvironment [87]. LPS can be
released from the bacterial cell wall through bacterial lysis or shedding
[88-90], and is known to interact with immune cells through ligand/
receptor binding [91,92]. In a healthy gut microenvironment, LPS will
not breach through the gut wall; however, the leaky gut status caused by
dysbiosis enables toxins from bacteria, including LPS, to leak through
the intestinal epithelium via a defective tight junction barrier [93-95].
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Thereafter, lipid A on LPS interacts with macrophages through the
activation of toll-like receptor 4 (TLR4) [96]. This activation of TLR4
activates NF-kB to induce the release of inflammatory cytokines, asso-
ciated with metastatic progression, such as tumor necrosis factor (TNF)-
a, IL-1, and IL-6 [97,98], as well as vascular endothelial growth factor
(VEGF) [99] and transforming growth factor p (TGF-B) [100]. This LPS-
induced VEGF promotes CRC metastasis by (i) enhancing angiogenesis
[101,102] and lymphangiogenesis [103-105]; (ii) inducing epithelial-
mesenchymal transition of CRC cells; and (iii) stimulating the mobile
ability of CRC cells by upregulating the transcription of protein coding
gene, CNTN-1 [106] and the protein moesin through the RhoA/ROCK-2
pathway [107].

While it is evident that the gut microbiota directly influence GI
cancer metastasis, recent evidence exists to implicate the gut microbiota
as a contributor to the development of the pre-metastatic niche. In order
for a primary tumor to metastasize, the local microenvironment in the
secondary site must be favorable for metastatic tumor cells, or dissem-
inated tumor cells (DTCs), to grow within this new environment [108].
This is the premise of Paget’s 1889 “seed and soil” hypothesis; just like a
seed needs to land on nutrient rich soil to grow, DTCs (seeds) need a
fertile environment in the metastatic site (soil) in order to take hold
[109]. Indeed, a recent study of CRC showed that E. coli from the pri-
mary tumor site in the colon penetrated through the gut barrier and
migrated to the liver, where they enhanced pre-metastatic niche for-
mation, leading to DTC recruitment and eventually full-blown liver
metastasis [110].

In addition to gut bacteria being found in secondary tumor sites,
evidence supports the idea that the gut microbiota communicate and
interact with other cell types to facilitate cancer metastasis [111,112].
Gut microbiota also provide another pathway for GI cancers to metas-
tasize by communicating with BM-MSCs. It is known that BM-MSCs have
an affinity for tumor or cancer cells, and that once recruited, these
cancer-associated BM-MSCs can differentiate into fibroblasts and mac-
rophages to influence progression of tumors [113]. However, recent
evidence has begun to suggest that BM-MSCs are also recruited to
metastatic sites, and then serve as the metastatic niche to promote
metastatic progression [114-118]. For example, a study of lymph node
metastasis from gastric cancer demonstrated the ability of these gastric
cancer cells to educate BM-MSCs via secretory exosomes to create the
metastatic niche in the lymph nodes, resulting in enhancement of the
dissemination of gastric cancer into lymph node, as well as enhancement
of lymphangiogenesis which promotes further dissemination [119].
These findings suggest that the gut microbiota also facilitate GI cancer
metastasis by influencing the microenvironment in the metastatic site in
either a direct or indirect manner.

4. The potential mechanisms whereby gut microbiota regulate
bone metastatic process of solid tumors

While little evidence exists to support the idea that the gut micro-
biota influence GI cancer metastasis, there are a number of parallels
between the mechanisms regulating metastasis of solid tumors out of gut
and the mechanisms through which the gut microbiota act on the met-
astatic microenvironment “soil”. Bone is one of the most common
metastatic sites of solid tumors. While how gut microbiota control the
bone dissemination process of solid tumors outside of the gut has not
been thoroughly explored, there is a growing body of evidence that
exists to support the gut microbiota as a regulator of the bone micro-
environment and skeletal health. For example, the gut microbiota has
been implicated as a modulator of other bone diseases, such as osteo-
arthritis and osteoporosis, through the brain-gut-bone axis [120,121].
The brain-gut-bone axis - sometimes referred to as the gut-bone axis - is a
term used to reference the communicative interactions between the
brain/nervous system, the gut microbiota, and the skeletal system
through which bone health is affected [122,123]. Enhanced osteoclast
activity found in osteoarthritis and osteoporosis likely contributes to
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bone metastasis, creating space for tumor cells to infiltrate the bone
microenvironment. It was shown that arthritic mice have higher inci-
dence of bone metastasis from breast cancer cells than their non-arthritic
counterparts [124]. Further, while osteoporosis was not deemed to be a
risk factor for bone metastasis, it was found that bone metastasis is
accelerated in breast cancer patients with untreated osteoporosis [125].
Together, these findings suggest that the gut microbiota may play a
crucial role in both the development of bone metastasis and an envi-
ronment suitable for bone metastatic diseases.

Bone homeostasis is a result of the balance of bone formation
mediated by osteoblasts and bone resorption induced by osteoclasts
[126]. When cancer cells disseminate to the bone, they disrupt this
homeostatic process [127]. Bone metastases are derived into three pri-
mary categories: osteolytic, osteoblastic, and mixed; which types of bone
metastasis develop appears to be associated with how DTCs interfere
with the balance between osteoclastogensis and osteoblastogenesis
[128]. As is the case in osteolytic bone metastases, the tumor cells
present in the bone upregulate the cytokines IL-1, IL-6, and TNF-a, all of
which promote osteoclast formation from macrophages [129] and
induce osteoblast apoptosis [130]. In addition to these proinflammatory
cytokines, the parathyroid hormone-related protein (PTHrP), derived
from bone metastatic cancer cells, also contributes to osteoclastogenesis.
The cancer-derived PTHrP is known to induce bone resorption by acti-
vating a G-protein coupled receptor PTHrP receptor that is highly
expressed on the osteoblasts and osteocytes [131,132]. Upon binding,
PTHrP enhances the production of receptor activator of NF-kB ligand
(RANKL) by osteoblasts and osteocytes, which binds to its receptor
RANK on osteoclasts and their precursors acting to stimulate bone
resorption and osteoclast differentiation, respectively [133,134]. This
induced osteoclastogenesis contributes to significant bone destruction,
creating space for tumor cells to proliferate in the bone [135].

Osteoclastogenesis can also be influenced by the gut microbiota. The
relationship between the gut microbiota and bone homeostasis, espe-
cially osteoclastogenesis, was exemplified in a study comparing skeletal
development of germ-free mice with that of conventionally raised mice.
In this study, significantly higher trabecular bone volume and reduced
osteoclast cell counts were observed in the bones of germ-free mice,
compared to those of the conventionally raised mice. When germ free
mice were treated with gut microbiota from conventionally raised donor
mice, trabecular bone volume and osteoclast numbers became compa-
rable with those of the conventionally raised mice [136]. As stated
earlier, LPS derived from the gut microbiota enters circulation when
dysbiosis occurs. LPS in circulation stimulates the osteoclast differenti-
ation of monocytes and macrophages and promotes the maturation and
survival of the resulting osteoclasts [137,138]. High levels of systemi-
cally circulating LPS also induce the release of the proinflammatory
cytokine TNF-a from macrophages, known to control osteoclast activ-
ities by binding with the TNF-a tumor necrosis factor receptor 1 (TNFR-
1) [137,139-143]. Indeed, LPS-induced TNF-o can induce bone
resorption by driving osteoclastogenesis of a murine macrophage cell
line RAW 264.7 cells without going through the RANK/RANKL pathway
[143]. One proposed mechanism of LPS-associated osteoclastogenesis is
that LPS induces the upregulation of a transcription factor nuclear factor
of activated T cells c1 (NFATc1), essential for the differentiation of
osteoclast cells, in the nucleus of osteoclast precursors [144,145]. Along
with these notions, LPS treatments stimulate the reduction of bone
density in two rodent models of chronic inflammation and one rodent
model of prostaglandin E receptor 4 (EP4) deficient mice, which lack a
receptor on osteoblasts (EP4) that regulates osteoclast formation
[146-148]. Further, the LPS-TLR4 axis has also been implicated in
enhancing the severity of osteoporosis and osteoarthritis
[146,149-151]. In addition to circulating LPS, the gut microbiota can
also regulate osteoclastogenesis through bile acid metabolism. Bile acid
mediated osteoclastogenesis is facilitated primarily by lithocholic acid
(LCA), a secondary bile acid converted through the 7alpha-dehydroxyla-
tion of chenodeoxycholic acid, a process heavily influenced by bacterial
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hydrolases located on the cell walls of gut bacteria [152,153]. Once
converted, LCA serves as a ligand for the vitamin D receptor. Tradi-
tionally, the vitamin D receptor, which binds with vitamin D, is known
for its role in calcium absorption, and high levels of vitamin D are
positively correlated with bone mineral density [154,155]. However,
when LCA binds to the vitamin D receptor on osteoblasts, it inhibits bone
formation [156]. Furthermore, LCA directly damages osteoblasts,
resulting in bone loss [157,158]. These studies suggest that osteoclas-
togenesis is regulated in part by gut microbiota-derived systemic LPS
and LCA.

While osteoclastogenesis proves to be essential for creating space for
bone metastatic tumor cells to grow, the osteoblasts also play a vital role
in the bone metastatic progression. Osteoblasts, located at the endos-
teum of bone [159], support self-renewal, multi-potency, homing and
migration of hematopoietic stem cells (HSCs) [160,161]. Therefore,
osteoblasts are known as the specific microenvironment for HSCs, or the
osteoblastic HSC “niche”. Importantly, the osteoblastic HSC niche is not
only involved in the HSC maintenance, but also implicated in early
colonization of bone DTCs. Prostate cancer cells compete directly with
HSCs to gain space in the osteoblastic HSC niche when they disseminate
to the bone [162]. Furthermore, bone metastatic breast cancer cells first
colonized the osteoblastic niche through cell-cell adherens junctions
[163]. Thereafter, these DTCs within the osteoblastic niche can remain
in a dormant state for years before being reactivated to form full blown
bone metastases [164,165]. These findings suggest that osteoblasts are
crucial for the early onset of cancer colonization and its survival within
the bone.

The gut microbiota can also be involved in the establishment of early
colonization of bone metastatic cancer cells, as they also induce bone
formation by activating osteoblasts. As discussed above, the gut micro-
biota are capable of breaking down nutrients that the host would be
incapable of digesting on its own through anaerobic fermentation [8]
and often, SCFAs are the product of this biochemical reaction [166].
These gut microbiota-inducing SCFAs are known to up-regulate skeletal
formation. Indeed, treatments with probiotics, which are fermented into
SCFAs by the gut microbiota, improved skeletal health in various animal
models [167,168]. Moreover, SCFAs enhanced bone formation by
stimulating the production of insulin-like growth factor 1 (IGF-1), a
growth factor known to enhance skeletal formation, from the intestinal
epithelial cells [169-172]. An additional mechanism by which the gut
microbiota influence bone formation is through the regulation of the sex
hormone androgen. Androgens are known to promote the growth of
normal and cancerous prostate cells, and often androgen-deprivation
therapy (ADT) is the first-line treatment for prostate cancer. The gut
microbiota Clostridium scindens is known to convert glucocorticoids into
androgens through enzymatic processes [173]. Further, a trans-
plantation of gut microbiota from male mice into the female intestines
resulted in an increase in systemic testosterone, from which androgen is
derived. It is proposed that gut microbiota-derived sex steroids moderate
bone remodeling [174] through (i) androgens stimulating longitudinal
bone growth due, in part, to the upregulation of IGF-1 [175] and (ii)
androgens activating androgen receptors on the osteoblasts which in
turn inhibit bone resorption and osteolytic activity; this androgen ac-
tivity has been shown to preserve cortical thickness, predominately in
aging [176]. The importance of androgens in bone regulation is also
supported by a meta-analysis evaluating studies of the efficacy of
androgen-deprivation therapies (ADT) and/or androgen receptor in-
hibitors on prostate cancer patients, which revealed that non-metastatic
castration-resistant prostate cancer patients presented with increased
bone fragility and decreased bone mineral density following these anti-
androgen treatments [177]. Moreover, a recent work demonstrated that
ADT enhanced the commensal microbiota that contribute to castration
resistance, and when resistance to ADT developed, the gut microbiota
that enhance androgen formation were increased [178]. These suggest
that gut derived androgens contribute to ADT resistance in prostate
cancer patients [179], a disease state which is often accompanied by
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bone metastasis, since androgen signaling likely contributes to and ac-
celerates this metastatic process [180,181]. Furthermore, antibiotic
treatments and fecal microbiota transplantations (FMT) were both found
to prolong the time to castration resistance and control tumor growth
[178]. Together, these findings suggest that the gut microbiota serve as
an extraneous source of androgen in the presence of ADT and may
contribute to bone metastasis.

Although evidence does not exist specifically implicating the gut
microbiota as a causative factor in bone metastasis, the gut microbiota
have been seen to affect the metastatic process of breast cancer that
commonly disseminates to bone. In a mouse model of hormone receptor
positive breast cancer, gut dysbiosis can promote breast cancer metas-
tasis through increased tumor cell dissemination into the blood and
secondary sites, as well as the activation of macrophages and the release
of proinflammatory cytokines [182]. Additionally, treatments of an anti-
oxidant and -inflammatory agent muscadine grape extract reduced
metastases of triple negative breast cancer by inducing microbial rich-
ness in vivo [31,183].

Taken together, although further studies are clearly warranted, these
findings on the roles of the gut microbiota in both bone remodeling and
metastases of solid tumors that commonly metastasizes to bone suggest
that the gut microbiota may affect bone metastatic development (Fig. 1).

5. The potential roles of gut microbiota in enhancing the
efficacy of treatments for bone metastasis

When compared with treatment strategies for other metastatic sites,
approaches for treating bone metastasis are fairly unique. In typical
cancer disease treatment, primary and metastatic tumors are subject to
similar therapeutic approaches focused on either targeting the tumors
themselves or stimulating the immune system around the area encom-
passing the tumor. However, treatment strategies for bone metastasis
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engage a different target. Bone metastasis therapies usually aim to target
the function of the bone, an organ that couples osteoclast and osteoblast
activity to continuously remodel [184]. It has been suggested that bone
metastatic cancer cells are capable of interacting with the osteoclasts,
osteoblasts, osteocytes, and other cells involved in the bone remodeling
process. This crosstalk between bone metastatic cancer cells and cells
involved in bone remodeling induces what is known as “the vicious cycle
of bone metastasis” in which bone metastatic progression hastens [185].
The involvement of the bone organ in metastatic progression makes it
logical to target bone remodeling in order to treat bone metastasis. Two
current bone metastasis treatment options are bisphosphonates and the
human monoclonal anti-RANKL antibody denosumab, both of which
function to decrease osteolytic activity [186,187]. While these treat-
ments provide necessary palliative relief for patients with bone metas-
tasis, they ultimately fail to improve survival outcomes [186,187].
Recent clinical trials, however, show some promise for a new thera-
peutic agent that has been shown to improve survival outcomes for
patients with bone metastasis, albeit only slightly. Radium-223
dichloride (*2°RaCly), an alpha particle-emitting radiopharmaceutical
that targets hydroxyapatite or osteoblastic bone metastatic lesions has
been shown to improve survival for a few months (mean = 3 months) in
patients with bone metastases from prostate cancer [188]. While the
overall survival of patients with bone metastasis can also be enhanced
for a few months through treatment with complementary systemic
therapies (eg. hormone therapies, chemotherapies), 22>RaCl, is the only
bone-targeted therapy that is capable of improving survival outcomes
for patients with bone metastases [189]. Since at current moment
treatment options that target bone remodeling have had only moderate
success, elucidating treatment options that function through mecha-
nisms other than targeting bone remodeling is essential in order to
eradicate bone metastasis in patients.

In recent years, immune -checkpoint inhibition, a type of
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Fig. 1. Potential mechanisms whereby gut microbiota induce bone metastatic progression. The intestines are comprised of a single layer of epithelial cells that
allow for absorption of nutrients into circulation. However, when dysbiosis occurs, the tight junctions in the gut become loose, creating what is known as a leaky gut
epithelium. This status allows the gut microbiota to escape from the intestines and enter circulation. Once in circulation, the gut microbiota stimulate cancer cells
through lipopolysaccharide (LPS) to acquire mobile ability. These cancer cells have disseminated from the primary tumor cite to the bone through systemic cir-
culation. The gut microbiota also directly interact with osteoclasts and osteoblasts. To induce bone resorption, gut microbiota-derived LPS enhances osteoclast
activities by upregulating tumor necrosis factor (TNF)-a and the transcription factor nuclear factor of activated T cells c1 (NFATc1) in osteoclasts. Further, lithocholic
acid (LCA), which is converted from bile acid by the gut microbiota, inhibits osteoblast activities by binding with the vitamin D receptor on osteoblasts. To induce
bone formation, gut microbiota-mediated increased short chain fatty acids (SCFAs) and upregulated androgen stimulate osteoblastogensis by inducing insulin-like
growth factor (IGF)-1 secretion from intestinal epithelial cells. Since osteoclasts are also creating space for bone metastatic tumor cells and osteoblasts are a key
microenvironment for the early colonization of bone metastatic cancer cells, this suggests that the gut microbiota modulate both cancer cells and the bone
microenvironment to create an environment favorable for bone metastasis. Graphics adapted from Smart Servier Medical Art (https://smart.servier.com/).
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immunotherapy, has emerged as a novel cancer treatment. The immune
checkpoint programmed cell death-1 (PD-1) is expressed on several
immune cells, including T cells, B cells, monocytes, natural killer T cells,
and dendritic cells, with high quantities on cancer antigen-specific T
cells [190]. Its ligand programmed death-ligand 1 (PD-L1) is generally
expressed by macrophages, however, in the case of cancer, cancer cells
express PD-L1 as a pro-tumor response to repress T cell activity
[191,192]. Similarly, the immune checkpoint cytotoxic T lymphocyte
antigen 4 (CTLA-4), expressed by activated effector T cells, functions as
a pro-tumorigenic agent through T cell suppression [193]. When the
immune checkpoints PD-1 or CTLA-4, located on T cells, are activated,
they function to restrain T cell functions; however, when PD-1 and/or
CTLA-4 are inhibited, as is the case in immune checkpoint inhibitor (ICI)
therapy, previously restrained T cells are unrestricted and are capable of
targeting cancer cells [194]. PD-1 has become a primary immunother-
apeutic target as blocking its activation by PD-L1 has shown high effi-
cacy and low toxicity clinically in its aim to normalize the immune
system, rather than boost the immune cells effect on cancer specifically
[195]. A meta-analysis performed to evaluate the efficacy and toxicity of
anti-PD-1/PD-L1 inhibitors in patients with advanced stage and meta-
static cancers (lung cancer, head-and-neck cancer, gastric cancer, renal-
cell carcinoma, multiple myeloma, urothelial carcinoma, breast cancer,
and CRC) revealed that enhanced survival outcomes and overall patient
safety are the result of ICI treatment [196].

While ICIs have shown to be somewhat effective in controlling
metastasis in general, the treatment efficacy of ICIs on bone metastasis
has not been superior to conventional therapies for bone metastatic
disease, listed above. In a recent phase III clinical trial investigating the
efficacy of an anti-CTLA-4 antibody ipilimumab in advanced stage
metastatic castration-resistant prostate cancer patients, including bone
metastatic patients, ipilimumab failed to enhance patients’ overall sur-
vival, although it positively influenced progression free survival (4.0
months, 95% confidence interval (CI): 3.6-4.3 vs. 3.1 months, CI 95%:
2.9-3.4) [197]. A phase II trial of an anti-PD-1 antibody pembrolizumab
was conducted in three cohorts of metastatic castration-resistant pros-
tate cancer patients (tumor with measurable PD-L1 positive, tumor with
measurable PD-L1 unknown, and bone predominant disease). It revealed
that in patients treated with docetaxel and at least one targeted endo-
crine therapy, pembrolizumab treatment did slightly increase progres-
sion free survival (2.1 months, 2.1 months, and 3.7 months) though it
did not reach statistical significance; however, interestingly, it appeared
to be most effective in patients with bone-predominant metastases
(estimated 12 month survival: 41%, 35%, and 62%) [198]. Additionally,
non-small cell lung cancer patients with bone metastases treated with an
anti-PD-1 monoclonal antibody nivolumab had significantly shorter
survival outcomes than those treated with docetaxel alone (patient
deaths: 26/86 nivolumab treated, 11/75 docetaxel treated, p = 0.019)
[199]. Moreover, in bone metastatic animal models using PD-1
knockout mice or wild type mice treated with nivolumab, anti-PD-1
effects could only prevent fractures of tumor-bearing bones and
diminish cancer-induced bone pain, but not improve their survival
[200]. Together, these findings suggest that ICI therapies themselves
generally cannot reverse the negative survival outcomes of cancer pa-
tients with bone metastases.

It has been proposed that ICI therapy is not successful in patients
with bone metastasis due to the immune regulatory nature of the bone
metastatic environment. Once in the bone, bone metastatic cancer cells
interact with osteocytes to induce their release of TGF-p, which in turn
activates cancer cells to produce osteolytic factors, including PTHrP, IL-
6, and IL-11 [201]. Importantly, the abundant TGF-p within the marrow
is known to act as an immunosuppressant. When TGF-f} is rampant in the
bone microenvironment, TGF-p drives polarization of immune sup-
pressor T cells, T helper 17 (T17) cells and regulatory T cells (Tregs)
from naive CD4" T cells, whereas it prevents the differentiation into
immune effector T cell, T helper 1 (Ty1) cell [202,203]. Indeed, in a bone
metastatic mouse model, the high levels of TGF-p created during the
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bone metastatic process prevented Ty1 cell development in the marrow,
resulting in reducing the optimal function of ICI therapy and eventually
the development of resistance to it [204]. In addition, in a syngeneic
breast cancer model, when the levels of TGF-f were reduced using either
an oncolytic adenovirus expressing a soluble form of the TGF-f receptor
2, sTGF-BRII-Fc, that can directly target TGF-f, or pan-TGF-p neutral-
izing antibody 1D11, CD8" T cell tumor-infiltration and the cytotoxic
factors they release (e.g. perforin and granzymes) were increased in the
breast tumors [205,206].

Interestingly, recent studies demonstrated that alteration of the gut
microbiota can enhance the efficacy of ICI therapy for several cancer
types, including GI cancer, melanoma, non-small cell lung cancer, and
renal cell carcinoma through two mechanisms: (i) antigen-specific
mechanisms in which the gut microbiota share epitopes with tumor
antigens to reduce anti-tumor responses and (ii) antigen-independent
mechanisms involving innate immune cells such as effector T cells and
myeloid cells, both of which can be found in the gut mucosa [207-211].
For example, a study conducted an analysis on renal cell carcinoma and
non-small cell lung cancer patient stool samples treated with ICIs, and
identified that Akkermansia muciniphila (A. muciniphila) was positively
correlated with progression free survival and patients’ response to PD-1
inhibition [212]. Based on this finding, mouse intestines were colonized
with A. muciniphila alone or in combination with E. hirae, and then these
mice were injected orthotopically with either murine Ret melanoma
cells or Lewis lung carcinoma cells. As expected, colonization with these
two gut microbiota in the gut of the tumor-bearing mice enhanced PD-1
blockade efficacy. Furthermore, treatment using anti-PD-1 antibody
with A. muciniphila and E. hirae induced accumulation of memory CD4"
T cells in the mouse tumors and increased the levels of IL-12, a cytokine
that induces Ty1 differentiation, in the circulation [212]. More inter-
estingly, recent case reports demonstrated that cytotoxic T cell-based
immunotherapy completely attenuated bone metastases in a chemo-
therapy-resistant gastric cancer patient [213], and that pembrolizumab
induced complete response in lung cancer patients with bone metastases
[214,215]. In the case of the patient with bone metastases from
chemotherapy-resistant gastric cancer, complete attenuation was ob-
tained through treatment with dendritic cell-cytotoxic T lymphocytes
specific to carcinoembryonic antigen (CEA) and VEGF receptor
(VEGFR)-2 (the two most commonly expressed antigens in gastric can-
cer) with adjunct low dose cyclophosphamide (an immune suppressor
which in low doses depletes Treg cells, increasing T cell activity) [213].
In the three patients with lung cancer, systemic treatment with pem-
brolizumab, an anti-PD-1 antibody, in addition to palliative treatment of
the bone metastases showed success in driving patients into remission
[214,215]. These findings suggest that ICI therapy can be effective in
treating bone metastasis when immune effector T cell activities are
enhanced by manipulating the gut microbiota. To do so, probiotics,
which enhance immune effector T cell activities, as well as reduce im-
mune suppressor T cell activities, can be combined with ICI therapy for
bone metastasis. Indeed, increased Ty 1 cell number and decrease in T17
cell number were observed in peripheral blood mononuclear cells of
atopic dermatitis mice treated with the probiotic Duolac ATP (which
contains Lactobacillus casei, L. plantarum, lactobacillus rhamnosus, and
B. lactis) [216]. Additionally, Lactobacillus casei and Bio-Three (a com-
bination of Bacillus mesentericus, Clostridium butyricum, and Enterococcus
faecalis) are known to promote Ty1 cell differentiation [217,218]. Since
the modulation of immune compartment mediated by the gut micro-
biota depends on the bacteria contained in each respective probiotic
cocktail, selecting the right probiotics specific to enhancing Th1 cell
lineage may be a key to improve the efficacy of ICI therapy in patients
with bone metastasis. Moreover, FMT - often thought of as a super
probiotic - may also prove useful in the enhancement of ICI therapy for
patients with bone metastasis. FMT was first used in patients with
recurrent Clostridium difficile infection [219,220], and involves taking
stool from a healthy donor and delivering it via colonoscopy, nasoen-
teric tube, or ingestible capsules to the dysbiotic GI tract of a recipient
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with the goal of repopulating the microbiota to restore normal gut
function [221,222]. FMT has already been used to successfully treat
patients with complications from cancer or cancer treatments, such as
ICI colitis and Clostridium difficile infection [223,224]. A recent clinical
trial demonstrated that FMT, using stool samples from long-term re-
sponders to PD-1 treatment, can be used in conjunction with anti-PD-1
ICI therapy in advanced melanoma patients with PD-1 resistance in
order to re-colonize the gut and re-educate the tumor microenvironment
to respond to anti-PD1 treatment [225]. Further studies in this area are
clearly needed to strengthen ICI efficacy for bone metastatic disease.

While FMT has not been studied in prostate cancer patients, FMT
from patients with castration-resistant prostate cancer exasperated
castration-resistant prostate cancer in mice, whereas FMT from ADT-
sensitive prostate cancer patients suppressed tumor growth in mice
with castration-resistant prostate cancer [178]. The significance of this
data warrants studies into FMT as a therapeutic agent for advanced
prostate cancer patients with bone metastases, which do not successfully
respond to most current treatments, including ADT and ICI. ADT is
known to induce osteolytic activity in prostate cancer patients, resulting
in a decrease in bone mineral density and an increase in associated risks,
including fracture [226]. Currently, bisphosphonates and denosumab
have both shown to enhance bone mineral density in prostate cancer
patients without bone metastases receiving ADT [227,228]; however,
these treatment strategies are not widely implemented in patients
without bone metastasis, since they do not improve survival outcomes
and have associated side effects (e.g. osteonecrosis of the jaw). Recent
studies conducted in osteoarthritis patients suggest that FMT or pro-
biotic treatment may prove useful in improving bone health in prostate
cancer patients receiving ADT. For example, treatment with Lactoba-
cillus casei Shirota was found to reduce both pain and levels of the in-
flammatory marker high-sensitivity C-reactive protein - associated with
enhanced risk of fractures - in osteoarthritis patients [229,230].
Therefore, if FMT or probiotic treatment can be geared towards repo-
pulating the gut with bacteria that re-educate the bone microenviron-
ment to enhance osteoblastic activity, this may prolong the length of
time for which patients can endure ADT treatments and mitigate the risk
of skeletal related events. Further research is needed, however, these
findings, combined with the evidence supporting FMT enhancing ICI,
suggests that the manipulation of gut microbiota by probiotics and/or
FMT may be a useful tool to treat advanced cancer patients with bone
metastasis. The concept of re-colonizing the gut microbiota and re-
educating the tumor microenvironment using probiotics and/or FMT
to respond to treatment and suppress tumor growth in untreatable pa-
tients is clinically novel, and further research into this field - exploring
the ability of both probiotics and/or FMT to mitigate the effects of the
dysbiotic gut on the bone microenvironment - may yield key insight into
successful treatments of bone metastasis (Fig. 2).

6. Discussion/Conclusion

In this article, we have detailed the apparent involvement of the gut
microbiota in tumorigenesis, cancer metastasis, and skeletal health. In
the human body, the gut microbiota interact with the host to maintain
homeostasis. However, when microbial dysbiosis is induced, changes in
these gut microbiota/host interactions enhance pro-tumor and meta-
static activities [231] and alter the bone remodeling process [174].
Although little is known regarding the mechanisms through which the
gut microbiota influence bone metastasis, evidence we discussed here
suggest that the gut microbiota, by stimulating both bone metastatic
cancer cells and the bone microenvironment, contributes to the devel-
opment of bone metastasis. However, the following outstanding ques-
tions remain to be answered:

1. Which specific gut microbiota are implicated in bone metastatic
progression?
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Fig. 2. Proposed treatment strategies for bone metastasis by manipulation
of gut microbiota. Probiotics, ingested orally, provide the gastrointestinal
system with a new supply of beneficial bacteria and yeasts that help maintain or
restore gut health. Similarly, fecal microbiota transplantations (FMT), which
involves inserting stool from a healthy donor into a recipient with a dysbiotic
gut, can be used to repopulate the gut with healthy bacteria. When the dysbiotic
gut microbiota are repopulated with healthy bacteria, both T cell activity and
bone formation are increased. If this recolonization is performed specifically
with bacteria that enhance Ty 1 cell activity, this helps increase the effectiveness
of immune checkpoint inhibitor (ICI) treatment. This technique may be useful
to enhance ICI efficacy in patients with bone metastasis, where ICI treatment is
generally ineffective. Further, repopulating the gut with healthy bacteria, spe-
cifically from prostate cancer patients who are responsive to androgen-
deprivation therapy (ADT), has been shown to re-educate the tumor microen-
vironment to respond to ADT in patients who have resistance to this treatment.
This concept of re-educating the tumor microenvironment, using bacteria that
favor bone formation and a balanced gut, has the potential to decrease tumor
growth in the bone by making the bone microenvironment unfavorable for
tumor growth and enhancing the effectiveness of common cancer therapies.
Graphics adapted from Smart Servier Medical Art (https://smart.servier.com/).

2. Does gut microbiota composition differ among different bone met-
astatic phenotypes (e.g. osteolytic, osteoblastic, mixed)?

3. Do changes in gut microbiota directly influence the process of cancer
dissemination to the bone?

4. Can FMT be used to enhance the effectiveness of treatments for bone
metastasis, by repopulating the gut?

5. Can probiotics really enhance ICI efficacy for bone metastasis? If so,
what types of probiotics?

6. Can prebiotics, which induce the growth of beneficial bacteria in the
gut, further enhance the effect of probiotics on ICI efficacy?

7. Does preventing and/or blocking gut dysbiosis prevent bone metas-
tasis or increase progression free survival?
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Clinically, when cancer cells disseminate to the bone, patient sur-
vival outcomes diminish significantly. Unfortunately, treatments for
bone metastasis at this point are generally palliative and have been
shown to provide minimal curative effect [232]. Therefore, there is an
apparent need for further studies elucidating the mechanisms through
which bone metastasis occurs in order to identify novel treatment op-
tions for patients. These mechanisms are elusive; however, recently the
gut microbiota have emerged as a likely contributor to bone metastasis,
and their manipulation may enhance the efficacy of immunotherapies
which are currently known to be ineffective on bone metastasis. Part of
the mystery that needs to be uncovered is how bacteria from “the outside
world (e.g. gut mucosal tissues)” can influence and educate the non-
mucosal organ system that is the bone, to create an environment
favorable for metastatic disease. While further clinical evaluation is
warranted, current data suggest that ICI therapy plus probiotics,
including FMT, alone or in concert with current standard treatments for
bone metastasis may lead to much-needed improvements in the clinical
management of cancer bone metastasis.
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