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1. INTRODUCTION:

When breast cancer (BCa) patients develop bone metastases, their 5-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 κB ligand (RANKL) antibody to decrease bone 
resorption can reduce the onset of pain, but they ultimately fail to improve overall survival. Radium-223 
(223RaCl2) 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 223RaCl2 
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 223RaCl2 (t1/2 = 11.4 d; Eαmax = 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 223RaCl2 results from its ability to form complexes with hydroxylapatite in remodeling bone. 
223RaCl2 emits alpha particles and deposits substantial ionizing energy via high linear energy transfer (LET) over 
< 100 µm within bone tissue. When DNA is exposed to high LET, irreparable double-stranded breaks occur, 
resulting in cell death. 223RaCl2 is more potent than low LET β-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 (225Ac) (t1/2 = 10 d; Eαmax = 6-8 MeV) could be a superior 
alternative for targeted alpha particle therapy of bone metastases. Unlike other alpha particles, 225Ac 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 223RaCl2,225Ac’s chemistry is 
amenable to chelation and conjugation to targeting molecules such as antibodies and peptides. Recent in 
vivo preclinical evaluation of 225Ac radiotherapeutics demonstrates that 225Ac may provide new strategies for 
targeted alpha particle therapy development. Although the recent clinical success of 225Ac 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 (225Ac, 225Ac-CGRP27-37). 
Then, the binding affinity of 225Ac-CGRP27-37 to CRLR will be determined in vitro.  The biodistribution of 225Ac-
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 225Ac-CGRP27-

37 in the treatment of bone metastatic progression and its resultant pain.   

Our proposal would be the first to rigorously investigate the use of 225Ac-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 225Ac-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).

• Conjugate CGRP27-37 to 225Ac-PCTA (Months 3-5; Dr. Wadas).

• Test the serum stability of 225Ac-CGRP27-37 (Months 6-8; Dr. Wadas).

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

• 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. 

• Submit documents for local IACUC review. (Months 1-2; Dr. Shiozawa).

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

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

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

Months 18-24. 

• Perform maximum tolerated dose studies (Months 18-24; Drs. Shiozawa and Wadas).
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• 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. 

• Test the effects of 225Ac-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).

• 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). 

225Ac-PCTA-CGRP27-37 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). 

To accomplish the remaining goals of the award at Wake Forest, Dr. Shiozawa was required to obtain approval 
for his own radioactive materials protocol due to Dr. Wadas’ institution change. Currently, he has received the 
necessary didactic training provided by WFUHS Radiation Safety Committee. However, before his protocol is 
approved, the WFUHS Radiation Safety Committee has required him to gain “hands-on” training at the 
University of Iowa from Dr. Wadas, who is an internationally recognized expert in the safe use of alpha-particle-
emitting radionuclides. Unfortunately, the University of Iowa shut-down and non-essential air travel restrictions 
put in place due to the COVID-19 outbreak have delayed this training. Therefore, Drs. Shiozawa and Wadas 
are currently trying to conduct the online training (we are currently setting this up and we may require 2-3 times) 
between Wake Forest and University of Iowa.  This will be followed by in-person training at the University of 
Iowa so that Dr. Shiozawa my gain experience with the safe handling of alpha particle emitting radionuclides.  

The joint publication (Drs. Shiozawa and Wadas): Task 3. 

Drs. Shiozawa and Wadas published together a review manuscript relevant to this study. This paper is selected 
by the editors as the cover of the 2021; Volume 26 (Issue 8) (https://www.mdpi.com/1420-3049/26/8).  
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Patel CM, Wadas TJ, Shiozawa Y. Progress in Targeted Alpha-Particle-Emitting Radiopharmaceuticals as 
Treatments for Prostate Cancer Patients with Bone Metastases. Molecules. 2021; In Press. PMID: In Progress. 
PMCID: In Progress. 

The synthesis of CGRP27-37 analogs (Dr. Wadas): Task 1. 
During the current funding period, we focused on the largescale synthesis of the CGRP peptides described in 
the application. This was completed to ensure that sufficient material would be available once the resumption 
of research is allowed at the University of Iowa and at Wake Forest University Health Sciences. Briefly, the 
CGRP peptides were prepared on an AAPTEC APEX-396 automated peptides synthesizer using standard 
FMOC chemistry, HBTU and 9-hydroxbenzotriazole. Deprotection using a standard trifluoroacetic acid, water 
and triisopropylsilane solution afforded all of the peptides in good yields. To conjugate the PCTA chelator to 
each peptide, standard NCS coupling chemistry was utilized. In these reactions, 1.2 mole equivalents of the 
PCTA-NCS bifunctional chelator (Macrocyclics, Inc.) was reacted with 1 mole equivalent of the unconjugated 
peptide in HEPEs buffer (pH 9). The crude conjugates were then purified by semi-preparative reverse phase 
HPLC. The purity and identity of each product was assessed using an Agilent 1200 series HPLC interfaced with 

an AB Sciex 4000QT LC-MS 
system. After the confirmation of 
purity and identity, each conjugate 
underwent lyophilization to yield a 
white fluffy powder. The structures 
of each complex to be studied are 
shown in Fig. 1. The conjugates are 
highly lipophilic and insoluble on 
the macro-scale in aqueous media. 
Considering this observation, we 
have expended additional efforts to 
test different organic-aqueous 
solvent systems that will 1) keep 
the peptides in solution once the 
lyophilized powder is rehydrated, 
2) not cause conjugate degradation
after solubilization, and 3) be
robust enough to withstand the
degradative effects of ionizing
radiation. These studies are
ongoing.

Fig. 1.  The chemical structure of the PCTA-CGRP peptides. 

The development of the over-expression virus vector for CRLR (Dr. Shiozawa): Task 1. 
To first create CRLR-over-expressing breast cancer cells, MDA-MB-231 and ZR-75-1 cells were transfected 
with pCMV3-CALCRL (gene name of CRLR) expression vector [pCMV3-CALCRL vector (SinoBiological, 
cat: #HG11518-UT)] using lipofectamine reagents (Lipofectamine 2000) following a company’s recommended 
protocol. However, the survival rate of resulting cells after antibiotic selection was extremely low, suggesting 
that the transfection efficiency was low. Since MDA-MD-231 cells are known to be a hard-to-transfect cell line, 
we upgraded lipofectamine reagents to Lipofectamine 3000, which is a more optimized reagent for hard-to-
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transfect cells and then repeated transfection using pCMV3-CALCRL expression vector. However, the survival 
rate of resulting cells after antibiotic selection was still extremely low. After this attempt, we also modified the 
ratio between the number of cells and the amount of transfection reagents several times. However, these protocol 
modifications also failed to improve the transfection efficiency. To overcome this problem, we decided to 
generate a lentiviral vector containing a full length human CALCRL ORF. We are currently subcloning 
CALCRL ORF into a lentiviral vector (Biobasic company). This subcloning includes (i) the synthesis of the 
full length CALCRL ORF sequences with addition of the 5’ cloning site (SpeI) and the 3’ cloning site (EcoRI), 
(ii) the deletion of Oct4 ORF in the receiving plasmid [pSin-EF2-Oct4-pur (Addgene, cat: #16579) (Fig. 2)]
between 5’ SpeI and 3’ EcoRI cloning sites, (iii) the ligation of the synthesized CALCRL ORF into the receiving
plasmid between 5’ SpeI and 3’ EcoRI cloning sites, and (iv) the vilification of the successful ligation by
sequencing the final plasmid, pSin-EF2-CALCRL-puro plasmid. Thereafter, the lentiviral particles will be
generated using these final plasmids. CALCRL ORF be transduced into the MDA-MD-231 and ZR-75-1 cells
using the resulting lentiviral vector.

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

Fig. 2. The map of pSin-EF2-Oct4-pur plasmid. 
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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 Iowa’s Cancer Biology Program. This lecture dealt with the 
development of targeted alpha particle-based radiotherapy and its use in oncology. University of Iowa, Iowa 
City, IA (November 26, 2020).   

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

How were the results disseminated to communities of interest? 

There is nothing to report. 

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

Currently, research at both institutions has ceased due to the COVID-19 pandemic. Once normal research 
operations resume the following tasks will be initiated.  These include: 
1) Determine the binding affinity of radiopharmaceuticals to breast cancer cells in vitro (Aim 1).
2) Determine the biodistribution and dosimetry of radiopharmaceuticals in vivo (Aim 1).
3) Dr. Shiozawa will complete his radioactive material handling training with Dr. Wadas.
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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 225Ac-PTCA-CGRP27-37 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.

What was the impact on other disciplines? 

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

What was the impact on technology transfer? 

There is nothing to report at this time. 

What was the impact on society beyond science and technology? 

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

Changes in approach and reasons for change 

Nothing to report. 

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

Nothing to report. 

Changes that have a significant impact on expenditures 

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 Iowa coincided with the COVID-19 pandemic. 
At that time the University of Iowa 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 Iowa. 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 Iowa. 

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).  

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 α-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

(2020-2021)

1. Wu S-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:e20191131.
PMID: 32496556. PMCID: PMC7398164.
Status of Publication: Published
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Abstract: Bone metastasis remains a major cause of death in cancer patients, and current therapies
for bone metastatic disease are mainly palliative. Bone metastases arise after cancer cells have
colonized the bone and co-opted the normal bone remodeling process. In addition to bone-targeted
therapies (e.g., bisphosphonate and denosumab), hormone therapy, chemotherapy, external beam
radiation therapy, and surgical intervention, attempts have been made to use systemic radiotherapy
as a means of delivering cytocidal radiation to every bone metastatic lesion. Initially, several bone-
seeking beta-minus-particle-emitting radiopharmaceuticals were incorporated into the treatment for
bone metastases, but they failed to extend the overall survival in patients. However, recent clinical
trials indicate that radium-223 dichloride (223RaCl2), an alpha-particle-emitting radiopharmaceutical,
improves the overall survival of prostate cancer patients with bone metastases. This success has
renewed interest in targeted alpha-particle therapy development for visceral and bone metastasis.
This review will discuss (i) the biology of bone metastasis, especially focusing on the vicious cycle of
bone metastasis, (ii) how bone remodeling has been exploited to administer systemic radiotherapies,
and (iii) targeted radiotherapy development and progress in the development of targeted alpha-
particle therapy for the treatment of prostate cancer bone metastasis.

Keywords: bone metastases; radiopharmaceuticals; radium-223; actinium-225; targeted alpha-
particle-emitting radiopharmaceuticals

1. Introduction

As a result of improvements in cancer research, prevention, early diagnosis, and treat-
ment, the survival time of cancer patients with localized disease has increased. However,
the prognosis for cancer patients with disseminated disease has decreased dramatically;
distant metastases are responsible for 90% of all cancer-related deaths [1]. Although cancer
cells may spread to any part of the body, different cancers have been observed to colonize
different organs of the body at different rates and bone is a major metastatic site for several
cancers. The relative incidence of bone metastasis is 65–75% in breast cancer, 65–75%
in prostate cancer, 60% in thyroid cancer, 30–40% in lung cancer, 40% in bladder cancer,
20–25% in renal cell carcinoma, and 14–45% in melanoma [2]. Furthermore, the median sur-
vival time of patients with bone metastases is 19–25 months for breast cancer, 12–53 months
for prostate cancer, 28 months for thyroid cancer, 6 months for lung cancer, 6 months for
bladder cancer, 12 months for renal carcinoma, and 6 months for melanoma [3]. Impor-
tantly, the presence of metastatic bone disease alters the course of clinical care of patients,
increases the immense physical and emotional burdens faced by patients, and augments
the economic burden faced by patients and society [4–13]. For example, prostate cancer
patients experiencing bone metastases incurred health care costs that were approximately
$8000 more than those incurred by men without bone metastasis [14]. Interestingly, it has
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been demonstrated that the total medical care costs for breast cancer patients with bone
metastases who experienced skeletal-related events (SREs) are nearly $50,000 greater than
for those without SREs [4,7].

Since bone metastasis is one of the major causes of death of cancer patients, eradi-
cating cancer-induced bone diseases represents one of the greatest challenges of modern
health care. Thus, there is a critical need to integrate our current understanding of can-
cer metastasis with emerging concepts in bone biology to advance our understanding of
cancer-induced bone diseases, with the goal of improving treatment strategies and clinical
outcomes, while reducing the financial difficulties experienced by patients. The treat-
ment strategies for bone metastases are somewhat unique when compared to those for
other metastases. Normally, the treatment strategies for both primary and metastatic
tumors are similar—targeting the tumors themselves or inducing the immune system
surrounding the tumors. However, for bone metastases, the treatments target the function
of the metastatic organ, which is bone (an organ that continuously remodels throughout
life by coupling osteoclast and osteoblast activity, which is called bone remodeling [15]).
It has been suggested that the cells involved in bone remodeling (e.g., osteoclasts, os-
teoblasts, and osteocytes) and bone metastatic cancer cells interact with each other, and this
crosstalk between bone-related cells and bone metastatic cancer cells stimulates further
bone metastatic progression, known as “the vicious cycle of bone metastases” [16]. It is
therefore natural to target bone remodeling to interfere with this cycle. Indeed, bisphos-
phonate and denosumab, a human monoclonal anti-receptor activator of nuclear factor
κB ligand (RANKL) antibody, which decreases osteoclastic activity, have been used as
treatments for bone metastases [17,18]. These treatments have been effective in reducing
the painful complications of bone metastases but ultimately fail to improve the overall
survival of cancer patients with bone metastases [17,18]. However, recent clinical trials indi-
cate that an alpha-particle-emitting radiopharmaceutical radium-223 dichloride (223RaCl2),
which targets hydroxyapatite or osteoblastic bone metastatic lesions, improves the over-
all survival of prostate cancer patients with bone metastases. Importantly, to date, this
is the only bone-targeted treatment modality that can prolong the survival time of can-
cer patients with bone metastases, although several combinations of systemic treatments
(e.g., hormone therapies and chemotherapies) are known to enhance the overall survival
of metastatic castration-resistant prostate cancer patients, including patients with bone
metastases [19]. Although 223RaCl2’s success holds promise for alpha-particle-emitting
radiopharmaceuticals for bone metastatic disease and has renewed interest in the develop-
ment of these therapies [20–32], little is known as to the targeted treatment strategies for
bone metastatic disease using alpha-particle-emitting radiopharmaceuticals.

While many excellent reviews relating to targeted radiotherapy have been pub-
lished [22,33–35], this review will highlight (i) the biology of bone metastases by emphasiz-
ing the vicious cycle of bone metastasis, (ii) the treatment strategies for bone metastasis
by mainly focusing on radiopharmaceuticals, and (iii) the future directions for targeted
alpha-particle-emitting radiopharmaceutical treatment strategies in bone metastasis.

2. The Biology of the Vicious Cycle of Bone Metastases

Although personalized medicine strategies continue to be adopted in the clinic, the tu-
mor phenotype at the primary site typically dictates the treatment regimen. However,
these conventional treatment strategies usually fail to eradicate metastases. This leads
to a more aggressive combination treatment, including chemotherapies, radiotherapies,
immunotherapies, and/or targeted therapies, for cancer patients with metastases. Impor-
tantly, when considering the treatment of bone metastasis, the dynamics of bone turnover
also needs to be considered during treatment planning.

Unlike other organs, bone is continuously renewed throughout life to maintain its
structural integrity. Bone is composed of three parts: compact bone, trabecular bone,
and bone marrow. Compact bone is a hard, solid bone tissue and forms the outside layer
of bone. Trabecular bone (or spongy bone) and bone marrow are found in the inside of
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bones. A part of trabecular bone eventually converts into compact bone. The bone marrow
is composed of two distinct stem cell lineages, cells of hematopoietic origin and those of
mesenchymal origin. Hematopoietic stem cells (HSCs) give rise to all blood cell types,
including macrophages that differentiate into osteoclasts, while mesenchymal stem cells
(MSCs) are responsible for the generation of stromal cells, osteoblasts, and osteocytes [36].
Additionally, these cells of mesenchymal origin are crucial for trabecular bone develop-
ment. Interestingly, these two cell lineages interact with each other to maintain each
other’s functions. For example, osteoblasts serve as the microenvironment for HSCs,
or the HSC niche [37–42], while HSCs support osteoblastic differentiation to establish
the HSC niche [43]. Another example is that osteoblasts are responsible for the activation of
osteoclasts [44], while these activated osteoclasts resorb the bone matrix to create the space
for osteoblasts to form new bone [45]. As a result, compact bone, trabecular bone, and bone
marrow crosstalk to maintain healthy bone development. This process, called bone remod-
eling, is a delicate balance that is often exploited by cancer cells that successfully colonize
the bone [46].

Since Paget’s seed and soil theory was proposed over a century ago [47], efforts
have been made to understand why particular cancers prefer specific organs over oth-
ers. Although blood flow and anatomical structure are considered as among the major
contributing factors to the development of bone metastasis [48,49], proper physiological
mechanisms of why particular types of cancers disseminate to the bone have not been fully
uncovered. Additionally, recent evidence suggests that the establishment of organ-specific
metastases is the result of not only the passive reception of circulating tumor cells through
blood flow and anatomical structure but also the fact that the bone microenvironment
selectively and actively recruits these circulating tumor cells [50]. This indicates that the in-
teractions between the microenvironment of the bone marrow and bone metastatic cancer
cells are crucial for the bone metastatic progression process.

Once these tumor cells have effectively seeded on the bone marrow, they begin to pro-
liferate and interact with the cells involved in bone remodeling (e.g., osteoclasts, osteoblasts,
and osteocytes) through paracrine and juxtacrine signaling events. This interaction creates
an imbalance in the normal bone remodeling process in what has been termed the vi-
cious cycle of bone metastases (Figure 1) [51]. Recent studies have revealed that bone
metastatic prostate cancer cells hijack the interaction between the cells of hematopoietic
and mesenchymal lineages, which is important for maintaining healthy bone remodeling,
to establish metastatic growth within the marrow. For example, bone metastatic prostate
cancer cells target the osteoblastic HSC niche during their dissemination to the bone and
compete for occupancy of the HSC niche [52,53]. These observations are consistent with
previous research that has demonstrated that metastatic colonization is frequently observed
in bones that contain red marrow, where blood cell formation and bone formation are
active (e.g., the axial skeleton, vertebrae, ribs, and the pelvis) [54].
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Figure 1. The vicious cycle of bone metastases. Bone metastatic cancer cells hijack the healthy bone 
remodeling process to create a suitable microenvironment for them to grow. Cancer cells induce 
hyper-osteoclastogenesis by activating osteoclasts through the secretion of parathyroid-hormone-
related peptide (PTHrP). This process leads to osteolytic bone lesions and provides bone meta-
static cancer cells more space to grow. On the other hand, cancer cells can over-activate osteo-
blasts, resulting in osteoblastic bone lesions. These hyper-activated osteoblasts also stimulate oste-
oclastogenesis through the receptor activator of the nuclear factor κB ligand (RANKL) (secreted 
from osteoblasts)/RANK (expressed on osteoclasts) axis. Furthermore, these hyper-activated osteo-
blasts and osteoclasts enhance the growth and survival of bone metastatic cancer cells. This pro-
cess is called the vicious cycle of bone metastasis. Graphics adapted from Smart Servier Medical 
Art (https://smart.servier.com/, accessed on 18 March 2021). 

Additionally, once the vicious cycle has been initiated, bone metastases may present 
as osteolytic (bone destructive), osteoblastic (bone forming), or mixed metastases, de-
pending on how the infiltrating cancer cells have exploited the normal bone remodeling 
mechanisms. Although there are osteolytic- and osteoblastic-only bone metastases, most 
metastases arising from solid tumors have a heterogenous phenotype [55]. Osteolytic bone 
metastatic lesions are characterized by the destruction of normal bone formation, primar-
ily mediated by the hyper-activation of osteoclasts (multinucleated cells that resorb the 
bone matrix and develop from a monocyte–macrophage lineage) [56]. In this destructive 
mechanism, bone metastatic cells induce the release of parathyroid-hormone-related pep-
tide (PTHrP), which is known to activate osteoclasts and induce bone resorption [57,58]. 
Conversely, osteoblastic bone metastatic lesions are characterized by the deposition of 
new bone. Although the mechanisms of osteoblastic bone metastases are still poorly un-
derstood, they are believed to occur through the hyper-activation of osteoblasts [59]. How-
ever, the newly formed bone matrix is poorly organized, weak, and fragile [60,61]. This 
leads to a lack of mechanical strength and frequent fracture [60,61]. Moreover, as osteo-
blasts continue to proliferate, they can inadvertently cause increased bone resorption, 
since they release cytokines, such as RANKL, which stimulates osteoclast differentiation 
and activation [59,60,62]. 

Taken together, the bone marrow microenvironment, especially where active hema-
topoiesis and bone remodeling take place, may play a crucial role in the establishment 
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Figure 1. The vicious cycle of bone metastases. Bone metastatic cancer cells hijack the healthy bone
remodeling process to create a suitable microenvironment for them to grow. Cancer cells induce
hyper-osteoclastogenesis by activating osteoclasts through the secretion of parathyroid-hormone-
related peptide (PTHrP). This process leads to osteolytic bone lesions and provides bone metastatic
cancer cells more space to grow. On the other hand, cancer cells can over-activate osteoblasts,
resulting in osteoblastic bone lesions. These hyper-activated osteoblasts also stimulate osteoclas-
togenesis through the receptor activator of the nuclear factor κB ligand (RANKL) (secreted from
osteoblasts)/RANK (expressed on osteoclasts) axis. Furthermore, these hyper-activated osteoblasts
and osteoclasts enhance the growth and survival of bone metastatic cancer cells. This process is
called the vicious cycle of bone metastasis. Graphics adapted from Smart Servier Medical Art
(https://smart.servier.com/, accessed on 18 March 2021).

Additionally, once the vicious cycle has been initiated, bone metastases may present as
osteolytic (bone destructive), osteoblastic (bone forming), or mixed metastases, depending
on how the infiltrating cancer cells have exploited the normal bone remodeling mechanisms.
Although there are osteolytic- and osteoblastic-only bone metastases, most metastases
arising from solid tumors have a heterogenous phenotype [55]. Osteolytic bone metastatic
lesions are characterized by the destruction of normal bone formation, primarily mediated
by the hyper-activation of osteoclasts (multinucleated cells that resorb the bone matrix
and develop from a monocyte–macrophage lineage) [56]. In this destructive mechanism,
bone metastatic cells induce the release of parathyroid-hormone-related peptide (PTHrP),
which is known to activate osteoclasts and induce bone resorption [57,58]. Conversely,
osteoblastic bone metastatic lesions are characterized by the deposition of new bone.
Although the mechanisms of osteoblastic bone metastases are still poorly understood,
they are believed to occur through the hyper-activation of osteoblasts [59]. However,
the newly formed bone matrix is poorly organized, weak, and fragile [60,61]. This leads
to a lack of mechanical strength and frequent fracture [60,61]. Moreover, as osteoblasts
continue to proliferate, they can inadvertently cause increased bone resorption, since
they release cytokines, such as RANKL, which stimulates osteoclast differentiation and
activation [59,60,62].

https://smart.servier.com/
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Taken together, the bone marrow microenvironment, especially where active hematopoiesis
and bone remodeling take place, may play a crucial role in the establishment and development
of bone metastases, and therefore bone-marrow-microenvironment-targeting strategies have
been used to treat bone metastatic disease.

3. Treatment of Bone Metastases

Current treatment options for bone metastasis include agents targeting bone remod-
eling (e.g., bisphosphonate and denosumab), hormone therapy, chemotherapy, external
beam radiation therapy (EBRT), systemic radiotherapy, and surgical intervention [3,63,64].
Often, more than one intervention is used to suppress bone metastatic growth and maintain
a patient’s quality of life [65]. Although EBRT, bisphosphonate, and denosumab can reduce
the onset of the painful complications of bone metastasis [17,18,66–71], delivering EBRT to
every bone metastatic lesion is not practical and bisphosphonate and denosumab fail to
improve the overall survival of bone metastatic patients (since these therapies mainly target
bone remodeling but not cancer cells within the bone). Because of these limitations, bone
metastasis is currently considered a hard-to-treat disease. Therefore, significant effort has
been expended to develop ways to use the systemic delivery of therapeutic radionuclides
to every bone metastatic lesion so that bone metastatic cancer cells can be exposed to
the cytocidal effects of radiation.

3.1. Radiopharmaceuticals for Bone Metastases

Radionuclides derive their cytotoxicity from the particles they release during radioac-
tive decay, which has been considered a systemic radiotherapy for bone metastasis. These
particles include auger electrons (e−), beta minus (β−) particles, and alpha (α++) particles
(Table 1) [72].

Table 1. General characteristics of therapeutic radionuclides.

Decay Particle Maximum Particle
Range (mm)

Maximum Particle
Energy (MeV)

Linear Energy
Transfer (kEV/µm)

Electron capture
internal conversion Non-energetic electrons 0.0005 0.001 26

Beta minus particle Energetic electrons 12 2.3 0.2

Alpha particle Helium nuclei 0.1 9 80

Auger electrons are released from an atom that undergoes electron capture or internal
conversion. These particles have low energy, travel a maximum distance of a micron in
tissue and have moderately high linear energy transfer (LET), which allows for many
destructive ionization events along the path traveled by the particles [73]. These properties
require that the emitting atom be localized in close proximity to the cancer cell’s DNA to
have a therapeutic effect [74,75].

Beta-minus-particle-emitting radionuclides decay by β− emission. These negatively
charged electrons have widely varying energies and path lengths, which may range from
0.05 keV to 2.3 MeV and from 0.05 mm to 12 mm, respectively. As these particles travel,
they exhibit a lower LET than auger electrons. This results in few ionization events along
the particles’ path. Their cytocidal effect is believed to occur through the particles’ ability to
generate reactive oxygen species (ROS). In turn, these ROS generate single-stranded DNA
breaks within the cancer cell. High concentrations of these β−-particles are required to
create enough single-stranded DNA breaks to overwhelm DNA damage repair mechanisms
and yield a therapeutic benefit.

Alpha-particle-emitting radionuclides are, by far, the most cytocidal radionuclides
that have been used as systemic radiotherapy [76,77]. These particles have mass and charge
equivalent to those of a helium nucleus. Alpha-particles are emitted with an energy range of
5–9 MeV, travel short distances (equivalent to no more than 10 cell diameters), and have an
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LET that surpasses the LET of auger electrons to ensure a significant number of ionization
events along the alpha-particle’s path through tissue. These properties make the therapeutic
efficacy of these radionuclides less dependent on chemo- and radio-resistance mechanisms
or hypoxia. Although their cytotoxic properties have been recognized for decades, they
are only now achieving clinical translation due to successful research initiatives that have
explored how to efficiently attach these α++-emitting radionuclides to targeting ligands
such as antibodies and peptides for effective delivery to cancer cells.

Historically, the Food and Drug Administration (FDA) has approved beta-minus-
particle-emitting radiopharmaceuticals as adjunct treatments for bone metastases because
of their chemical properties that give them an affinity for the bone matrix [78–81]. These
radiotherapies are either administered as an ionic salt solution or chelated to bone-seeking
ligands, such as hydroxyethylidene diphosphonic acid (HEDP) or tetramethylene phos-
phonic acid (EDTMP) (Figure 2A); a brief review of each radionuclide is outlined below.
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radionuclides to bone metastasis. While ligands such as (A) hydroxyethylidene diphosphonic acid
(HEDP) and tetramethylene phosphonic acid (EDTMP) target bone remodeling to deliver therapeutic
radiation to bone metastases, ligands like (B) prostate-specific membrane antigen (PSMA)-617 target
prostate cancer cell biomarkers.

Phosphorus-32 and strontium-89: Phosphorus-32 (32P: t1/2 = 14.3 d; Eβmax = 1.71 MeV;
maximum penetration in tissue (average) = 8 mm (3 mm)) is produced by the irradiation
of sulfur-32 (32S) through neutron capture and is distributed as 32P-orthophosphate. It has
been investigated as a bone-pain-palliating radiopharmaceutical for more than 50 years [82].
After injection, approximately 90% of the injected dose is known to be incorporated at sites
of bone remodeling due to the radiopharmaceutical’s affinity for the hydroxyapatite within
the bone matrix. In several studies, palliative response rates approached 80% [83–85] and
were observed to last more than a year in patients who received multiple doses of the ra-
diopharmaceutical. Unfortunately, due to the long particle path length and relatively high
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energy of the β−-particle, pancytopenia was observed in most patients, resulting in disfavor
of its clinical use [86,87]. Strontium-89 (89Sr: t1/2 = 50.5 d; Eβmax = 1.46 MeV; maximum
penetration in tissue (average) = 6 mm (2.4 mm)) is produced by nuclear fission or through
neutron capture and is distributed as 89SrCl2. Since 89Sr2+ ions exhibit similar chemical
properties to Ca2+ ions, they are readily incorporated into the hydroxyapatite where active
bone remodeling is occurring due to metastatic disease [78]. Typically, overall response rates,
as defined by a reduction in bone pain, for patients receiving 89Sr therapy approached 80%,
with the palliative effects lasting approximately 15 months [87,88]. Although significant
changes in red blood cell counts are not observed with this therapy, a decrease in white
blood cell counts and platelets has been observed in 80% of patients [89–92], but these
toxicities are resolved within 4 months of treatment cessation.

Rhenium-186 and Rhenium-188: Rhenium-186 (186Re: t1/2 = 3.8 d; Eβmax = 1.07 MeV;
maximum penetration in tissue (average) = 4.5 mm (1.1 mm)) is routinely produced in nu-
clear reactors by direct neutron activation of metallic-enriched 185Re. Rhenium-186 decays
with a maximum beta energy of 1.07 MeV and a low abundance 137 keV gamma emission.
It has a physical half-life of 89.3 h. Because of its maximum beta energy and particle path
length, efforts have been made to determine its ability to treat bone metastasis, but since its
chemical properties are not similar to those of calcium, it must be chelated to a bone-seeking
ligand before injection. In the comparative study between the skeletal and soft-tissue up-
take of 186Re-HEDP (0.13 GBq) and 153Sm-EDTMP (37 MBq/kg-body weight) in patients
with confirmed bone metastasis, significantly less bone uptake was observed in patients
receiving 186Re-HEDP therapy, while soft-tissue retention was comparable for both radiophar-
maceuticals [78]. Despite this fact, several studies have demonstrated that more than 80% of
patients receiving 186Re therapy reported an improvement in their bone pain [93–97]. Similar
to other agents, thrombocytopenia was observed to be a major but reversible side effect of
treatment [98,99]. Rhenium-188 (188Re: t1/2 = 0.7 d; Eβmax = 2.12 MeV; maximum penetration
in tissue (average) = 10.4 mm (3.1 mm)), although not approved for clinical use, has also been
investigated as an agent for bone pain management, since it can be produced and shipped
to clinical sites as a 188W/188Re generator [100]. When chelated to HEDP, it demonstrated
therapeutic efficacy, and repeated administrations improved progression-free and overall sur-
vival [101]. Additionally, it was observed that only 63% of the patients receiving 188Re-HEDP
therapy reported grade I thrombocytopenia, 3% reported Grade II thrombocytopenia, and 3%
of the patients reported grade I leukopenia, which were comparable for patients treated with
186Re-HEDP or 153Sm-EDTMP [101]. Furthermore, platelet and leukocyte counts returned to
pretreatment levels within 3 months, suggesting that these toxicities are clinically manageable.

Samarium-153: Samarium-153 (153Sm: t1/2 = 1.9 d; Eβmax = 0.81 MeV; maximum
penetration in tissue (average) = 2.5 mm (0.6 mm)), which is produced by the neutron irra-
diation of a samarium-152 target, has a half-life of 46.3 h and a range in bone of 1.7 mm [102].
To be effective, however, 153Sm needs to be chelated to a ligand such as EDTMP, which
like other phosphonic acid complexes has a high affinity for skeletal tissue while being
rapidly cleared from the blood and local soft tissue. This radiopharmaceutical has shown
clinical benefit in several clinical trials, with the majority of patients experiencing pain
relief [103]. In one study involving 100 patients with confirmed metastatic disease, sub-
jects received 18–37 MBq/kg of 153Sm-EDTMP and were followed for several weeks after
treatment [102]. Nearly 70% of the patients experienced symptomatic relief of their bone
pain. Myelotoxicity was the main side effect of treatment, with nearly 90% of the subjects
experiencing grade II thrombocytopenia or leukopenia, which resolved approximately
2 months after therapy. While several patients experienced grade III/IV myelotoxicity,
these patients were observed to have a depleted hematopoietic reserve because of previous
therapeutic interventions.

Lutetium-177: Lutetium-177 (177Lu: t1/2 = 6.7 d; Eβmax = 0.50 MeV; maximum pene-
tration in tissue (average) = 2.2 mm (0.67 mm)) is produced by neutron irradiation of 176Lu
or 176Yb targets. Although several cancer-targeting agents, such as Lutathera® and 117Lu-
PSMA-617, have been used to deliver targeted radiation therapy to cancer cells expressing
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specific cancer cell antigens [104], additional studies have sought to use the radioactive
decay properties of 177Lu for treating bone metastasis. Several groups have investigated
the utility of 177Lu-EDTMP as a bone-seeking radiopharmaceutical since the energy of
the emitted β− is low enough to reduce bone marrow suppression, which has consistently
been a major disadvantage of other β−-emitting bone-seeking agents [105,106]. Recently,
the use of low- and high-dose 177Lu-EDTMP was examined in a phase II study in patients
with metastatic breast or prostate cancer [107]. In this study, subjects received either a low
(0.13 GBq) or a high (0.26 GBq) dose of 177Lu-EDTMP and were followed for 16 weeks
post-treatment. Based upon pain assessment scores, the overall response rate was 86%. Ad-
ditionally, treatment-related toxicity was evaluated in all patients. Grade I/II hematological
toxicities were observed in 34% of the subjects, while grade III/IV toxicities were observed
in 23% of the study participants. However, the observed toxicities were not significantly
different in either the low- or the high-dose cohort, and this finding prompted the authors
to conclude that 177Lu-EDTMP is safe and effective as a treatment for bone pain palliation.
More recently, several groups investigated whether using a bisphosphonate to deliver
the cytocidal radiation released by 177Lu to the metastatic deposit in bone would provide
greater relief. While many bisphosphonates were studied, zoledronic acid was chosen for
further study since it had significantly higher incorporation into hydroxyapatite [108,109].
Consequently, several groups studied 177Lu-DOTA-zoledronic acid (177Lu-DOTA-ZOL) and
demonstrated that it has pharmacokinetics comparable to those of 177Lu-EDTMP [110,111].
These studies also revealed higher absorption of the dose by the trabecular bone in patients
who received 177Lu-DOTA-ZOL vs. 177Lu-EDTMP, but the dose absorbed by critical organs
was much lower for the former radiopharmaceutical. Recently, the safety and efficacy of
177Lu-DOTA-ZOL in 40 patients with metastatic bone disease was evaluated [112]. Eligi-
ble subjects received 0.13 GBq of 177Lu-DOAT-ZOL at monthly intervals and then were
monitored for a 12-week period after therapy. Based upon criteria such as pain palliation,
an overall response rate of 90% was observed. However, unlike patients receiving 177Lu-
EDTMP, grade III/IV hematological toxicities were not observed, although several patients
did experience grade II anemia. Moreover, renal toxicity and hyper-calcemia, which can be
complications of bisphosphonate administration, were not observed in study participants.
Interestingly, pain palliation was observed within 7 days of treatment, with relief lasting
10 months, which is more than twice that experienced by patients receiving 177Lu-EDTMP.

Not only beta-minus-particle-emitting radiopharmaceuticals but also alpha-particle-
emitting radiopharmaceuticals have been used as a treatment modality for bone metastatic
disease. Radium-223 dichloride (223RaCl2: T1/2 = 11.4 d; Eαmax = 6–7 MeV) is a water-
soluble salt that was approved nearly a decade ago by the FDA for the treatment of bone
metastasis associated with metastatic prostate cancer. Similar to calcium ions, this alkaline
earth ion accumulates in bone, where it decays through seven daughter radionuclides,
while releasing four α++-particles and two β−-particles, generating approximately 30 MeV
of total kinetic energy, which is deposited in the surrounding bone cancer microenvi-
ronment [67–69,78,113]. This large energy deposition is believed to generate irreparable
double-stranded DNA breaks within the DNA of tumor cells that have localized in the bone,
causing cancer cell death [114–117]. This strategy has yielded clinical success. For example,
in the ALSYMPCA trial (NCT00699751), which was a randomized, double-blind, placebo-
controlled phase III trial that investigated the role of 223RaCl2 in metastatic castration-
resistant prostate cancer patients (n = 921), the median overall survival of patients treated
with 223RaCl2 (n = 614, 14.9 months) significantly improved compared with those treated
with a placebo (n = 307, 11.3 months) (hazard ratio, 0.70; 95% confidence interval, 0.58 to
0.83; p < 0.001) [66]. Moreover, patients treated with 223RaCl2 experienced decreased pain
levels that correlated with increased overall survival [118]. Diarrhea, nausea, and vomiting
were the most common side effects reported by patients. Additionally, pancytopenia was
observed in many patients with grade III/IV thrombocytopenia, and neutropenia was
observed in patients with compromised bone marrow function [119]. Since those initial
trials, the use of 223RaCl2 therapy in combination with other agents using a strategy that has
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proven successful with non-radioactive therapeutics has been sought [120]. For example,
a post hoc exploratory analysis of an international, early access, open-label, single-arm
phase IIIb trial of the testing efficacy of 223RaCl2 in metastatic castration-resistant prostate
cancer patients following the ALSYMPCA trial revealed that a combination of 223RaCl2
and androgen deprivation therapies (ADTs; abiraterone or enzalutamide) extended the pa-
tients’ overall survival compared to therapy with 223RaCl2 alone [118]. However, a recent
multinational, multicenter, randomized, double-blind, placebo-controlled phase III trial of
the combination of abiraterone and 223RaCl2 in patients with metastatic castration-resistant
prostate cancer (NCT02043678) not only failed to improve skeletal event-free survival
but also increased the frequency of bone fractures compared to the placebo [121]. These
contradictory results suggest that additional prospective studies are needed and caution is
warranted when choosing an effective combination strategy that involves the use of ADTs
and 223RaCl2 therapy for treating prostate cancer patients with bone metastasis.

3.2. Targeted Radiopharmaceuticals for Bone Metastases

To date, the strategy for integrating systemic radiotherapies into the treatment plans of
cancer patients with bone metastases has relied on bone metabolism to target bone metastatic
disease. While successful, the results of this strategy have been primarily palliative, since
the bone metastatic cancer cells are not specifically targeted by the radiopharmaceutical.
As a result, efforts are being made to expand this strategy by developing agents that can
selectively target biomarkers that are over-expressed on the cancer cells within the bone
metastatic microenvironment, with the goal of improving therapeutic efficacy and patient
outcomes. For example, one such strategy that has been successful in the treatment of
metastatic prostate cancer has been the development of radiotherapies that specifically tar-
get prostate-specific membrane antigen (PSMA) [122]. PSMA is known to be highly expressed
on prostate cancer cells at the primary tumor and within visceral and bone metastases [123].
PSMA-617, a small molecule that binds to PSMA with high affinity, was designed to target
PSMA-expressing prostate cancer cells (Figure 2B) [124]. In a recent single-arm, single-center,
phase II trial, 177Lu-PSMA-617 was administered to men with metastatic castration-resistant
prostate cancer (n =30) [125]. After four cycles of radiotherapy, 57% of these patients experi-
enced minimal toxicity and achieved a greater-than-50% reduction in prostate-specific antigen
(PSA) levels, which is one of the clinical surrogate markers for prostate cancer treatment
response [125]. Based on these promising results, an international prospective open-label
randomized phase III trial comparing the treatment efficacy between 177Lu-PSMA-617 and
the best standard of care in men with metastatic castration-resistant prostate cancer (VISION
trial, NCT03511664) is currently underway [126], and as of 23 March 2021, the initial result
that 177Lu-PSMA-617 significantly improves the overall survival and radiographic progression-
free survival of PSMA-positive metastatic castration-resistant prostate cancer patients was
announced (https://www.novartis.com/news/media-releases/novartis-announces-positive-
result-phase-iii-study-radioligand-therapy-177lu-psma-617-patients-advanced-prostate-cancer,
(accessed on 1 April 2021)).

Despite the promise of 177Lu-PSMA-617 therapy, approximately 30% of patients do
not respond to this treatment [127]. These observations have led to the investigation
of the use of 225Ac-PSMA-617 as an alternative alpha-particle-emitting radiotherapy for
refractory patients [127–129]. Actinium-225 (225Ac: t1/2 = 10 d; Eαmax = 6–8 MeV) is a
radioactive metal of the actinide series. Similar to 223RaCl2, 225Ac has a relatively long
half-life and emits four α++- and two β−-particles per nuclear decay. However, unlike
223RaCl2, 225Ac can be linked to a variety of targeting ligands [130–137]. In the early stage
of the development of 225Ac-PSMA-617, two patients received this therapy [127]. The first
patient exhausted conventional chemotherapies, bone remodeling therapy, ADTs, and six
cycles of 223RaCl2 therapy. The patient received three cycles of approximately 10 MBq
(100 kBq/kg body weight) of 225Ac-PSMA-617. After 8 weeks, all visible visceral and bone
metastases had decreased to a size that was below the limit of detection of clinical imaging
scanners, while PSA levels had decreased from 3000 to 0.26 ng/mL. Similar to the first
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patient, the second patient was refractory to conventional chemotherapies and ADTs and
failed to respond to several cycles of 177Lu-PSMA-617 therapy. This patient received three
cycles of 225Ac-PSMA-617 therapy (100 kBq/kg body weight) at bimonthly intervals. After
completing the three cycles, the patient experienced complete remission, as indicated by
the results of the restaging PSMA-PET/CT scans (Figure 3). Similar to the first patient,
no relevant hematological toxicities were observed, although both subjects did experience
moderate xerostomia.

Molecules 2021, 26, x 10 of 17 

kBq/kg body weight) at bimonthly intervals. After completing the three cycles, the patient 
experienced complete remission, as indicated by the results of the restaging PSMA-PET/CT 
scans (Figure 3). Similar to the first patient, no relevant hematological toxicities were ob-
served, although both subjects did experience moderate xerostomia. 

Figure 3. An example of the effective response of a prostate cancer patient to 225Ac-PSMA-617 treatment. This research was 
originally published in the Journal of Nuclear Medicine [127]. 68Ga-PSMA-11 PET/CT scans of patient B in this manuscript (a 
prostate cancer patient who presented with peritoneal carcinomatosis and liver metastases that were progressive under 
177Lu-PSMA-617 therapy). In comparison to the initial tumor spread (A), restaging after 2 cycles of β-emitting 177Lu-PSMA-
617 presented progression (B). In contrast, restaging after second (C) and third (D) cycles of α-emitting 225Ac-PSMA-617 
presented an impressive response. Adapted from ref. [127]. 

In additional studies by this same group, chemotherapy-naive prostate cancer pa-
tients with extensive bone and lymph node metastases were selected to receive 225Ac-
PSMA-617 therapy [138]. All patients (n = 17) had failed prior treatments, which included 
radical prostatectomy, EBRT, ADT, brachytherapy, and 177Lu-PSMA-617 therapy. Patients 
received between two and six cycles of 225Ac-PSMA-617, with an average administered 
activity range between 4 and 13 MBq. Following treatment, 82% of the patients experi-
enced a ≥90% reduction in PSA levels. Moreover, PSMA PET/CT revealed that 65% of the 
treated patients demonstrated a complete absence of metastatic lesions at the sites of me-
tastases, previously identified on baseline imaging scans [138]. Similar to the initial two 
patients, no acute toxicities were experienced by any of the surviving patients, though all 
patients did experience xerostomia, which prompted additional investigations into the 
most efficient ways to salvage salivary gland function [139,140]. 

While a recent report of a patient achieving remission lasting longer than 5 years was 
published in the literature [141], these results should be tempered by recent observations 
that 17% of patients, many with bone metastasis, do not respond to 225Ac-PSMA-617 ther-
apy despite sufficient tumor uptake on PSMA-PET/CT. Investigations using CT-guided 
biopsy and targeted next-generation sequencing have revealed a total of 15 mutations in 
DNA-damage-repair-associated genes, which suggests that patients harboring these mu-
tations may need a treatment strategy that combines 225Ac-PSMA-617 with chemothera-
pies that target DNA damage repair pathways to achieve maximum clinical benefit [142]. 

Although 225Ac-PSMA-617 is a promising treatment agent for metastatic castration-
resistant prostate cancer, PSMA-targeted agents (e.g., antibody, nanobody, small mole-
cule) labeled with other alpha-particle-emitting radiopharmaceuticals have also been ex-
plored in both preclinical and clinical settings (Table 2). Since PSMA is expressed by not 
only bone metastatic prostate cancer cells but also those at the primary site and soft-tissue 
metastatic sites, this strategy is not specific for bone metastases. However, a majority of 
the patients with metastatic castration-resistant prostate cancer experience bone metasta-
ses during the course of disease progression. Therefore, the development of PSMA-

Figure 3. An example of the effective response of a prostate cancer patient to 225Ac-PSMA-617 treatment. This research was
originally published in the Journal of Nuclear Medicine [127]. Kratochwil C, Bruchertseifer F, Giesel FL, Weis M, Verburg FA,
Mottaghy F, Kopka K, Apostolidis C, Haberkorn U, and Morgenstern A. 225Ac-PSMA-617 for PSMA-Targeted α-Radiation
Therapy of Metastatic Castration-Resistant Prostate Cancer. J Nucl Med. 2016;57(12):1941-1944. © SNMMI. 68Ga-PSMA-11
PET/CT scans of patient B in this manuscript (a prostate cancer patient who presented with peritoneal carcinomatosis and
liver metastases that were progressive under 177Lu-PSMA-617 therapy). In comparison to the initial tumor spread (A),
restaging after 2 cycles of β-emitting 177Lu-PSMA-617 presented progression (B). In contrast, restaging after second (C) and
third (D) cycles of α-emitting 225Ac-PSMA-617 presented an impressive response. Adapted from ref. [127].

In additional studies by this same group, chemotherapy-naive prostate cancer patients
with extensive bone and lymph node metastases were selected to receive 225Ac-PSMA-617
therapy [138]. All patients (n = 17) had failed prior treatments, which included radical
prostatectomy, EBRT, ADT, brachytherapy, and 177Lu-PSMA-617 therapy. Patients received
between two and six cycles of 225Ac-PSMA-617, with an average administered activity
range between 4 and 13 MBq. Following treatment, 82% of the patients experienced a
≥90% reduction in PSA levels. Moreover, PSMA PET/CT revealed that 65% of the treated
patients demonstrated a complete absence of metastatic lesions at the sites of metastases,
previously identified on baseline imaging scans [138]. Similar to the initial two patients,
no acute toxicities were experienced by any of the surviving patients, though all patients
did experience xerostomia, which prompted additional investigations into the most efficient
ways to salvage salivary gland function [139,140].

While a recent report of a patient achieving remission lasting longer than 5 years was
published in the literature [141], these results should be tempered by recent observations
that 17% of patients, many with bone metastasis, do not respond to 225Ac-PSMA-617 ther-
apy despite sufficient tumor uptake on PSMA-PET/CT. Investigations using CT-guided
biopsy and targeted next-generation sequencing have revealed a total of 15 mutations in
DNA-damage-repair-associated genes, which suggests that patients harboring these muta-
tions may need a treatment strategy that combines 225Ac-PSMA-617 with chemotherapies
that target DNA damage repair pathways to achieve maximum clinical benefit [142].

Although 225Ac-PSMA-617 is a promising treatment agent for metastatic castration-
resistant prostate cancer, PSMA-targeted agents (e.g., antibody, nanobody, small molecule)
labeled with other alpha-particle-emitting radiopharmaceuticals have also been explored
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in both preclinical and clinical settings (Table 2). Since PSMA is expressed by not only bone
metastatic prostate cancer cells but also those at the primary site and soft-tissue metastatic
sites, this strategy is not specific for bone metastases. However, a majority of the patients
with metastatic castration-resistant prostate cancer experience bone metastases during
the course of disease progression. Therefore, the development of PSMA-targeted alpha-
particle-emitting radiopharmaceuticals is crucial if eradicating bone metastatic prostate
cancer is to be an achievable clinical goal. Further studies, including the assessments of
their clinical efficacy and safety, are clearly warranted.

Table 2. The recent status of PSMA-targeted alpha-particle-emitting radiopharmaceuticals.

Agent Conjugator Development Phase Refs.
213Bi-J591 PSMA-targeting murine monoclonal antibody, J591 Preclinical study [143–145]

213Bi-PSMA I&T

PSMA-targeting (3S,7S)-29,32-dibenzyl-5,13,20,28,31,34-
hexaoxo-37-(4,7,10-tris(carboxymethyl)-1,4,7,10-

tetraazacyclododecan-1-yl)-4,6,12,21,27,30,33-
heptaazaheptatriacontane-1,3,7,26,37-pentacarboxylic

acid (DOTAGA-FFK(Sub-KuE)), PSMA I&T

Preclinical study [146]

213Bi-JVZ-008 PSMA-targeting nanobody, JVZ-008 Preclinical study [146]

211At-6
PSMA-targeting (2S)-2-(3-(1-carboxy-5-(4-211At-

astatobenzamido)pentyl)ureido)-pentanedioic acid,
compound 6

Preclinical study [147]

225Ac-PSMA-617 PSMA-targeting small molecule, PSMA-617 Clinical study [127,138,141,148]

227Th-PSMA-TTC PSMA-targeting fully human antibody, BAY 2315158
Clinical trial

(phase I:
NCT03724747)

[149]

225Ac-J591 PSMA-targeting murine monoclonal antibody, J591
Clinical trial

(phase I:
NCT03276572)

4. Conclusions

Bone metastasis creates enormous physical, emotional, and financial burdens for can-
cer patients and society; it is a significant contributor to cancer mortality rates. Systemically
delivered radionuclides have been explored as potential therapies for bone metastasis.
Initially, β−-emitting radionuclides were used because they could be delivered easily to
sites of active bone remodeling. However, their efficacy has been limited to pain mitigation.
Recently, systemically delivered 223RaCl2, which decays through α++-particle emission,
has been observed to extend the overall survival of men with metastatic prostate cancer.
These results have renewed interest in alpha-particle-emitting radiotherapies, and new
molecularly targeted strategies to deliver this highly cytotoxic radiation directly to bone
metastatic cancer cells within the bone marrow microenvironment are being investigated.
Using this strategy, 225Ac-PSMA-617, which has been an effective treatment for men with
metastatic prostate cancer, which was previously believed to be refractory to conventional
chemotherapies and standard of care radiotherapy, has been developed. While further
clinical evaluation is warranted, current data suggest that targeted alpha-particle-emitting
radiopharmaceuticals used alone or in concert with current standard treatments may lead
to much-needed improvements in the clinical management of cancer bone metastasis.
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Prostate cancer (PCa) metastasizes to bone, where the bone marrow microenvironment controls disease
progression. However, the cellular interactions that result in active bone marrow metastases are poorly
understood. A better understanding of these interactions is critical to success in the pursuit of effective
treatments for this life ending disease. Anecdotally, we observe that after intracardiac injection of PCa
cells, one of the greatest tools to investigate the mechanisms of bone-metastatic disease, animals fre-
quently present with mandible metastasis before hind limb metastasis. Therefore, in this study, we inves-
tigated whether the bone cells derived from the mouse mandible influence PCa progression differently
than those from the hind limb. Interestingly, we found that osteoblasts harvested from mouse mandibles
grew faster, expressed more vascular endothelial growth factor (VEGF), increased vascularity and formed
more bone, and stimulated faster growth of PCa cells when cultured together than osteoblasts harvested
frommouse hind limbs. Additionally, these findings were confirmed in vivowhen mouse mandible osteo-
blasts were co-implanted into mice with PCa cells. Importantly, the enhancement of PCa growth medi-
ated by mandible osteoblasts was not shown to be due to their differentiation or proliferation
activities, but may be partly due to increased vascularization and expression of VEGF.
� 2020 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Prostate cancer (PCa) is deadly when it metastasizes to bone,
often years after a patient is cured of the primary disease. These
metastases are believed to originate from disseminated tumor cells
(DTCs) shed from the primary tumor that made their way to the
bone marrow and became dormant. Once in the bone marrow, pro-
gression of dormant DTCs in the bone is directed by influences
from the bone marrow microenvironment. Still, a full understand-
ing of the more complex interactions that result in active bone
marrow metastases remains elusive. Our group recently discov-
ered that early in the metastatic process, PCa cells target and com-
mandeer the hematopoietic stem cell (HSC) specific marrow
microenvironment, or HSC niche, using mechanisms similar to
those involved in HSC homing to bone [1]. Osteoblasts are a major
component of the HSC niche and have been shown to participate in
the regulation of HSC homing and quiescence (or dormancy) [2–5].
Interestingly, DTCs also utilize osteoblasts to establish early colo-
nization within the marrow [1,6]. Thereafter, the DTCs lie dormant
within the osteoblastic niche until they begin to proliferate again,
controlled by mechanisms still poorly understood, and eventually
develop into full-blown metastases [7].

A tool frequently used to investigate the mechanisms of metas-
tasis is the intracardiac injection mouse model. After a small vol-
ume of cancer cells is inoculated into the left ventricle of the
mouse heart, the circulatory system becomes flooded with cancer
cells that eventually colonize organs of preference, such as bone.
As expected, this model consistently results in long bone metas-
tases, including lesions in the femur and tibia. However, mandible
metastases are also frequently observed in this model [8]. This
appears to be a phenomenon unique to this model, as metastasis
to the human mandible is uncommon for solid tumors known to
metastasize to the bone, such as PCa [9]. Anecdotally, using this
model we have found that sometimes the only site of metastasis
is the mandible, and that in animals with multiple bone metastatic
lesions, many demonstrate faster growth in the mandible than
those in the hind limbs of the same animal (unpublished observa-
tions). These findings raise the question whether the bone marrow
microenvironment of the mandible stimulates the growth of DTCs
more than that of the hind limbs. One difference between bone
cells derived from mandible and long bones that has been docu-
mented is their proliferative and differentiation potential. Indeed,
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osteoblasts derived from rat mandible bone marrow grew faster
and formed more bone in vivo than those differentiated from long
bone marrow [10]. The same effects were seen in human tissue
cultures of mandible and iliac marrow derived osteoblasts [11].
Interestingly, it has recently been revealed that different subpopu-
lations of osteoblasts contribute differently to bone metastatic pro-
gression [12]. Therefore, we hypothesized that osteoblasts
harvested from mouse mandible bones would enhance the growth
of PCa cells when they interact with each other, more than those
harvested from hind limb bones.

In this study, we found that osteoblasts harvested from mouse
mandible bones grew faster than those harvested from hind limb
bones, similar to the reports of osteoblasts derived from rat and
human tissues. Additionally, osteoblasts harvested from mouse
mandibles expressed higher levels of vascular endothelial growth
factor (VEGF). Moreover, when these osteoblasts were co-
cultured with PCa cells, osteoblasts harvested from mouse mand-
ibles significantly increased the growth of PCa cells compared to
osteoblasts harvested from hind limbs. Most importantly, these
findings were confirmed in vivo, and immunofluorescent staining
of pathological specimens revealed that vascularity of mandible
osteoblast implants was greater than hind limb osteoblast
implants.
2. Materials and methods

2.1. Cell culture

Human PCa cell line PC-3 [American Type Culture Collection
(ATCC), Manassas, VA, Cat #: CRL-1435] and DU145 cells (ATCC,
Cat #: HTB-81) were transformed to stably express green fluores-
cent protein (GFP) and firefly luciferase (PC3-GFP-luc, and
DU145-GFP-luc) by transduction with a lentivirus (Lenti-GF1-
CMV-VSVG) generated by the University of Michigan Vector Core.
The transduced cells were sorted for GFP positive cells at the Wake
Forest Baptist Comprehensive Cancer Center Flow Cytometry
Shared Resource using an Astrios EQ (Beckman Coulter, Pasadena,
CA), expanded and frozen at low passage (<10). The growth media
for PC-3 and DU145 was RPMI 1640 (Gibco, Gaithersburg, MD, Cat
#: 11875093) supplemented with 10% FBS (Sigma-Aldrich, St.
Louis, MO, Cat #: F2442), 1% Penicillin-Streptomycin (Gibco, Cat
#: 15140122), and 1% L-Glutamine (Gibco, Cat #: 25030081). Mur-
ine calvarial pre-osteoblast cell line MC3T3-E1 Subclone 4 (ATCC,
Cat #: CRL-2593) were cultured with MEMa without nucleosides
(Gibco, Cat #: 12561056) supplemented with 10% FBS, 1%
Penicillin-Streptomycin, and 1% L-Glutamine. Before supplementa-
tion, this formulation of MEMa already contains 50 mg/L Ascorbic
Acid, and therefore no additional Ascorbic Acid was required. Cells
were incubated at 37�C, 5% CO2, and 100% humidity and were rou-
tinely passaged when no more than 80% confluent.
2.2. Animal care and use certification

All animal studies were approved by the Institutional Animal
Care and Use Committee (Protocol A18-036) at Wake Forest
University Health Sciences.
2.3. Intracardiac PCa inoculation and imaging of tumor growth

DU145-GFP-Luc (1 x 106 cells/100mL of PBS) cells were injected
into immunocompromised Athymic Nude mice (Charles River Lab-
oratories, Wilmington, MA, Cat #: 490) by left ventricular intracar-
diac injection, as previously described [13]. To monitor cancer
growth, luciferase signal was followed at least once a week for
2

10 weeks using the IVIS Lumina Series III system and Living Image
software (Xenogen, Alameda, CA).

2.4. Primary murine osteoblast culture

Hind limbs and mandibles were dissected from 5-week old
male C57BL6/J mice (The Jackson Laboratory, Bar Harbor, ME, Cat
#: 000664). Epiphyses from the femurs and tibias were cut and
the marrow was removed by centrifugation, as previously
described [14]. Briefly, an 18g hole was bored into the bottom of
a 0.6 mL microcentrifuge tube with a needle, and then the tube
was placed in a 1.7 mL microcentrifuge tube. The diaphyses of
the bones were placed in the smaller tube, and the apparatus
was then centrifuged at max speed for 30 sec. Afterward, the bone
fragments remained in the upper 0.6 mL tube, and the marrow was
pelleted in the bottom 1.7 mL tube. The empty diaphyses were
placed into a 10 cm dish in HBSS, no calcium, no magnesium, no
phenol red (Gibco, Cat #: 14175095) supplemented with 1%
Penicillin-Streptomycin and minced into smaller pieces using a
scalpel. The molars, incisors and dental pulp of the mandibles were
removed and the remaining pieces (ascending ramus containing
the coronoid, condylar and angular processes) were placed into a
10 cm dish in HBSS supplemented with 1% Penicillin-
Streptomycin and minced into smaller pieces using a scalpel. After
forceful washing to remove all marrow, a 10 min Trypsin-EDTA
digestion was performed on the bone and mandible pieces at
37�C. Complete MEMa [MEMa without nucleosides supplemented
with 10% FBS, 1% Penicillin-Streptomycin, 1% L-Glutamine, and
10nM dexamethasone (Sigma-Aldrich, Cat #: D4902) [15]] was
then added to the explant cultures and the mature bone cells were
allowed to migrate out of the bone and mandible pieces and
expand for two weeks. In some cases, the cells were grown in bone
mineralization medium (BMM) to induce further osteoblastic dif-
ferentiation and mineral deposition: this media is complete MEMa
supplemented with 0.5mM L-Ascorbic acid (Sigma, Cat #: A5960),
2mM b-Glycerophosphate disodium salt hydrate (Sigma-Aldrich,
Cat #: G9422), and 10mM HEPES (Thermo Fisher Scientific, Hamp-
ton, NH, Cat #: BP299). The control media for BMM is complete
MEMa supplemented with 10mM HEPES (vehicle).

2.5. MTT assay

Cells were seeded at a density of 4 x 103 cells/100 mL complete
MEMa into each well of a 96-well plate and incubated for 1, 3, and
5 days. To measure relative cell numbers, 500 mg/mL MTT (Tocris
Bioscience, Minneapolis, MN, Cat #: 5224) was added to each well
and incubated for 4 h. The reaction was halted, and the formazan
precipitate was dissolved by the addition of an equal volume of
10% SDS in 0.01 M HCl (10 g/100 mL). The plate was incubated at
37�C, 5% CO2, and 100% humidity overnight and read on a plate
reader at 560 nm with a background measurement at 650 nm.

2.6. In vitro mineralization assay

Cells were seeded at a density of 1 x 105 cells/250 mL complete
MEMa into each well of a 24-well plate and incubated for 24 h. The
complete MEMa was then replaced with 500 mL fresh complete
MEMa and the plate was incubated for 48 h. The media was
replaced with vehicle or BMM and incubated for 72 h. This process
was continued every other day for a total of 14 days from first
treatment. Half of the wells were harvested for mRNA. The remain-
ing wells were stained with Alizarin Red S (ARS) to quantify total
mineralization. Briefly, cells were fixed with 10% neutral buffered
formalin for 5 min at room temperature and then stained with
2% ARS (Sigma-Aldrich, Cat #: A5533-25G) at pH 4.1 in water (2
g/100 mL) for 30 min at room temperature. Excess stain was
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washed out in running tap water until the water ran clear. Repre-
sentative images were captured on an EVOS inverted microscope
(Thermo Fisher Scientific). Stain from each wells was quantified
after lysing entire contents as described elsewhere using an acetic
acid extraction method and plate reader absorbance at
405 nm [16].

2.7. Real Time qPCR

Confluent and multilayered osteoblastic cells were lysed, and
RNA was harvested using the RNeasy Plus Mini Kit (Qiagen, Ger-
mantown, MD, Cat#: 74134). The RNA concentrations were deter-
mined and subsequently normalized between samples prior to
cDNA generation using Invitrogen SuperScript II Reverse Transcrip-
tase (Invitrogen, Carlsbad, CA, Cat#: 18064022). Real time qPCR
was performed using TaqMan Gene Expression Master Mix
(Applied Biosystems, Foster City, CA Cat#: 4369016) and Taqman
Gene Expression Assays [Applied Biosystems, Cat#: 4331182,
Assay IDs: Mm03413826_mH (Bglap: Osteocalcin, OCN),
Mm00436767_m1 (Spp1: Osteopontin, OPN), Mm00437306_m1
(Vegfa: vascular endothelial growth factor, VEGF),
Mm00441906_m1 (Tnfsf11: RANKL), Mm00435454_m1 (Tnfrsf11b:
Osteoprotegrin, OPG), Hs00921372_m1 (TNFRSF1: RANK),
Hs02786624_g1 (GAPDH), and Mm99999915_g1 (Gapdh)] on the
Bio-Rad CFX Connect instrument (Hercules, CA). Data is presented
as relative gene expression using the delta-delta Ct method, with
Gapdh used as the reference gene.

2.8. Co-culture assay

Primary cells, or MC3T3-E1 cells, were seeded at a density of 2 x
104 cells/100 mL complete MEMa into each well of a 96-well plate
and incubated for 24 h. In some cases, cells were growth arrested
for 2.5 h with 10 mg/mL mitomycin-C (Sigma-Aldrich, Cat #:
10107409001). Thereafter, cancer cells were seeded on top of the
bone cells or by themselves in new 96-well plates, at a density of
2 x 103 cells/100 mL complete MEMa. Plates were incubated for
48 h and the media replaced with vehicle or BMM, and incubated
for 1, 3, and 5 days, with media replacement at each time point. To
monitor cancer growth in real time, luciferase signal was checked
before each media replacement using the IVIS system, after addi-
tion of 200mg/mL D-Luciferin (PerkinElmer, Waltham, MA, Cat
#:122799) and 10 min incubation at 37�C.

2.9. Ossicle implantation

1 � 105 DU145-GFP-luc and/or 1 x 106 primary cells [mandible
osteoblasts (MaOBs) or hind limb osteoblasts (HLOBs)] were sus-
pended in 10 mL BMM in individual microcentrifuge tubes (inocu-
lum tube) and stored on ice until implantation. Under sterile
conditions, absorbable gelatin sponges (Ethicon, Somerville, NJ,
Cat #: 1973) were cut into small cubes (~5 mm3) and placed in a
petri dish containing BMM on ice until implantation. Mice were
anesthetized, backs shaved if necessary, and the surgical site was
prepared using betadine. Blunt tipped scissors were used to create
a small incision (~1cm) in the dorsal skin parallel to the spine, and
the scissors were used to create subcutaneous pouches on both
sides of the incision. Using fine tipped forceps, a sponge piece
was removed from the petri dish, excess liquid was blotted using
sterile gauze, and then seeded by placing it in the bottom of an
inoculum tube and allowing it to absorb the entire inoculum. The
seeded sponge was then implanted into one of the subcutaneous
pouches. Each animal received an implant seeded with HLOBs in
one pouch and an implant with MaOBs in the opposite pouch.
The incision was closed with surgical staples, which were removed
after 7 days. Animals implanted with tumor seeded cells were
3

athymic nude mice and animals implanted with only primary cells
were C57BL6/J (male, 5 weeks old). In order to monitor cancer
growth in co-culture seeded ossicles in vivo, luciferase signal was
followed at least once a week for 20 weeks using the IVIS system,
whereas primary cell only seeded ossicles were grown for 7 weeks
in vivo.

2.10. Tissue processing

After euthanasia, the implants were dissected and placed in 10%
neutral buffered formalin for 24 h at 4�C under agitation. They
were then radiographed using the MultiFocus 10x15 Digital Radio-
graphy System (Faxitron Bioptics, Tucson, AZ). Radiographs were
analyzed using ImageJ software (NIH, Bethesda, MD) for densitom-
etry. Briefly, tissue was outlined using the freehand tool and Max
Gray values were determined for each implant. Next, the implants
were placed in cassettes and decalcified for 14 days in 10%
ethylenediaminetetraacetic acid (EDTA), with fresh solutions
replaced on day 7. The tissues were then cryopreserved in 30%
sucrose for 48 h. They were halved with a razor blade and one half
of each tissue was arranged in plastic molds containing optimal
cutting temperature (OCT) media and frozen on dry ice. Using a
cryostat, 10 and 20 mm sections were made and stored at -80�C.
The other tissue halves were processed for paraffin embedding
and sectioned on a microtome at 5 mm sections. Hematoxylin
and Eosin (H&E) staining was performed on sections, as well as
immunohistochemistry (IHC) for Ki67 (Abcam, Cambridge, MA,
Cat#: ab16667), and immunofluorescence (IF) for Osteocalcin
(Takara Bio USA, Mountain View, CA, Cat#: M173), Pan-
cytokeratin (Novus Biologicals, Centennial, CO, Cat #: NB600-
579SS), Endomucin (Santa Cruz Biotechnology, Dallas, TX, Cat#:
sc-65496), VEGF (Santa Cruz Biotechnology, Cat#: sc-7269), and
CD31 (R&D Systems, Minneapolis, MN, Cat #: AF3628) as previ-
ously described [17]. Antigen retrieval was performed using Bio-
genex DeCal Retrieval Solution (Biogenex, San Ramon, CA, Cat#:
HK089-5K) before incubating with the primary antibody at a con-
centration of 1:500 overnight at 4�C. Sections were then labeled
with secondary rabbit antibody (Biogenex, Cat#: HK336-5R), Vec-
tastain Elite ABC HRP kit (Vector, Burlingame, CA, Cat#: PK-6100)
and DAB Peroxidase (HRP) Substrate Kit (Vector, Cat#: SK-4100).
Slides were mounted in permanent mounting media and scanned
on a NanoZoomer slide scanner (Hamamatsu, Japan) at 40x magni-
fication. Quantitative analysis was performed using Visiopharm
software (Westminster, CO) and an APP designed to automatically
count DAB and hematoxylin alone positive nuclei, as well as deter-
mine tissue section area on the entire slide.

2.11. Statistical analysis

Metastatic tumor growth was measured by bioluminescent
imaging (BLI), and radiance values were log transformed in order
to satisfy the conditional normality assumption. The mean and
standard error of the mean (SEM) of log transformed radiance val-
ues were calculated by time and location of metastatic lesions
(mandible vs. hind limb). For exploratory purposes, comparisons
of log transformed radiance values between locations at each time
point were performed using the paired Student’s t-tests. Mean dif-
ferences in log transformed radiance between locations were also
estimated using the mixed effects model with time, location, and
interaction between time and location included in the model.
The advantage of using this model was that all data were analyzed
simultaneously, resulting in more efficient estimates. The hypoth-
esis test for location effect at each time point was performed using
a contrast. The nested (location within each mouse) random inter-
cepts were used to take into account the correlated structure (e.g.,
repeated measures over time; measures at different locations in
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the same mouse). Sub-analysis of the same data was performed to
compare metastasis-free survivals, as measured with a 75% signal
cut off. Event time was defined as the time from the beginning of
the study to the initial endpoint (� the 75th percentile of log trans-
formed radiance) and censoring time as the time from the begin-
ning of the study to the last assessment or death. The Kaplan-
Meier survival curves for the initial endpoint by location were plot-
ted. The comparison between the two survival curves were per-
formed using the Cox proportional hazards model with robust
sandwich estimates to take into account the correlated structure
(e.g., different locations in the same mouse). The same statistical
approaches were applied to analyses of tumors co-cultured with
primary cells (MaOBs or HLOBs).

The distributions for the other outcome measures such as gene
expression and OD were confirmed to be normal. The means and
SEM of the outcome measures were calculated by tissue origin
(mandible vs. hind limb) and by treatment (vehicle vs. BMM),
and comparisons of the outcome measures were performed using
the unpaired Student’s t-test. The means and standard errors of
the tissue section areas and of MaOB or HLOB ossicles were calcu-
lated and compared using the paired Student’s t-test.

The comparison of log transformed average radiance between
the combination of primary cells (MaOBs vs. HLOBs) and treatment
(vehicle vs. BMM) at each time point was performed using the
analysis of variance (ANOVA) for exploratory purpose. Mean differ-
ences in log transformed radiance between primary cells and treat-
ments at each time point were also estimated using the mixed
effects model with time, location, treatment, and two-way and
three-way interactions included in the model. If higher order inter-
actions were not statistically significant, they were removed from
the model. For PC3 co-culture analyses, the interaction between
primary cells and time as well as the interaction between treat-
ment and time were included in the model. For DU145 co-
culture analyses, only the interaction between primary cells and
time was included in the model. The random intercept was used
to handle repeated measurements over time. The hypothesis tests
for primary cell effect and BMM effect at each time point were per-
formed using contrasts. All the analyses were performed using the
GraphPad Prism statistical program (GraphPad Software, San
Diego, CA) and the SAS software (SAS Inc, Cary, NC) with signifi-
cance at P � 0.05.
3. Results

3.1. Intracardiac injection results in lesions in the mandibles before the
hind limbs.

Since we have anecdotally found that mandible metastases
occur faster than hind limb metastases in mice following intracar-
diac injection of PCa cells, we sought to examine more detailed
metastatic patterns and tumor growth capacities of PCa cells in
the intracardiac model. To do so, human PCa cell line DU145-
GFP-luc cells were inoculated intracardially into immunocompro-
mised athymic nude mice. When the bioluminescent imaging
(BLI) signals of nude mice inoculated with DU145-GFP-luc were
followed, detectable tumors in the mandibles were significantly
brighter, and therefore larger in size than those in the hindlimbs
at day 29, but over time signals at both sites became similar
(Fig. 1A&B). Curiously, the BLI signals of the mandibles actually
begin to decrease after day 29, which might be explained by tumor
necrosis or hypoxic environments associated with fast-growing
tumors [18]. Sub-analysis of the same data was performed to com-
pare metastasis-free survivals, as measured with a 75% signal cut
off, and the onset of metastasis in the mandible appeared to occur
4

sooner than the hindlimb, although not statistically significant
(Fig. 1C).

3.2. Cells derived from mandible and hind limb bone explants have
osteoblastic characteristics.

To dissect out the differences between cells in the mandibles
and hind limbs, we decided to compare the functions of osteoblasts
from these two areas, since proliferation of PCa is known to be reg-
ulated in part by osteoblasts [19–21]. After cleared of soft tissue
and bone marrow, bone pieces obtained from the mandibles and
hind limbs (femurs and tibias) of adult C57BL6/J mice were minced
(Fig. 2A) and cultured in media containing dexamethasone
(10nM) to differentiate any remaining cells into osteoblasts [15].
After two weeks of culture, cells derived from the bone explants
were assessed of their osteoblastic characteristics. Both cultures
expressed relatively high levels of the osteoblastic markers Osteo-
calcin and Osteopontin (Fig. 2B&C). Basal expression of Osteocal-
cin and Osteopontin were both lower in the mandible cell cultures
than the hind limb cultures, but the presence of both markers in
vehicle-treated cells revealed that the cultured bone explant cells
are mostly differentiated even without the use of differentiation
supplements, unlike traditional bone marrow stromal cell culture
preps (Fig. 2B&C). After treatment with known osteoblastic differ-
entiation supplements L-Ascorbic acid and b-Glycerophosphate,
the levels of these markers were significantly increased in both
explant cultures, however cultures of mandible cells responded
to L-Ascorbic acid and b-Glycerophosphate to a greater degree than
cultures of hind limb cells (Fig. 2B&C). As vascular endothelial
growth factor (VEGF) derived from osteoblasts, encoded by the
mouse gene Vegfa, has been shown to be involved in osteoblast dif-
ferentiation and mineralization [22], and VEGF is implicated in PCa
migration to bone and growth through induction of angiogenesis
[23], we tested whether Vegfa expression was increased in mand-
ible cultures. Basal expression of Vegfa was higher in cultures of
mandible cells than those of hind limb cells and was not signifi-
cantly changed in response to L-Ascorbic acid and b-
Glycerophosphate supplementation in either mandible or hind
limb cultures (Fig. 2D). To further test osteoblastic functional
capabilities, the mineralization potentials of these cells were eval-
uated using Alizarin Red S (ARS) staining. Both cells derived from
mandible and hind limb explants were able to mineralize, as evi-
denced by ARS staining (Fig. 3A&B). Interestingly, cells from
mandible explants showed more mineralization than cells from
hind limb explants, regardless of L-Ascorbic acid and b-
Glycerophosphate supplementation (Fig. 3B). We attribute this
observation to the previous finding that differentiation supple-
ments were not required for osteoblast marker expression in our
bone explant cultures (Fig. 2B&C), and therefore, not required
for mineralization either. Altogether, this suggests that the cells
derived from mandible and hind limb bone explants have
osteoblastic characteristics. Therefore, from here on, the cells
derived from mandible and hind limb bone explants will be
referred to as mandible osteoblasts (MaOBs) and hind limb osteo-
blasts (HLOBs), respectively.

3.3. Mandible osteoblasts form more bone than hind limb osteoblasts
in vivo

To further confirm the osteoblastic characteristics of MaOBs and
HLOBs, these cells were implanted together with gelatin scaffolds
(ossicles) subcutaneously into C57BL6/J mice, and the ossicles were
allowed to grow in vivo for 7 weeks. Radiographs of the resulting
ossicles revealed that the MaOB seeded ossicles had more mineral-
ization than HLOB seeded ossicles (Fig. 4A&B). The ossicles were
decalcified and cryosectioned in order to perform immunofluores-



Fig. 1. Metastasis to mandible occurs first after intracardiac injection of PCa cells. Five-week old male nude mice were injected intracardially with 1 � 106 DU145-GFP-luc
cells (n=8) and observed with bioluminescent imaging (BLI) for 10 weeks. (A) Representative image of a mouse at day 29 demonstrating brighter signal in the mandible than
the hindlimbs. (B) All collected longitudinal BLI data after log transformation. Results displayed as Mean ± SEM. Mixed effects model. **p � 0.01. (C) A 75% cut-off was
employed to examine metastasis-free survival (mandible vs. hind limb). Cox proportional hazards model with robust sandwich estimates.
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cence for Osteocalcin, hematoxylin and eosin (H&E) staining, and
immunohistochemistry for Ki67 (Fig. 4C-E). In order to test
whether the cells contained in the ossicles were still osteoblasts,
immunofluorescence was performed on the cryosections for Osteo-
calcin. It is clear that the cells located near and on bone nodules in
the ossicles remained Osteocalcin positive, and substantial Osteo-
calcin appeared to be deposited within the bone itself (Fig. 4C).
H&E staining confirmed what was seen by radiograph, as evi-
denced by increased frequency of woven bone nodules in the
MaOB seeded ossicles (Fig. 4D). Visiopharm software was used
to automatically quantify tissue section area, and Ki67 positive
and negative nuclei. MaOB seeded ossicles were no larger in area
than HLOB ossicles (Fig. 4F), but contained a significantly greater
number of total and proliferating cells, as evidenced by Ki67
nuclear positivity (Fig. 4G&H).

A possible explanation for the increased proliferation of MaOB
cells in vivo could be increased vascularity of the MaOB ossicles
due to higher levels of VEGF. Interestingly, we did observe greater
immunostaining for the endothelial cell markers Endomucin and
CD31 in the tissue surrounding and within the implants seeded
with MaOBs, when compared to those seeded with HLOBs (Fig.
5A). Still, vascularity of all the implants appeared somewhat scarce
and could explain why relative levels of bone formation in the
implants appeared lower than other models which use bone mar-
row stromal cells as the inoculum for ossicle models of bone for-
mation [15]. We also performed immunofluorescence for VEGF
using ossicle cryosections as we found differential expression of
Vegfa in our cell cultures in vitro (Fig. 2D). Strangely, we did not
see VEGF staining in Osteocalcin positive MaOBs within the
implants. However, we did detect VEGF near Osteocalcin positive
MaOBs (Fig. 5B), but not HLOBs (data not shown). These results
suggest that MaOBs seeded in ossicles may secrete VEGF to the tis-
sues surrounding the implant.

3.4. Mandible osteoblasts support prostate cancer growth more than
hind limb osteoblasts in vitro and in vivo

Our next attempt was then to determine whether there are dif-
ferential effects between MaOBs and HLOBs on PCa growth. To
address this question, human PCa cell lines PC3-GFP-luc and
DU145-GFP-luc cells were seeded on top of MaOB or HLOB cells.
After 3-5 days of co-culture, more PCa cells were observed on
5

MaOBs than HLOBs using BLI (Fig. 6A&B). However, L-Ascorbic
acid and b-Glycerophosphate supplement failed to induce further
tumor proliferation (Fig. 6A&B), suggesting that osteoblastic min-
eralization was not the major cause of greater PCa proliferation
mediated by MaOBs. Then, the changes in the relative amounts
of viable cells during in vitro culture between MaOBs and HLOBs
were compared. As previously reported in rat and human bones
[10,11], the cultures containing MaOBs had more viable cells com-
pared to those containing HLOBs (Fig. 6C), suggesting that MaOBs
grew significantly faster than HLOBs. However, when mitomycin-C
growth arrested MC3T3-E1 cells were cocultured using the same
methods, PCa cells actually grew faster on top of growth arrested
osteoblasts (Fig. 6D&E). These data suggest that the differences
between PCa growth in culture with MaOBs vs. HLOBs are not
likely due to baseline differences in mineralization or proliferation.

Next, DU145-GFP-luc cells were co-implanted with either
MaOB or HLOB ossicles subcutaneously into athymic nude mice.
Similar to what was seen in vitro, the growth of DU145-GFP-luc
cells co-implanted with MaOB ossicles, as evidenced by signifi-
cantly brighter BLI signals on the last five measurements, appeared
to be greater than those co-implanted with HLOB ossicles (Fig.
7A&B). These results were significantly different despite the fact
that one mouse had a much smaller MaOB co-implant tumor than
the other four mice (Fig. 8A). With such a limited group size, this
tumor cannot be considered an outlier, but it is the reason why the
differences observed in the longitudinal data also seem limited
(Fig. 7A&B). Sub-analysis of the same data was performed to com-
pare incidence-free survivals, as measured with a 75% signal cut
off, and tumors in the MaOB ossicles occurred significantly sooner
than in the HLOB ossicles (Fig. 7C). These differences were consis-
tent with ex vivo BLI analyses performed on the dissected tumors
which again showed significantly brighter signal in the MaOB ossi-
cles (Fig. 7D). As before, radiographs revealed that the MaOB
seeded ossicles had more calcification than HLOB seeded ossicles
(Fig. 8A&B). In order to test the composition of the cells contained
in the co-implanted ossicles, immunofluorescence for pan-
cytokeratin was performed on the cryosections of decalcified ossi-
cles. Clearly, the implants with both MaOBs and HLOBs at 20 weeks
contained PCa tumor cells (Fig. 8C). H&E staining and immunohis-
tochemistry for Ki67 were also performed on the co-implanted
ossicles to further determine their morphology and cell prolifera-
tion statues (Fig. 8D&E). Visiopharm software was used to auto-



Fig. 2. Cells harvested from mandible and hind limb bones express osteoblast markers. Five-week old male C57BL6/J mice were euthanized, and mandibles and hind limbs
were harvested. Mandible and hind limb cells were cultured with bone mineralization medium (BMM) (0.5mM L-Ascorbic acid, 2mM b-Glycerophosphate disodium salt
hydrate, and 10mMHEPES) or vehicle (10mM HEPES) for 10 days. (A) Schematic of bone culture preparation: molars, incisors and dental pulp of the mandibles were removed
and discarded; epiphyses from the femurs and tibias were cut and the marrow was removed by centrifugation; remaining pieces of the mandibles and femurs/tibias were
minced into smaller pieces, digested with trypsin, and cultured and expanded for two weeks before experiments. (B) Relative gene expression of Osteocalcin (Bglap),
normalized to vehicle treated mandible cell cultures. (C) Relative gene expression of Osteopontin (Spp1), normalized to vehicle treated mandible cell cultures. (D) Relative
gene expression of vascular endothelial growth factor (VEGF), normalized to vehicle treated mandible cell cultures. Gapdh was used as reference gene. Delta-delta Ct method.
Results displayed as Mean ± SEM. Unpaired Student’s t-test. *p � 0.05, **p � 0.01, ***p � 0.001, ***p � 0.0001.
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matically quantify tissue section area, and Ki67 positive and nega-
tive nuclei. MaOB seeded ossicles appeared larger in area than
HLOB ossicles, although not quite significant (Fig. 8F), but con-
tained a significantly greater number of total and proliferating
cells, as evidenced by Ki67 nuclear positivity (Fig. 8G&H).
6

4. Discussion

In this study, we first demonstrated that in the intracardiac
model of metastatic PCa, mandible bone lesions often occur before
hind limb bone lesions, which is anecdotally well-recognized. We



Fig. 3. Cells harvested from mandibles mineralize more than those from hind limbs. Mandible and hind limb cells were cultured with bone mineralization medium (BMM)
(0.5mM L-Ascorbic acid, 2mM b-Glycerophosphate disodium salt hydrate, and 10mM HEPES) or vehicle (10mM HEPES) for 14 days. Cells were stained with 2% Alizarin Red S.
(A) Representative Alizarin Red S image. Magnification 10x. Bar = 50 mm. (B) Residual stain from whole plates were extracted with acetic acid and read at 405 nm on a plate
reader. Results displayed as Mean ± SEM. Unpaired Student’s t-test. ***p � 0.001, ****p � 0.0001.
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showed that cells derived from both the mandible and hind limb
bones of mice have osteoblastic properties, and that MaOBs have
a higher potential for osteoblastic differentiation than HLOBs both
in vitro and in vivo. Interestingly, when PCa cells were co-cultured
with these osteoblasts, PCa cells grew significantly faster in co-
culture with MaOBs compared to HLOBs. Consistently, PCa cells
co-implanted with MaOBs into animals grew faster and larger
tumors than those co-implanted with HLOBs. Altogether, the data
suggest that these differences may not be due to differences in
mineralization status, as L-Ascorbic acid and b-Glycerophosphate
supplementation failed to increase PCa growth in vitro, nor differ-
7

ences in osteoblast proliferation, as mitomycin-C growth arrest of
osteoblasts actually increased PCa growth in vitro. However, the
observations that MaOBs vascularize more in vivo and express sig-
nificantly higher levels of Vegfa in vitro may be clues to a possible
mechanism, although careful mechanistic studies must be per-
formed in order to investigate this further.

The idea that there are different subpopulations of osteoblasts
that exhibit different functions in the bone microenvironment
has been discussed. For example, while mature osteoblasts form
mineral deposits by differentiating osteocytes in healthy bone dur-
ing homeostasis [24], immature osteoblasts are involved in the



Fig. 4. Cells harvested from mandibles are more proliferative and form more bone than from hind limbs. 1 � 106 primary cells (MaOBs or HLOBs) were seeded onto
absorbable gelatin sponges and implanted into subcutaneous pouches of 5-week old male C57BL6/J mice (n=5) and grown for 7 weeks in vivo. (A) After euthanasia, implants
were dissected, fixed, and radiographed. (B) Densitometry quantification using ImageJ of (A). (C) Representative osteocalcin immunofluorescence and H&E image of (A). DAPI
was used for nuclear staining. Magnification 20x. Bar = 100 mm. (D) Representative H&E image of (A). Bar = 100 mm. (E) Representative Ki67 immunohistochemical image of
(A). Bar = 100 mm. (F-H) Automated quantification using Visiopharm software of (F) tissue section area, (G) total cells per tissue section, and (H) Ki67 nuclear positive cells per
tissue section. Results displayed as Mean ± SEM. Paired Student’s t-test. *p � 0.05, **p � 0.01.
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process of bone resorption by activating osteoclasts through the
production of receptor activator of NF-jB ligand (RANKL) [25,26].
In fact, when we tested relative gene expression of RANKL, we
found that MaOBs express higher levels than HLOBs (1.00 ± 0.023
vs 0.097 ± 0.021), although they also expressed higher levels of
osteoprotegerin (1.00 ± 0.12 vs 0.29 ± 0.014). Osteoprotegerin is
a molecule that binds RANKL, inhibiting its ability to activate its
receptor RANK on osteoclasts [27]. Similarly, intercellular adhesion
molecule (ICAM)-1 positive osteoblasts, which are in G0/G1 phase
of the cell cycle arrest, contributed more to osteoclastogenesis than
8

bone formation, by interacting with monocytes [28]. This phe-
nomenon is also known in the process of hematopoiesis. It has
been demonstrated that the activated leukocyte cell adhesion
molecule (ALCAM) positive/Sca-1 negative immature osteoblasts
are responsible for maintenance of long-term reconstitution activ-
ity of HSCs [29]. On the other hand, it has been suggested that the
major function of mature osteoblasts is to control the maintenance
of lymphoid progenitors, but not hematopoietic stem cells or
myeloerythroid progenitors [30]. Moreover, it has been recently
revealed that specific subpopulations of osteoblasts influence bone



Fig. 5. Ossicle vascularity is mainly localized to tissue surrounding implant. Immunofluorescence was performed on cryosections from Fig. 4 to assess ossicle vascularity. (A)
Representative CD31 and Endomucin staining, and H&E image. DAPI was used for nuclear staining. Magnification 10�. Bar = 100 mm. (B) Representative vascular endothelial
growth factor (VEGF) and Osteocalcin immunofluorescence, and H&E image. DAPI was used for nuclear staining. Magnification 20�. Bar = 100 mm.
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metastatic progression in the tumor microenvironment. Osteoblast
progenitors, but not differentiated or mature osteoblasts, were
shown to promote breast cancer cell migration through the release
of hepatocyte growth factor (HGF), suggesting that the immature
osteoblasts are involved in the early steps of the bone seeding pro-
cess [31]. When osteoblasts interact with breast cancer cells, they
are transformed into OPN positive/interleukin (IL)-6 negative/a-
smooth muscle actin (SMA) negative osteoblasts [12]. When these
cancer-associated osteoblasts were co-cultured with breast cancer
9

cells, the growth of breast cancer cells was significantly suppressed
and the expression of the cell cycle arrest marker p21 was acti-
vated [12].

To investigate the specific effect of osteoblasts on bone meta-
static growth of PCa, we took a simplified approach, by focusing
solely on the osteoblast component of the bone-metastatic tumor
microenvironment. This is an obvious limitation of this study, as
there are many cell types other than osteoblasts that exist in the
marrow, and these cells are also known to contribute to tumor



Fig. 6. PCa cells grow faster on osteoblasts harvested from mandibles than osteoblasts from hind limbs. (A) PC3-GFP-luc and (B) DU145-GFP-luc human prostate cancer cells
were seeded on top of the primary cells (MaOBs or HLOBs) at a 1:10 ratio. Co-cultures were treated with bone mineralization medium (BMM) (0.5mM L-Ascorbic acid, 2mM
b-Glycerophosphate disodium salt hydrate, and 10mM HEPES) or vehicle (10mM HEPES) for 5 days. Bioluminescent imaging (BLI) was measured at day 1, 3, and 5. Two-way
ANOVA with Tukey’s Studentized Range (HSD) Test for multiple comparisons. (C) MaOBs and HLOBs were seeded in multi-well plates and analyzed for cell proliferation after
1, 3, and 5 days of culture by MTT assay. Proliferation displayed as fold change normalized to day 1. Mixed effects models. (D) PC3-GFP-luc and (E) DU145-GFP-luc human
prostate cancer cells were seeded on top of the MC3T3-E1 cells at a 1:10 ratio. To induce cell growth arrest, the MC3T3-E1 cells were pre-treated with vehicle or 10 mg/mL
mitomycin-C for 2.5 h prior to co-culture. BLI was measured at day 1, 3, and 5. Paired Student’s t-test. Results displayed as Mean ± SEM. *p � 0.05, **p � 0.01, ***p � 0.00,
****p � 0.0001.
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growth, homeostasis, or dormancy [32]. Although further study is
clearly needed, this may be part of the reason why osteoblasts
failed to express VEGF during differentiation within the ossicles.
Additionally, osteoblasts are not the only cells responsible for gen-
eral bone health. We believe this is a major reason that we did not
observe as robust bone formation as others have reported in their
ossicle models of bone marrow stromal cell or mesenchymal stem
10
cell implantation [10,11]. We believe that in the absence of other
stromal cells, the VEGF and other growth factors such as RANKL
released by osteoblasts are less effective at promoting angiogenesis
and general bone health in an implant model. For instance,
osteoblast-derived VEGF has been shown to promote bone forma-
tion in a paracrine fashion (which might explain why MaOB ossi-
cles formed more bone than HLOB ossicles in this study), but was



Fig. 7. PCa cells grow faster in vivo co-implanted with mandible bone cells. 1 � 106 primary cells (MaOBs or HLOBs) were seeded onto absorbable gelatin sponges and co-
implanted into subcutaneous pouches of 5-week old male athymic nude mice (n=5) with 1 � 105 DU145-GFP-luc cells and grown for 20 weeks in vivo. (A) Representative
bioluminescent imaging (BLI) at 20 weeks. (B) All collected longitudinal BLI data after log transformation. Results displayed as Mean ± SEM. Mixed effects model. (C) 75% cut-
off was employed to examine incidence-free survival (MaOBs vs. HLOBs). Cox proportional hazards model with robust sandwich estimates. (D) After euthanasia, tumors were
dissected and ex vivo BLI performed. Results displayed as Mean ± SEM. Paired Student’s t-test. *p � 0.05, **p � 0.01.
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also shown to recruit endothelial cells, macrophages, and promote
osteoclastogenesis [22]. Further studies to reveal the effects of not
only osteoblasts, but also the stroma, endothelium, nerves, osteo-
cytes, osteoclasts, immune cells, and hematopoietic and mes-
enchymal stem cells on bone and tumor physiology are clearly
warranted. The strength of our study is in the in vivo co-implant
model, which demonstrated that MaOBs contributed to faster
tumor cell proliferation than HLOBs. Although the mechanisms
behind these differences remain uncertain, the observation that
MaOBs promoted greater vascularization in vivo could serve as a
foundation for further studies. Another finding deserving of future
studies was the increased gene expression of RANKL and OPG in
MaOBs, as we were also able to detect RANK gene expression in
DU145 cells (32.2 ± 1.2 mean cycle threshold; and GAPDH: 26.3
± 1.1 mean cycle threshold). This finding may help to inform future
investigations into mouse mandible tumor frequency, as the ques-
tion regarding possible differences in tissue seeding and tumor cell
anchorage following intracardiac injection remains, and RANKL has
11
previously been implicated in the bone-metastatic process [33].
Altogether, we believe that these culture methods will be valuable
tools in further investigating the mechanisms of tumor cell prolif-
eration in the bone and discovering new interventions to manipu-
late osteoblast proliferation, activity, or growth factor signaling,
which may improve the susceptibility of PCa cells to existing cyto-
toxic treatments, including chemotherapies.

The findings of this study can be interpreted through the lens of
existing treatments used to treat bone metastatic PCa. Current
established treatments for bone metastases mainly target bone
remodeling, specifically resorption, but these have only had mod-
est success so far, namely denosumab (a human monoclonal anti-
body against RANKL) and bisphosphonates, which suppress
osteoclast activity. Osteoclasts promote bone resorption, creating
sufficient space for osteolytic bone tumors to expand and grow
[34]. Denosumab and bisphosphonates antagonize bone resorption
and as such were hypothesized to slow tumor growth. However,
both treatments ultimately fail to improve overall survival



Fig. 8. Tumors from PCa/mandible bone cell co-cultures are more proliferative. (A) After euthanasia, tumors from Fig. 6 were dissected, fixed, and radiographed. (B)
Densitometry quantification using ImageJ of (A). (C) Representative Pan-cytokeratin immunofluorescence and H&E image of (A). Magnification 20x. Bar = 100 mm. (D)
Representative H&E image of (A). Bar = 100 mm. (E) Representative Ki67 immunohistochemical image of (A). Bar = 100 mm. (F-H) Automated quantification using Visiopharm
software of (F) tissue section area, (G) total cells per tissue section, and (H) Ki67 nuclear positive cells per tissue section. Results displayed as Mean ± SE. Paired Student’s t-
test. *p � 0.05.
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[35,36]. On the other hand, radium-223 (Ra223), which forms com-
plexes with hydroxyapatite in bone [37–39], can extend overall
survival in PCa patients with bone metastases [40], but only by a
few months (mean = 3 months). A variety of combinations of ther-
apies [e.g. docetaxel, second generation androgen depravation
therapies (ADTs) such as abiraterone, enzalutamide, or others]
have been shown to extend overall survival of metastatic PCa
patients [41]. However, when choosing an effective combination
strategy for PCa bone metastases, it may be best to avoid ADTs
12
since they are known to negatively affect bone health [42,43].
Indeed, a recent trial of the combination of abiraterone and Ra223

in patients with bone-metastatic PCa not only failed to improve
skeletal event-free survival, but it also increased the frequency of
bone fractures compared with placebo [44]. Alternatively, the idea
of inducing bone formation by enhancing osteoblastic activity as a
treatment for bone metastatic disease has recently been appreci-
ated [45,46], as inactive/immature osteoblasts can reduce PCa sus-
ceptibility to chemotherapy [47,48]. However, the results of this
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study suggest that inducing osteoblastic differentiation may not be
the best strategy for treating progressive bone metastatic tumors,
as BMM treatments failed to increase PCa growth in co-culture
models. A popular strategy to treat many cancers has been to use
drugs that inhibit angiogenesis, but this strategy has been some-
what unsuccessful in the treatment of bone-metastatic PCa
[49,50]. This may be in part because these inhibitors mainly target
the receptor for VEGF, but not VEGF itself. Here, we see that high
Vegfa expressing, fast growing, and bone forming MaOBs induced
more tumor growth in vivo than HLOBs, which expressed less Vegfa
in vitro, are slower growing, and form less bone in vivo. More stud-
ies are clearly necessary to elucidate whether osteoblast-derived
VEGF, or other angiogenic factors, is required for the faster tumor
growth observed in the mandibles of intracardially-injected mice,
whether osteoblast-derived VEGF can be targeted to treat bone
metastatic disease, and ultimately whether these findings corre-
spond with bone metastatic PCa in humans. We believe that the
models described here are valuable tools to aid in this research.
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A R T I C L E  I N F O   

Keywords: 
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Semi-automated quantification of neurite 
outgrowth 

A B S T R A C T   

Abnormal outgrowth of sensory nerves is one of the important contributors to pain associated with cancer and its 
treatments. Primary neuronal cultures derived from dorsal root ganglia (DRG) have been widely used to study 
pain-associated signal transduction and electrical activity of sensory nerves. However, there are only a few 
studies using primary DRG neuronal culture to investigate neurite outgrowth alterations due to underlying 
cancer-related factors and chemotherapeutic agents. In this study, primary DRG sensory neurons derived from 
mouse, non-human primate, and human were established in serum and growth factor-free conditions. A bovine 
serum albumin gradient centrifugation method improved the separation of sensory neurons from satellite cells. 
The purified DRG neurons were able to maintain their heterogeneous subpopulations, and displayed an increase 
in neurite growth when exposed to cancer-derived conditioned medium, while they showed a reduction in 
neurite length when treated with a neurotoxic chemotherapeutic agent. Additionally, a semi-automated quan-
tification method was developed to measure neurite length in an accurate and time-efficient manner. Finally, 
these exogenous factors altered the gene expression patterns of murine primary sensory neurons, which are 
related to nerve growth, and neuro-inflammatory pain and nociceptor development. Together, the primary DRG 
neuronal culture in combination with a semi-automated quantification method can be a useful tool for further 
understanding the impact of exogenous factors on the growth of sensory nerve fibers and gene expression 
changes in sensory neurons.   

1. Introduction 

Recent evidence suggests that crosstalk between the peripheral 
nervous system and cancer plays an important role in both cancer 
development and cancer-associated pain [1–3]. In head and neck cancer, 
tumors innervated by peripheral nerves are known to be more aggres-
sive than those with less innervation [4]. Recent studies using mouse 
models have revealed that the sympathetic nervous system regulates 
prostate cancer tumorigenesis and bone metastasis [5], and that 

denervation can even attenuate tumorigenesis and metastasis in several 
types of cancer [5–8]. Moreover, it has been indicated that cancer- 
associated pain may be a negative indicator of survival in cancer pa-
tients [9], suggesting that sensory nerves influence disease progression 
in patients with poor prognoses. This accumulating evidence indicates 
that the peripheral nervous system within the tumor microenvironment 
may enhance disease progression. 

Conversely, cancer cells are also known to affect neuronal activities. 
Cancer often causes pain by interacting with sensory nerves. Especially, 
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when cancer cells metastasize to the bone, patients experience bone 
pain, referred to as cancer-induced bone pain (CIBP). Bone is richly 
innervated by sensory nerves [10], and it has been suggested that the 
acidic environment surrounding cancer, or factors, such as growth fac-
tors, cytokines, or chemokines, secreted by cancer cells can all stimulate 
receptors on sensory nerves to induce CIBP [11–14]. Additionally, 
recent studies have also demonstrated that sensory nerve outgrowth (or 
sprouting) is one of the potential mechanisms of CIBP [15–19]. A neu-
rotrophic factor nerve growth factor (NGF) is known to be involved in 
the regulation of survival and growth of neurons [20]. NGF derived from 
osteosarcoma cells stimulated neuroma-like formation in the periosteum 
of cancer-inoculated mouse bones, resulting in CIBP [19]. When an NGF 
antagonist was administered to cancer-bearing mice, CIBP as well as the 
accompanying nerve sprouting were attenuated [19]. Consistently, 
abnormal sensory nerve sprouting also causes pain behaviors in other 
chronic pain conditions [10,21–23]. 

Not only nerve growth, but also nerve damage is associated with the 
induction of chronic pain conditions. Chemotherapy-induced peripheral 
neuropathy (CIPN) is a consequence of the neurotoxic effects of 
chemotherapy agents [24–26]. Indeed, paclitaxel reduced the density of 
intraepidermal nerve fibers in hind paw skin and produced pain-related 
behaviors in rodents [26,27]. 

These findings suggest (i) that nerves and cancer interact very closely 
with one another and (ii) abnormal plasticity or remodeling of sensory 
neurons may contribute to cancer-induced pain. Therefore, it is crucial 
to understand how nerve growth is regulated in the context of cancer 
and its treatments. In pursuit of this goal, animal studies are often used 
to investigate the systemic effects of disease states and therapies on 
peripheral nerves, but they are not always suitable to study local in-
teractions. For that reason, various in vitro neuronal culture systems 
have been developed to understand the mechanisms of neurite 
outgrowth. The mouse pheochromocytoma cell line PC12, which is 
known to form neurite-like structures in response to NGF [28], has been 
previously used to assess the effects of cancer-derived factors on neurite 
outgrowth. Conditioned medium (CM) derived from pancreatic cancer 
cells [29] or head and neck cancer-derived exosomes [30] were shown 
to enhance neurite sprouting of PC12 cells. Cell lines are easy to main-
tain and handle but may not fully recapitulate the phenotype of sensory 
neurons. Moreover, only few neuronal cell lines which extend neurites 
are currently available. The use of primary culture of dorsal root ganglia 
(DRG) neurons may overcome this hurdle. To date primary DRG culture 
has mainly been used to investigate physiological alterations in neuronal 
activity [31] and to a lesser degree neurite outgrowth. 

In the current study, we established methods for reliable in vitro 
primary cultures of sensory neurons derived from mouse, non-human 
primate, and human DRGs. Additionally, we found that these primary 
DRG neuronal cultures were suitable to study the neurite length alter-
ations and changes in gene expression associated with nerve growth, and 
neuro-inflammatory pain and nociceptor development, mediated by CM 
obtained from cancer cells or paclitaxel-induced neurotoxicity. We also 
developed a semi-automated method for the measurement of neurite 
outgrowth, resulting in the reduction of overall analysis time. 

2. Materials and methods 

All methods were carried out in accordance with relevant guidelines 
and regulations. All human studies and all animal studies followed the 
Declaration of Helsinki and the Institutional Animal Care and Use 
Committee Guidelines, respectively. 

2.1. Human subjects research certification 

All human studies are approved by the Institutional Review Board 
(IRB #00056846) at Wake Forest University Health Sciences. Informed 
consent was obtained from all subjects involved in the current study. 

2.2. Animal care and use certification 

All animal studies are approved by the Institutional Animal Care and 
Use Committee (Protocol A18-026 for mouse and Protocol A18-161 for 
non-human primate) at Wake Forest University Health Sciences. 

2.3. Murine DRG isolation and primary neuronal culture establishment 

Primary DRG neuronal culture was prepared, according to previously 
published protocols [32,33] with modifications. Nine-twelve lumbar 
DRGs (L2-L4) of male C57BL/6 mice (8–12 weeks of age, Jackson Lab-
oratory, Bar Harbor, ME) were dissected and directly placed into a 15 
mL conical tube, containing 14 mL of ice-cold 1 × Hanks’ balanced salt 
solution (HBSS) without Mg++/Ca++ (Thermo Fisher Scientific, Gibco, 
Waltham, MA). Isolated DRGs were enzymatically digested in 3 mL of 
papain solution [30 U/mL papain (Worthington Biochemical Corp., 
Lakewood, NJ), 0.1% saturated NaHCO3 solution (Sigma-Aldrich, St. 
Louis, MO), 0.3 mg/mL L-Cys (Sigma-Aldrich) in HBSS without Mg++/ 
Ca++)] for 30 min at 37℃ with 5% CO2, and then incubated in 3 mL of 
collagenase type II (CLS2)/dispase type II (Dispase II) solution [4 mg/ 
mL CLS2 (Worthington Biochemical Corp.) and 4.7 mg/mL dispase 
(Sigma-Aldrich) in HBSS without Mg++/Ca++] for 30 min at 37℃ with 
5% CO2. The DRGs were mixed gently every 10 mins. The resulting 
DRGs were centrifuged at 200 × g for 2 min and washed with HBSS 
without Mg++/Ca++. The pellet was transferred to a 15 mL conical tube, 
containing 500 µL of neuronal growth (NG) medium [Neurobasal-A 
(Thermo Fisher Scientific, Gibco), 1% N2 (Thermo Fisher Scientific), 
2% B-27 (Thermo Fisher Scientific), 2 mM L-glutamine (Thermo Fisher 
Scientific), 1% penicillin–streptomycin (Thermo Fisher Scientific), and 
0.4% glucose (Sigma-Aldrich)]. The DRGs were triturated 15–20 times 
using p1000 and then p200 pipette tips and filtered through a stainless 
mesh sieve (40 µm, Thermo Fisher Scientific) to obtain single-cell sus-
pensions and remove undigested tissue debris. After bovine serum al-
bumin (BSA) purification [3.5% (W/V) BSA solution] (see below), 
500–1,000 cells of DRGs in 30 µL of warm NG medium were seeded onto 
the center of 12 mm round coverslips (MatTek Corp., Ashland, MA), pre- 
coated with Poly-D-lysine (50 ug/mL, overnight at 4℃, Thermo Fisher 
Scientific, Corning) and laminin (20 µg/mL, 1 h at 37℃, Thermo Fisher 
Scientific, Corning), in 24-well plate. After 1–2 h, 1 mL of warm NG 
medium was gently added to the sides of wells and the cells were 
maintained at 37℃ with 5% CO2. 

2.4. BSA purification 

After trituration and filtration, single-cell suspensions from DRGs 
were centrifuged through 3.5% (W/V) BSA solution (Thermo Fisher 
Scientific) (5 mL of BSA solution: 1mL of HBSS without Mg++/Ca++; 1 
mL of cell suspension in a 15 mL conical tube) at 14 × g for 20 min at 
room temperature (RT) to separate sensory neurons (in pellet) from 
satellite cells and debris (in BSA layer). 

2.5. Non-human primate DRG isolation and primary neuronal culture 
establishment 

Non-human primate primary neuronal culture was prepared simi-
larly as described in the murine primary neuronal culture with minor 
modifications. DRGs (T12 and L1) of a healthy 8-year old female Rhesus 
macaque (Worldwide Primates, Inc., Miami, FL) were dissected and 
directly placed in a 15 mL conical tube containing 14 mL of ice-cold 
HBSS without Mg++/Ca++ and transferred to the laboratory for 
further procedures. Isolated DRGs were cleaned up by removing non- 
nervous tissues and nerve root under the laminar flow hood using ster-
ile blade, scissors, and forceps, and cut into small pieces achieved at 
approximately 1–3 mm side length of a cubical volume in ice-cold HBSS 
without Mg++/Ca++ and transferred to a 15 mL conical tube containing 
papain solution. DRGs were enzymatically digested in 6 mL of papain 
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solution for 1 h at 37℃ with 5% CO2 and then incubated in 6 mL of 
CLS2/Dispase II solution for 1 h at 37℃ with 5% CO2. During the 
digestion, DRGs were triturated 10–15 times using p1000 tips every 20 
min and filtered through a stainless mesh sieve (100 µm, Thermo Fisher 
Scientific) to obtain single-cell suspensions and remove undigested tis-
sue debris. After BSA purification [3.5% (W/V) BSA solution], 600 cells 
of DRGs in 30 µL of warm NG medium were seeded onto the center of 12 
mm round coverslips, pre-coated with Poly-D-lysine and laminin, in 24- 
well plate. After 1–2 h, 1 mL of warm NG medium was gently added to 
the sides of wells and the cells were maintained at 37℃ with 5% CO2. 

2.6. Human DRG isolation and primary neuronal culture establishment 

Human primary neuronal culture was prepared similarly as the non- 
human primate neuronal culture with minor modifications, according to 
previously published studies [34–38]. DRG (T10) of a male patient (41 
years old age) were dissected during a T10 corpectomy for correction of 
kyphotic deformity secondary to discitis/osteomyelitis and directly 
placed in a 15 mL conical tube containing 14 mL of ice-cold HBSS 
without Mg++/Ca++ and transferred to the laboratory for the further 
procedures. Isolated DRGs were cleaned up by removing non-nervous 
tissues and nerve root under the laminar flow hood using sterile blade, 
scissors, and forceps, and at approximately 1–3 mm side length of a 
cubical volume in ice-cold HBSS without Mg++/Ca++ and transferred to 
a 15 mL conical tube containing papain solution. DRGs were enzymat-
ically digested in 9 mL of papain solution for 1 h at 37℃ with 5% CO2 
and then incubated in 9 mL of CLS2/Dispase II solution for 1.5 h at 37℃ 
with 5% CO2. During the digestion, DRGs were triturated 10–15 times 
using p1000 tips every 20 min and filtered through a stainless mesh 
sieve (100 µm) to obtain single-cell suspensions and remove undigested 
tissue debris. After BSA purification [3.5% (W/V) BSA solution, DRGs in 
30 µL of warm NG medium were seeded onto the center of 12 mm round 
coverslips, pre-coated with Poly-D-lysine and laminin, in 24-well plate. 
After 1–2 h, 1 mL of warm NG medium was gently added to the sides of 
wells and the cells were maintained at 37℃ with 5% CO2. 

2.7. Cancer cell or normal prostate epithelial cell derived conditioned 
medium generation 

To collect the conditioned medium (CM) from cancer cells, 5 × 105 

cells of a human breast cancer cell line established from a pleural effu-
sion, MDA-MB-231 [American Type Culture Collection (ATCC), Mana-
ssas, VA], a human prostate cancer cell line established from bone 
metastasis, PC-3 (ATCC), a human lung adenocarcinoma cell line 
established from lung carcinomatous tissue, A549 (ATCC), or a murine 
lung carcinoma cell line established from a primary tumor nodule from 
the Lewis lung carcinoma model, LL/2 (ATCC) were seeded onto a 10 cm 
dish with 10 mL of growth medium. These cancer cell lines were chosen 
since they have been shown to grow in the bone and/or can induce CIBP 
[39–42]. The passage number for all cell lines used was less than 25 
passages. MDA-MB-231 and LL/2 cells were cultured in Dulbecco’s 
modified eagle medium (DMEM) (Thermo Fisher Scientific, Gibco) 
containing 10% fetal bovine serum (FBS, Thermo Fisher Scientific, 
Gibco), 1% penicillin–streptomycin and glutamine (PSG) (Thermo 
Fisher Scientific, Gibco), while PC-3 and A549 cells were cultured in 
Roswell park memorial institute (RPMI) 1640 medium (Thermo Fisher 
Scientific, Gibco) containing 10% FBS and 1% PSG. At 24 h, the growth 
medium was removed and replaced with 10 mL of serum free DMEM or 
RPMI 1640 medium (Thermo Fisher Scientific, Gibco) containing 1% 
PSG. For the control medium, 10 mL of serum free DMEM or RPMI 
medium were added to a 10 cm dish without adding any cancer cells. To 
collect the CM from non-cancer cells, 5 × 105 cells of a human normal 
epithelial prostate cell line, PWR-1E (ATCC) were seeded onto a 10 cm 
dish with 10 mL of Keratinocyte-serum free medium (K-SFM) containing 
human recombinant EGF (5 ng/mL) and bovine pituitary extract (0.05 
mg/mL) provided with the K-SFM kit (Thermo Fisher Scientific, Gibco). 

The passage number for all cell lines used was less than 25 passages. At 
24 h, the growth medium was removed and replaced with 10 mL of K- 
SFM without any supplements. For the control medium, 10 mL of K-SFM 
were added to a 10 cm dish without adding any cells. After 24 h of in-
cubation at 37℃ with 5% CO2, the CM were collected and filtered 
through a 0.2 µm syringe filter (Thermo Fisher Scientific) to remove any 
cell debris. Additionally, cancer-derived CM were concentrated to 4 ×
using an Amicon Ultra-15 centrifugal filter tube (MilliporeSigma, Bur-
lington, MA, NMWL10K) performed at 4,000 × g for 20 min at RT. The 
CM was stored at 4℃ until use. 

2.8. Neurite outgrowth assay 

After 48 h (murine and non-human primate) or 72 h (human) of 
primary DRG neuronal culture establishment (the time required to 
achieve 20–30% nerve fiber occupancy on the slide based on Fig. 3A), 
half (500 µL) of medium was replaced with 500 µL of either control, 
normal epithelial cell-derived CM, or cancer-derived CM, and then the 
cells were incubated another 48–72 h (the time required to achieve 
70–80% nerve fiber occupancy on the slide based on Fig. 3A). In some 
cases, the cells were treated with 500 µL of NG medium containing either 
dimethyl sulfoxide (DMSO) control or paclitaxel (Sigma-Aldrich) for 24 
h. At the termination of the experiments, the cells were fixed in 500 µL of 
4% paraformaldehyde (PFA) for 10 min at RT, and immediately sub-
jected to immunofluorescence or stored in 1 × D-PBS at 4℃ until use. 

2.9. Immunofluorescence assay 

Fixed cells were blocked with immunofluorescence (IF) buffer [1x D- 
PBS supplemented with 5% Normal Donkey serum (Jackson Immu-
noResearch, West Grove, PA) and 0.03% Triton X-100 (Sigma-Aldrich) 
for 1 h at RT and incubated with primary antibodies overnight at 4 ◦C in 
IF buffer. Primary antibodies used: mouse anti-β-III tubulin antibody 
(1:1,000, Biolegend, San Diego, CA, cat #: 801201); chicken anti-200kD 
neurofilament (NF200) antibody (1:3,000, Neuromics, Cambridge, MA, 
cat #: ab134459); rabbit anti-protein gene product 9.5 (PGP9.5) anti-
body (1:1,000; Cederlane, Rosemont, IL, cat #: 14730–1-AP); rabbit 
anti-calcitonin gene-related peptide (CGRP) antibody (1: 5,000, Sigma- 
Aldrich, cat #: C8198); biotinylated isolectin B4 (IB4) antibody (1: 
2,500, Sigma-Aldrich, cat #: L2140); rabbit anti-S100 antibody (1: 
1,000, Abcam, Cambridge, UK, cat #: ab868); or goat anti-glial fibrillary 
acidic protein (GFAP) antibody (1: 200, Santa Cruz, Dallas, TX, cat #: sc- 
6170). Thereafter, the cells were incubated with secondary antibodies 
for 2 h at RT in IF buffer. The specific choices of secondary antibodies 
were made based on primary antibodies used. Secondary antibodies 
used: anti-rabbit cyanine 3 (CY3) (1:700, Jackson ImmunoResearch, cat 
#: 711–165-152); anti-chicken CY2 (1:600, Jackson ImmunoResearch, 
cat #: 703–225-155); anti-streptavidin CY5 (1:500, Jackson ImmunoR-
esearch, cat #: 016–170-084); anti-goat CY5 (1:500, Jackson Immu-
noResearch, cat #: 705–175-147); or anti-mouse CY2 (1:600, Jackson 
ImmunoResearch, cat #: 715–225-150). After washing 5 times with 1x 
D-PBS, the cells were mounted with ProLong Gold antifade mountant 
with DAPI (Thermo Fisher Scientific). 

2.10. Imaging and quantification of immunofluorescence 

For each group, 2–3 coverslips were quantified, and 6–10 images 
were taken from each coverslip using a Nikon Eclipse Ni fluorescent 
microscope system (Nikon, Tokyo, Japan). Images were saved in nd2 or 
tiff files for further analysis using Visiopharm (Hørsholm, Denmark) or 
Image J (NIH, Bethesda, Maryland) software, respectively. 

2.11. Image J analysis 

Neuron J, a plugin for Image J software was used to manually 
analyze nerve density, as previously described [43,44]. Briefly, images 
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were opened in Image J (https://imagej.net/Fiji/Downloads) and con-
verted to 8-bit, which were then individually opened in Neuron J plugin. 
Thereafter, total neurite lengths of neuronal markers NF200 or β-III 
tubulin positive neurites per each image were traced and normalized 
with the numbers of neurons, which were counted using a multi-point 
tool of Image J. 

2.12. Visiopharm image analysis 

An algorithm (called an “APP”) was created in the Visiopharm soft-
ware, which uses digital masks and associated labels to automatically 
detect and count the somas of NF200 positive neurons, as well as detect 
and measure total NF200 positive neurite length. In some cases, PGP9.5, 
β-III tubulin, or activating transcription factor 3 (ATF3) were used as 
markers instead of NF200 for neurite length or soma quantification. The 
APP was designed to exploit the observations that somas are usually 
brighter in fluorescence intensity than neurites, and neurites are long, 
thin structures whereas somas are round and larger in diameter. This 
APP uses thresholds, which were set manually according to the set of 
images to be analyzed, as sets of images can vary in fluorescence in-
tensity between experiments due to staining and microscope setting 
differences. The APP includes post-processing for cleaning up the clas-
sification (i.e. small object removal, skeletonization, erosion, dilation, 
etc.) and the calculation of the variable included in our measurements. 

2.13. Real time qPCR 

After murine primary DRG neuron cultures were treated with (i) 
either control or cancer-derived CM (48 h), or (ii) either DMSO or 
paclitaxel (10 µM) (24 h), cells were lysed in 350 µL RLT-β-ME buffer. 
RNA was extracted using the RNeasy plus micro kit (Qiagen, German-
town, MD) and cDNA was generated using Invitrogen SuperScript II 
Reverse Transcriptase (Invitrogen, Carlsbad, CA). Real time PCR (qPCR) 
was performed using Taqman gene expression master mix (Applied 
Biosystems, Foster City, CA) and Taqman gene expression assays on the 
Bio-Rad CFX Connect instrument (Hercules, CA). Taqman gene expres-
sion assays used: growth associated protein 43 (GAP43) 
(Mm00500404_m1), NF200 (Mm01191456_m1), CGRP 
(Mm00801463_g1), Substance P (Mm01166996_m1), Bradykinin 
(Mm04207315_s1), tumor necrosis factor-α (TNF-α) 
(Mm00443258_m1), suppressor of cytokine signaling 3 (SOCS3) 
(Mm00545913_s1), immunoglobulin superfamily containing leucine 
rich repeat 2 (ISLR2) (Mm00623260_s1), and GAPDH 
(Mm99999915_g1). For interleukin-6 (IL-6), cDNAs were amplified by 
qPCR using SsoAdvanced Universal SYBR green supermix (Bio-rad lab-
oratories, Hercules, CA). Primers used: mouse IL-6 Forward: 5′- 
TTCCTACCCCAATTTCCAAT-3′ and Reverse: 5′-CCTTCTGTGACTC-
CAGCTTATC-3′ (Integrated DNA Technologies, Newark, NJ). Data is 
presented using the delta-delta Ct method, with GAPDH used as the 
reference gene. 

2.14. Statistical analysis 

Numerical data are expressed as mean ± the standard error of the 
mean (SEM). Statistical analysis was performed by unpaired two-tailed 
Student’s t test or one-way ANOVA with Tukey’s multiple compari-
sons, using the GraphPad Prism statistical program (GraphPad Software, 
San Diego, CA) with significance at p ≤ 0.05. The chi-square goodness- 
of-fit test was used to test whether the distribution of the three soma size 
groups (0–599 µm2, 600–1,199 µm2, and 1,200–1,300 µm2) of one 
species was the same as that of the other species. 

3. Results 

3.1. Murine DRGs can survive, and sensory neurons can grow neurites 
even in serum-free condition 

To establish a primary 2D DRG neuron culture, L2-4 DRGs were 
collected from C57BL/6 mice and dissociated into single cell suspension 
by enzymatic digestion. The resulting DRGs were plated onto Poly-D- 
lysine/laminin-coated coverslips and cultured in neuronal growth me-
dium. Unlike other studies [45–48], DRGs were maintained in the 
condition that serums and nerve-related growth factors (e.g. NGFs, 
GDNFs) were withdrawn to avoid their effects on the survival of neurons 
and neurite outgrowth. As shown in Fig. 1A, cells obtained from DRGs, 
including sensory neurons and satellite cells, could maintain viability for 
at least 15 days in serum and growth factor-free conditions. Although 
approximately 90% of sensory neurons extended neurites, it was very 
difficult to observe under the light microscope since two cell types 
overlapped with each other. To visualize sensory neurons, DRGs were 
stained with DAPI and three different neuronal markers: 200kD neuro-
filament (NF200) (all myelinated A-fibers); calcitonin gene-related 
peptide (CGRP) (peptidergic myelinated thin Aδ-fibers and unmyelin-
ated C-fibers) and Substance P (peptidergic unmyelinated C-fibers). 
Sensory neurons expressed these markers, whereas satellite cells failed 
to do so (Fig. 1 B). 

3.2. Murine DRG sensory neurons were purified using a BSA gradient 
centrifugation 

It has been demonstrated that, in the peripheral nervous system, 
satellite cells are involved in the regulation of survival and axonal 
growth of neurons [49,50]. Since one of our main purposes of estab-
lishment of primary DRG neuronal culture is to investigate the direct 
effects of exogenous factors on the neurite outgrowth of sensory neurons 
or neurite toxicity, our next attempt was to separate sensory neurons 
from satellite cells. To do so, density gradient centrifugation was per-
formed using 3.5% BSA solution. After purification, sensory neurons 
were enriched in the pellet fraction, while satellite cells were concen-
trated in the BSA layer. When cells in the pellet fraction were plated, the 
numbers of satellite cells (S100 positive) were reduced, compared to 
those before purification (Fig. 2A). To further confirm the quality of 
purification, both cells in the pellet fraction and the BSA layer were 
plated. As expected, cells in the pellet fraction could extend neurites, 
while cells in the BSA layer failed to do so (Fig. 2B). 

Afterwards, the neurite outgrowth of neuronal cells in the pellet 
fraction were followed over time. The nerve fiber occupancy on the 
slides increased in a time dependent manner (10% nerve fiber occu-
pancy at 24 h, 20–30% nerve fiber occupancy at 48 h, 50–60% nerve 
fiber occupancy at 72 h, and 70–80% nerve fiber occupancy at 96 h) 
(Fig. 3A). Neuronal cells in the pellet fraction were also segregated into 
three groups based on soma size (Fig. 3B). The size of soma was divided 
into small (≤599 µm2), medium (600–1,199 µm2) and large 
(1,200–1,300 μm2), which has been used for in vivo characterization of 
rodent DRGs [51–55]. The majority of murine sensory neuron somas 
were smaller than 599 µm2 (Fig. 3B). Additionally, cells were stained 
with NF200, CGRP, and isolectin B4 (IB4) (non-peptidergic unmyelin-
ated C-fibers) to further characterize the subpopulation of the DRG 
neurons. Interestingly, NF200 positive neurons always co-localized with 
CGRP positive neurons, but not IB4 positive neurons (Fig. 3C). Addi-
tionally, some CGRP positive neurons overlapped with IB4 positive 
neurons (Fig. 3C). Moreover, small size neurons consisted of NF200 
negative/CGRP negative/IB4 positive neurons; medium size neurons 
consisted of NF200 negative/CGRP positive/IB4 positive, NF200 nega-
tive/CGRP positive/IB4 negative, or NF200 positive/CGRP positive/IB4 
negative neurons; and large size neurons consisted of NF200 positive/ 
CGRP positive/IB4 negative neurons (Fig. 3C). 
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3.3. Cancer-derived factors stimulated the neurite outgrowth of murine 
sensory neurons, whereas a chemotherapeutic agent reduced. 

Next, to test whether the growth of sensory neurons can be manip-
ulated in vitro by exogenous factors, which again is our main purpose of 
the establishment of primary sensory neuron cultures, murine primary 
sensory neurons were treated with either cancer-derived CM or pacli-
taxel. We chose cancer-derived CM treatments since it is known to (i) 
enhance neurite sprouting [29,30] and (ii) induce pain behaviors in 
rodents when delivered with an intraplantar injection [56]. When sen-
sory neurons were exposed to CM derived from human breast cancer cell 
line MDA-MB-231 cells, human prostate cancer cell line PC3 cells, 
human lung cancer cell line A549 cells, or murine lung cancer cell line 
LL/2 cells, the sprouting of sensory neurons significantly increased, 
compared to those exposed to control CM (Fig. 4A&B). However, CM 
derived from normal prostate epithelial cells did not affect the growth of 
sensory nerves (Fig. 4C). Interestingly, we observed more nerve 
sprouting in sensory neurons treated with CM derived from lung cancer 
cell lines (A549 and LL/2). This finding might be consistent with or-
thopedic surgeons’ anecdotal evidence that bone metastasis from lung 

cancer are more painful than those from other cancer types (e.g. prostate 
cancer and breast cancer) (personal communications), although further 
studies to confirm this observation are clearly warranted. On the other 
hand, when sensory neurons were treated with paclitaxel, the growth of 
sensory nerve fibers was reduced in a dose dependent manner 
(Fig. 4D&E). Mouse sensory neurons were treated with 10 µM paclitaxel, 
since this dose is close to a physiological-dose [57]. 

For quantification of neurite outgrowth, we used a commercially 
available image analysis software, Visiopharm to automatically measure 
a total neurite length and Image J to count the numbers of the soma in 
each coverslip. Then, a total neurite length was normalized with soma 
count. To validate whether an automated method can accurately be used 
to measure neurite outgrowth, we first created a novel algorithm (called 
an “APP”) using Visiopharm that enabled us to detect the somas and 
measure the length of their neurites based on structural differences and 
fluorescence intensity, respectively (Fig. 5A). Then, values obtained 
automatically (Visiopharm) were compared to those obtained manually 
(Image J). As shown in Fig. 5B, total neurite lengths obtained using these 
two different methods were highly correlated (r2 = 0.8975). However, 
soma counts were not as highly correlated as total neurite lengths (r2 =

Fig. 1. Establishment of a murine primary 2D DRG neuron culture. (A) Representative bright field images of murine primary DRG culture (9-12x lumbar DRGs (L2- 
L4) from 8 to 12-week-old male C57BL/6 mice) seeded onto Poly-D-lysine/laminin coated coverslips at Day 3, 9, and 15. Magnification 4×. (B) Representative 
immunofluorescence images of (A) at Day 15. Sensory neurons were stained with antibodies against 200 kD neurofilament (NF200) (green) (all myelinated A-fibers), 
calcitonin gene-related peptide (CGRP) (red) (peptidergic myelinated thin Aδ-fibers and unmyelinated C-fibers), and Substance P (blue) (peptidergic unmyelinated C- 
fibers). DAPI (gray) is used for nuclear staining. Magnification 10×. Bar = 100 µm. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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0.1561) (Fig. 5C). This might in part be due to the difficulty to segregate 
the cluster of the somas into a single soma. These studies demonstrated 
the following: (i) the total neurite length obtained using an automated 
method were similar to that obtained manually; (ii) a manual counting 
method provided more accurate information regarding the numbers of 
soma than an automated method; and (iii) counting somas manually was 
not as time consuming as measuring neurite length. Therefore, we chose 
the quantification strategy described above. 

3.4. The impact of cancer-derived factors and a chemotherapeutic agent 
on the expression of genes, associated with nerve growth and neuro- 
inflammatory pain, in murine sensory neurons 

Next, to determine whether the alterations of sensory neuron length 
mediated by exogenous factors are associated with pain, gene expression 
analyses were performed by qPCR on murine primary sensory neurons 
treated with either cancer-derived CM or paclitaxel. In this case, we 
chose CM derived from A549 cells (A549 CM), since the greatest 
enhancement of murine primary sensory neuron sprouting was observed 

Fig.2. Purification of murine primary DRG sensory 
neurons using a BSA gradient centrifugation. (A) DRG 
cells were seeded onto Poly-D-lysine/laminin coated 
coverslips before or after a BSA gradient centrifuga-
tion [3.5% (W/V) BSA solution]. Representative 
bright field images of murine DRGs before and after a 
BSA gradient centrifugation (top panels). Magnifica-
tion 4×. Representative immunofluorescence images 
murine DRGs before and after BSA centrifugation 
(bottom panels). Sensory neurons were stained with 
antibodies against 200kD neurofilament (NF200) 
(green), and satellite cells were stained with anti-
bodies against S100b (red), DAPI (blue) is used for 
nuclear staining. Magnification 20×. Bar = 100 µm. 
(B) After a BSA gradient centrifugation, cells obtained 
from the pellet fraction (pellet) and BSA layer were 
seeded onto Poly-D-lysine/laminin coated coverslips. 
Representative bright field images of cells from the 
pellet fraction and BSA layer at Day 1 (top panels) 
and 3 (bottom panels). Magnification 4×. (For inter-
pretation of the references to colour in this figure 
legend, the reader is referred to the web version of 
this article.)   
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when treated with A549 CM (Fig. 4A). To determine whether our ob-
servations in the neurite length changes mediated by exogenous factors 
correlate to gene expression patterns, the levels of growth associated 
protein 43 (GAP43), a nerve growth marker [58], and NF200 gene 
expression in A549 CM or paclitaxel-treated murine primary sensory 
neurons were measured. Consistent with our findings in the neurite 
length changes, A549 CM significantly increased GAP43 expression, 
while paclitaxel exerted opposite effects (Fig. 6A). A similar trend was 
observed in changes in NF200 gene expression patterns as those of 
GAP43, although it did not reach statistical significance (Fig. 6B). Then, 
gene expression levels of pain-related molecules, including neuropep-
tides (CGRP, Substance P, Bradykinin) and cytokines involved in path-
ological pain conditions [tumor necrosis factor-α (TNF-α), interleukin-6 
(IL-6)] [59,60] were measured to determine the association between 
nerve growth and pain. Interestingly, patterns of gene expression 
changes were different depending on the treatments used. Neither A549 
CM nor paclitaxel affected CGRP expression levels (Fig. 6C), while A549 
CM significantly decreased Substance P expression levels (Fig. 6D), and 
both A549 CM and paclitaxel significantly increased Bradykinin 
expression levels in murine primary sensory neuron (Fig. 6E). Paclitaxel 
significantly increased TNF-α expression levels (Fig. 6D), whereas A549 
CM significantly decreased IL-6 expression levels (Fig. 6G). Addition-
ally, the gene expression levels of suppressor of cytokine signaling 3 

(SOCS3) and immunoglobulin superfamily containing leucine rich 
repeat 2 (ISLR2), which were significantly increased in DRGs derived 
from patients with neuropathic pain, compared to those derived from 
patients without pain [36], were measured. SOCS3 and ISLR2 are known 
to be involved in development of cancer-related pain [61] and noci-
ceptive sensory neuron development [62], respectively. In these cases, 
A549 CM significantly impacted on the gene expression of SOCS3 
(increased, Fig. 6H) and ISLR2 (decreased, Fig. 6I), while paclitaxel 
failed to do so. 

3.5. Sensory neurons obtained from non-human primate and human 
DRGs act similar to those of mice. 

To enhance translational potential, non-human primate primary 
DRG sensory neuron culture was established using similar methods to 
establish murine primary sensory neuron culture. Consistent with mu-
rine culture, the BSA purification method could largely reduce satellite 
cell population, and about 90% of the viable neurons grew neurite in 
serum and growth factor-free conditions (Fig. 7A). Additionally, the 
majority of non-human primate sensory neuron somas were between 
600 µm2 to 1,199 µm2 (Fig. 7B). Furthermore, non-human primate 
sensory neurons responded to cancer-derived CM (Fig. 7C&D) and 
paclitaxel treatment (Fig. 7E&F), similar to murine sensory neurons. 

Fig. 3. Characterization of murine primary DRG sensory neurons. (A) Representative bright field images of murine primary DRG culture (9-12x lumbar DRGs (L2-L4) 
from 8 to 12-week-old male C57BL/6 mice) after a BSA gradient centrifugation [3.5% (W/V) BSA solution] seeded onto Poly-D-lysine/laminin coated coverslips at 
24, 48, 72, and 96 h. Magnification 4x. (B) Quantification analysis of the cell size distribution of murine primary DRG sensory neurons (n = 467). Areas of soma (µm2) 
of cells from (A) were measured using image J software. (C) Representative immunofluorescence images of murine primary DRG sensory neurons after a BSA gradient 
centrifugation. Sensory neurons were stained with antibodies against 200kD neurofilament (NF200) (Green) (all myelinated A-fibers), calcitonin gene-related peptide 
(CGRP) (red) (peptidergic myelinated thin Aδ-fibers and unmyelinated C-fibers), and isolectin B4 (IB4) (light blue) (non-peptidergic unmyelinated C-fibers). 
Magnification 10×. Bar = 100 µm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Non-human primate and human sensory neurons were treated with 1 µM 
paclitaxel, since a concentration of 10 µM used for mouse sensory neu-
rons was too toxic to them (Data not shown). 

Primary sensory neuron culture of human DRGs was also established. 
Consistent with murine and non-human primate culture, the BSA puri-
fication method could reduce satellite cell population, and about 93% of 
the viable neurons grew neurite in serum and growth factor-free con-
ditions (Fig. 8A), and the majority of the soma size was smaller than 599 
µm2 (Fig. 8B). Since sensory neurons from three different species 
showed different size distributions of cell population, we sought to 
determine whether there are any similarities in the soma size distribu-
tion among murine, non-human primate, and human sensory neurons. 
Interestingly, the chi-square goodness-of-fit test showed that the distri-
butions of the soma size were different among the three species (all p- 
values from pairwise comparisons less than 0.0001). Additionally, when 

neurons were treated with cancer-derived CM, the lengths of neurite 
were significantly longer than those treated with control CM 
(Fig. 8C&D). On the other hand, when neurons were treated with 
paclitaxel, the growth of neurite was significantly reduced compare to 
the neurons treated with vehicle (Fig. 8E&F). 

4. Discussion 

In this study, we demonstrated four important findings: (1) primary 
DRG sensory neuron cultures can be derived from mouse, non-human 
primate, and human tissues and cultured in serum and growth factor- 
free conditions, (2) a BSA gradient centrifugation method is useful to 
separate sensory neurons from satellite cells, (3) DRG sensory neurons 
maintain their heterogeneous subpopulations, and (4) the length of 
nerve fibers and gene expression pattern, associated with nerve growth, 

Fig. 4. Manipulation of the sprouting of murine primary DRG sensory neurons by exogenous factors. (A) Murine primary DRG sensory neurons were treated with 
either control medium (Control CM) or conditioned medium (CM, 0% serum) derived from human breast cancer cell line MDA-MB-231 cells (MDA-MB-231 CM), 
human prostate cancer cell line PC3 cells (PC3 CM), human lung cancer cell line A549 cells (A549 CM), or murine lung cancer cell line LL/2 cells (LL/2 CM) for 48 h. 
Sensory neurons were stained with antibodies against 200kD neurofilament (NF200). Quantification of the average of the total neurite length. Mean ± SEM. Stu-
dent’s t-test, significance at p ≤ 0.05. The figure is a representative of two independent experiments, and 6 random images from each coverslip (n = 2) were analyzed 
in a blind manner. (B) Representative immunofluorescence images of murine primary DRG sensory neurons treated with either control or human lung cancer cell line 
A549 CM. Magnification 10×. Bar = 100 µm. (C) Murine primary DRG sensory neurons were treated with either control medium (Control CM) or CM derived from 
human normal prostate epithelial cell line PWR-1E cells (PWR-1E CM) for 48 h. Sensory neurons were stained with antibodies against NF200. Quantification of the 
average of the total neurite length. Mean ± SEM. Student’s t-test. The figure is a representative of one independent experiment, and 7–8 random images from each 
coverslip (n = 3) were analyzed in a blind manner. (D) Murine primary DRG sensory neurons treated with either DMSO or paclitaxel (100 nM, 10 µM) for 24 h. 
Sensory neurons were stained with antibodies against PGP9.5. Quantification of the average of the total neurite length. Mean ± SEM. Student’s t-test, significance at 
p ≤ 0.05. Experiment was performed once, and 8–10 random images from each coverslip (n = 3) were analyzed in a blind manner. (E) Representative immuno-
fluorescence images of murine primary DRG sensory neurons treated with either DMSO or paclitaxel (10 µM) for 24 h. Magnification 10×. Bar = 100 µm. 

S.H. Park et al.                                                                                                                                                                                                                                  



Biochemical Pharmacology 188 (2021) 114520

9

Fig. 5. Quantification of total neurite length by automated imaging analysis. (A) Representative images of the image-processing steps performed in the Visiopharm 
APP used for automated neurite length quantification and soma count, starting from the original fluorescent image of 200kD neurofilament (NF200) stained mouse 
DRG neurons (top left) to the final quantified image (bottom right) with relevant masks for neurite length (red) and soma count (green). Black arrow: direction of 
processing steps. White arrow: two neurons inaccurately counted as one. (B) 316 images of murine primary DRG sensory neurons stained with antibodies against 
NF200 were analyzed using the Visiopharm APP and by manual tracing using ImageJ software and values for total neurite length were plotted (µm): Linear regression 
analyses, significance at p ≤ 0.05. (C) 164 images of murine primary DRG sensory neurons stained with antibodies against NF200 were analyzed using the Visio-
pharm APP and by manual counting using ImageJ software and values for total soma numbers were plotted (counts): Linear regression analyses, significance at p ≤
0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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and neuro-inflammatory pain and nociceptor development, of sensory 
neurons were altered by responding to exogenous factors, such as 
cancer-derived CM and reduced by responding to a chemotherapeutic 
agent. We developed a semi-automated quantification method which 
allowed us to analyze the neurite growth in an accurate and time- 
efficient manner. Together, these findings suggest that a semi- 
automated measurement of the neurite growth, along with gene 
expression analyses, of primary DRG sensory neurons can be a useful in 
vitro tool to study the impact of exogenous factors on the growth of 
sensory neurons. The schematic workflow of the primary DRG sensory 
neuron culture preparation and analyses, is described in Fig. 9. 

Animal models have been widely used to study pathological 

mechanisms underlying human diseases and to test therapeutic strate-
gies. Although in vivo studies are useful for addressing large-scale bio-
logical questions, in vitro methods are better suited for exploring micro- 
level mechanisms. In this study, using primary neuronal cultures, we 
demonstrated that (i) cancer-derived CM induced the sprouting of nerve 
fibers and (ii) the chemotherapeutic agent, paclitaxel inhibited the 
neurite outgrowth. One of the most important aspects of our studies is 
that the structural changes observed in our in vitro setting recapitulate 
pathological conditions observed in in vivo rodent models. For example, 
the inoculation of cancer cells into the bone of rodents resulted in 
increased neurite density around the bone, which is associated with 
CIBP behaviors [17,18]. Similarly, the systemic administration of 

Fig. 6. Changes in expression of genes associated with nerve growth and pain in murine primary DRG sensory neurons by exogenous factors. Murine primary DRG 
sensory neuron cells were treated with control medium (Control CM) or human lung cancer cell line A549 cell-derived conditioned medium (A549 CM) for 48 h, and 
DMSO or paclitaxel (10 µM) for 24 h. Expression of (A) GAP43 and (B) NF200, which are genes associated with nerve growth. Expression of (C) CGRP, (D) Substance 
P, (E) Bradykinin, (F) TNF-α, (G) IL-6, (H) SOCS3, and (I) ISLR2, which are genes associated with neuro-inflammatory pain and nociceptor development. GAPDH was 
used reference gene. Delta-delta Ct method. Results were displayed as Mean ± SEM. Student’s t-test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. GAP43: 
growth associated protein 43; NF200: 200kD neurofilament; CGRP: calcitonin gene-related peptide; TNF-α: tumor necrosis factor-α; IL-6: interleukin-6; SOCS3: 
suppressor of cytokine signaling 3; ISLR2: immunoglobulin superfamily containing leucine rich repeat 2. 
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paclitaxel to rodents led to a reduction of intraepidermal neuronal fiber 
density in the skin, which is a hall mark of CIPN [26,27]. Our in vitro 
primary DRG sensory culture manipulations were in line with these in 
vivo structural changes in peripheral sensory neurons. Thus, in vitro 
primary DRG sensory neuron culture system established in this study is 
an alternative tool to study the impact of soluble factors and/or direct 
cell–cell interactions on the architectural remodeling of sensory 
neurons. 

Even though the use of rodent in vivo and in vitro models is essential 

for the advancement of science, the results of pre-clinical studies do not 
always translate to the human condition. In fact, a recent meta-analysis 
of 2,000 scientific studies using animal models revealed that more than 
half of these studies (~60%) either could not be replicated or failed to 
move forward to clinical trials [63]. To overcome this hurdle, studies 
using human tissues are receiving growing attention. Therefore, an 
additional salient finding of our studies is the reproducibility of patho-
logic neurite outgrowth following cancer-derived CM and paclitaxel- 
induced neurotoxicity in non-human primate and human primary 

Fig. 7. Establishment of a non-human pri-
mate primary DRG sensory neuron culture. 
(A) Representative immunofluorescence im-
ages non-human primate DRGs (T12 and L1 
of a healthy 8-year old female Rhesus ma-
caque) before and after BSA centrifugation 
[3.5% (W/V) BSA solution]. Sensory neurons 
were stained with antibodies against β-III 
tubulin (green), and satellite cells were 
stained with antibodies against S100b (red), 
DAPI (gray) is used for nuclear staining. 
Magnification 10×. Bar = 100 µm. (B) 
Quantification analysis of the cell size dis-
tribution of non-human primate primary 
DRG sensory neurons (n = 309). Areas of 
soma (µm2) of cells from (A) were measured 
using image J software. (C) Representative 
immunofluorescence images of non-human 
primate primary DRG sensory neurons 
treated with either control medium (Control 
CM) or human lung cancer cell line A549 
cell-derived conditioned medium (A549 CM) 
(0% serum) for 72 h. Sensory neurons were 
stained with antibodies against β-III tubulin. 
Magnification 10×. Bar = 100 µm. (D) 
Quantification of the average of the total 
neurite length per image of (C): Mean ±
SEM. Student’s t-test, significance at p ≤
0.05. The figure is a representative of two 
independent experiments, and 8–12 random 
images from each coverslip (n = 3) were 
analyzed in a blind manner. (E) Representa-
tive immunofluorescence images of non- 
human primate primary DRG sensory neu-
rons treated with either DMSO or paclitaxel 
(1 µM) for 24 h. Sensory neurons were 
stained with antibodies against PGP9.5. 
Magnification 10x. Bar = 100 µm. (F) 
Quantification of the average of the total 
neurite length per image of (E): Mean ±
SEM. Student’s t-test, significance at p ≤
0.05. Experiment was performed once, and 
8–12 random images from each coverslip (n 
= 3) were analyzed in a blind manner. (For 
interpretation of the references to colour in 
this figure legend, the reader is referred to 
the web version of this article.)   
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neuronal cultures, similar to murine neuronal cultures. Our findings also 
indicate that our approach with rodent sensory neurons provides an 
alternative to the use of non-human primate or human primary sensory 
neuron samples so that these precious resources can be used specifically 
for translational assessments after more thorough characterization with 
mouse neuron cells. We also recognized that the use of non-human 
primate or human primary sensory neurons is not trivial and requires 
a great deal of resources to obtain fresh DRGs. In fact, one of the major 
challenges that we faced in the course of our studies was the coordina-
tion of multiple departments and laboratories. However, these con-
straints become minor when there is solid coordination and commitment 
among different departments and laboratories, and a frequent commu-
nication and engagement between physicians and basic scientists. 

Our study also uncovered that our approach has some limitations. 
For example, although successful, the numbers of sensory neurons 
recovered from human DRG were relatively lower than those from mice 
and non-human primate, which limited the number of conditions 

performed in each experiment. This may be in part due to the difficulty 
in the digestion step of human DRGs. Human DRGs contains more 
connective tissues, including fibroblasts, blood vessels, and base mem-
brane, than murine and non-human primate DRGs [64]. Consistent with 
this notion, during preparation of culture, the large number of fibro-
blasts were observed in human DRG, while few or no fibroblasts were 
seen in murine and non-human primate DRGs. Since thick connective 
tissues surrounding neurons may interfere with enzymatic reaction, it is 
crucial to cut the human DRGs into small pieces prior to the digestion 
step. Another potential limitation is the fact that the most abundant 
population of neurons in human DRG was small neurons in contrast to 
murine and non-human primate DRGs. Although the result is in line with 
previous findings [65,66], this suggests that our approach might not be 
ideal for studies targeting medium or large size of human sensory neu-
rons. However, it is important to note that the cell size characterization 
method used in this study might not translate into non-human primate 
and/or human sensory neurons. Not only cell size differences, but also 

Fig. 8. Establishment of a human primary DRG sensory neuron culture. (A) Representative immunofluorescence images human primary DRGs (T10 of a 41-year- 
oldmale patient with discitis/osteomyelitis) before and after BSA centrifugation [3.5% (W/V) BSA solution]. Sensory neurons were stained with antibodies 
against β-III tubulin (green), and satellite cells were stained with antibodies against glial fibrillary acidic protein (GFAP) (blue), DAPI (gray) is used for nuclear 
staining. Magnification 10x. Bar = 100 µm. (B) Quantification analysis of the cell size distribution of human primary DRG sensory neurons (n = 72). Areas of soma 
(µm2) of cells from (A) were measured using image J software. (C) Representative immunofluorescence images of human primary DRG sensory neurons treated with 
either control medium (Control CM) or human lung cancer cell line A549 cell-derived conditioned medium (A549 CM) (0% serum) for 72 h. Sensory neurons were 
stained with antibodies against β-III tubulin. Magnification 10x. Bar = 100 µm. (D) Quantification of the average of the total neurite length per image of (C): Mean ±
SEM. Student’s t-test, significance at p ≤ 0.05. The figure is a representative of two independent experiments, and 8–13 random images from each coverslip (n = 2) 
were analyzed in a blind manner. (E) Representative immunofluorescence images of human primary DRG sensory neurons treated with either DMSO or paclitaxel (1 
µM) for 24 h. Sensory neurons were stained with antibodies against PGP9.5. Magnification 10x. Bar = 100 µm. (F) Quantification of the average of the total neurite 
length per image of (E): Mean ± SEM. Student’s t-test, significance at p ≤ 0.05. Experiment was performed once, and 8–10 random images from each coverslip (n = 2) 
were analyzed in a blind manner. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 9. The schematic workflow of the 
primary DRG sensory neuron culture 
preparation and analyses. Dorsal root 
ganglia of mice, non-human primate, or 
human, were dissociated by enzymatic 
digestion and mechanical dissociation to 
obtain single cell suspensions. Then, the 
resulting cells were segregated into 
sensory neurons and satellite cells using 
a BSA gradient centrifugation. There-
after, sensory neurons were plated onto 
Poly-D-lysine and laminin-coated cover-
slips to establish monolayer culture. In 
some cases, sensory neurons were 
exposed to exogenous factors, such as 
cancer-derived conditioned medium 
(CM) or chemotherapeutic agents, and 
then changes in nerve fiber length and 
gene expression were analyzed by 
immunohistochemical analyses and 
qPCR, respectively.   
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there may be differences in responses to exogenous factors among DRGs 
derived from these species at a molecular and functional levels, although 
the effects of cancer-derived CM and paclitaxel treatments on nerve 
growth were consistent in all species. Indeed, nicotine evoked currents 
as well as nicotinic receptor expression patterns are significantly 
different between human and rodent DRGs [34]. Therefore, further 
subpopulation, molecular, and functional characterizations of murine, 
non-human primate, and human DRGs are clearly warranted. 

Once logistic and technical optimization issues were overcome, we 
found that the image analysis of neurite length represents a challenge 
due to the lack of reliable methods to accurately measure the length of 
nerve fiber, and perhaps this is the reason why very few studies include 
this outcome. We found that manual measurement is accurate when 
performed by the same experimenter using a blinded method, but at the 
same time it is extremely time consuming and experimenter biases might 
reduce its reproducibility. These challenges prompted us to develop a 
method of image analysis aimed to reduce potential experimenter biases 
and increase efficiency in analysis time. In this study, we successfully 
developed a semi-automated method using the Visiopharm platform for 
the measurement of neurite length. The highly correlated values be-
tween this method and the manual approach using Image J demonstrate 
that our unbiased approach using the Visiopharm interface is accurate 
enough to consistently detect neurite length. One of the limitations of 
our approach however is the lack of tight correlation between auto-
matically and manually generated soma counts. This might be attributed 
to the use of only one marker for two different cellular structures; i.e. 
NF200 staining was used to detect both soma count and neurite length. 
We uncovered that this approach does not allow the algorithm (APP) to 
differentiate a cluster of multiple neurons from individual neurons, 
something that the human eye could discern or infer. This limitation 
could be overcome by using different markers for neuronal soma (or 
nucleus) from neurites. Thus, the APP in this study was designed to 
maximize the accuracy of its neurite length measurements at the 
expense of accurate soma counts, since manually counting somas is 
significantly easier than manually tracing neurites. We are currently 
working to develop soma quantification APPs using nuclear stains for 
future studies capable of generating counts that are highly correlated 
with manual methods. 

Although the importance of nerves for cancer progression has been 
appreciated [1], there are no treatments yet available which target the 
nerve-cancer interaction (e.g. cancer-induced nerve sprouting). In 
addition, chemotherapy is still the gold standard for cancer treatments 
and results in CIPN in many patients due to drug neurotoxicity. It is, 
therefore, critical to understand the interactions between cancer and/or 
chemotherapeutic agents, and sensory nerves, as well as how these in-
teractions affect the progression of these painful complications, so that 
safer and more effective treatments can be developed. Although further 
electrophysiological analyses, phenotypical analyses, and chemical 
neural stimulation (e.g. capsaicin or KCL) on neuronal cell bodies might 
strengthen our findings, the measurement of neurite length and gene 
expression changes mediated by exogenous factors (e.g. cancer-derived 
factors, chemotherapeutic agents) can be a useful tool to elucidate the 
causes and mechanisms of these painful symptoms. For example, it has 
been suggested that nerve-related growth factors [29] or exosomes 
[30,56] derived from cancer cells induce cancer-related pain by stimu-
lating neurite outgrowth [15–19], and that axonal damage mediated by 
chemotherapeutic agents through mitochondrial dysfunction in nerve 
cells and oxidative stress on nerve cells are responsible for CIPN symp-
toms [67]. We believe that our developed approaches could be used to 
reveal these underlying mechanisms. Moreover, the use of higher spe-
cies’ neuronal tissues in tandem with the development of an accurate 
and time-efficient methodology to measure neurite length under 
different pathological conditions will enhance clinical translational of 
our discovery. For success of this approach, a well-coordinated multi-
disciplinary team between physicians and basic scientists, which we 
began to establish, is clearly essential. 
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ARTICLE

Nicotine promotes brain metastasis by polarizing
microglia and suppressing innate immune function
Shih-Ying Wu1, Fei Xing1, Sambad Sharma1, Kerui Wu1, Abhishek Tyagi1, Yin Liu1, Dan Zhao1, Ravindra Pramod Deshpande1, Yusuke Shiozawa1,
Tamjeed Ahmed2, Wei Zhang1, Michael Chan4, Jimmy Ruiz2,3, Thomas W. Lycan2, Andrew Dothard2, and Kounosuke Watabe1

Up to 40% of lung cancer patients develop brain metastasis, and the median survival of these patients remains less than 6
months. Smoking is associated with lung cancer. However, how smoking impacts the development of brain metastasis remains
elusive. We examined 281 lung cancer patients with distant metastasis and found that smokers exhibited a significantly high
incidence of brain metastasis. We found that nicotine enhanced brain metastasis, while a depletion of microglia suppressed
this effect in vivo. Nicotine skewed the polarity of microglia to the M2 phenotype, thereby increasing the secretion of IGF-1 and
CCL20, which promoted tumor progression and stemness. Importantly, nicotine enhanced the expression of SIRPα in
microglia and restricted their phagocytic ability. We also identified a compound, parthenolide, that suppressed brain
metastasis by blocking M2 polarization. Our results indicate that nicotine promotes brain metastasis by skewing the polarity of
M2 microglia, which enhances metastatic tumor growth. Our results also highlight a potential risk of using nicotine for
tobacco cessation.

Introduction
Approximately 170,000 patients in the United States are diag-
nosed with brain metastasis every year (Ellis et al., 2012). Lung,
breast, and skin cancers are the most common tumor types that
metastasize to the brain (Bacha et al., 2018; Huang et al., 2018;
Redmer, 2018; Xing et al., 2018). Patients with metastatic lung
cancer have a very poor prognosis (Mujoomdar et al., 2007), and
those with brain metastasis have a 1-yr survival rate of 4–20%
(Gaspar et al., 1997; Sperduto et al., 2008; Verger et al., 2005).
Despite significant improvements in the treatment of metastatic
cancer, the therapeutic options for brain metastasis are still
limited mainly due to inefficient drug delivery to brain as well as
limited surgical approaches to multiple metastases. Radiation
therapies, such as stereotactic radio surgery and fractionated
whole brain radiation, are standard therapeutic techniques
employed for brain metastasis; however, they provide only
limited local tumor control and, more often than not, intracra-
nial failure leading to neurological death. The development of
lung cancer brain metastasis is a complex process, requiring the
invasion of primary tumor cells into surrounding tissue and
vessels, trafficking through the circulatory system, and colo-
nizing into the brain parenchyma (Fidler, 2015). Therefore,
understanding the underlying mechanisms that drive brain

metastasis and developing more effective therapies are urgently
needed.

Cigarette smoking is one of the major risk factors for lung
cancer (Lee et al., 2012). Our previous study have shown that
smoking is correlated to rapid progression of lung cancer brain
metastasis (Shenker et al., 2017). Tobacco smoke contains a toxic
mix of >7,000 chemicals. Among them, nicotine is a major cig-
arette component associated with human tobacco consumption
and addiction (Braverman, 1999; Heishman, 1999). Nicotine is not
a carcinogen; however, several studies have reported the tumor-
promoting effects of nicotine via activation of nicotinic acetyl-
choline (nAch) receptor in the tumor cells. The nAch receptor is
comprised of combination of multiple subunits, and they are ex-
pressed in a variety of brain cells including neuron, astrocytes,
endothelial cells, and microglia (Mazzaferro et al., 2017). The α4β2
is the most abundant class of nAch receptor in the brain and is the
principal mediator of nicotine dependence (Hawkins et al., 2004;
Mazzaferro et al., 2017). This suggests that nicotine may be ca-
pable of reprogramming the brain tumor microenvironment
(TME) via activation of its receptor to promote tumor progression.

Several studies have shown that the interaction of neoplastic
cells with microglial cells, brain-residing macrophages, profoundly
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affects tumor progression in glioblastoma (da Fonseca and Badie,
2013; Roesch et al., 2018; Wei et al., 2013). In brain metastatic le-
sions of lung cancer patients, abundant activated microglia were
found to be infiltrated (He et al., 2006). Importantly, nAch receptor
has been shown to be expressed on microglia (Morioka et al., 2015;
Sadigh-Eteghad et al., 2016), raising the possibility that nicotine
may stimulate microglia’s immunomodulatory pathways, which
affects their immune function. Microglia are known to polarize
into classical (M1) or alternative (M2) phenotypes by various mi-
croenvironment stimuli (Wei et al., 2013; Wu and Watabe, 2017).
M1 cells suppress tumors by releasing cytotoxic factors and also by
phagocytosis. In contrast, M2 cells have a pro-tumor response by
activating immunosuppressive factors. It is virtually unknown
how metastatic cells escape immune attack of microglia and then
colonize in the brain. In this study, we showed that nicotine pro-
moted lung cancer brain metastasis by enhancing both tumor
progression and stemness by skewing microglial polarization and
inhibiting its anti-tumor phagocytic ability. We also found that a
natural compound, parthenolide (PTL), effectively suppressed
tumor progression and stemness by blocking nicotine-induced
polarization of the microglia in the brain.

Results
Smoking increases brain metastasis of lung cancer
To examine the effect of tobacco smoking on brain metastasis,
we analyzed the incidence and mortality rate of 281 patients
with lung cancer brain metastasis (Fig. S1) with or without a
history of smoking. All patients were diagnosed with stage IV
disease. Among them, 79 patients were diagnosed with brain
metastasis. 59 patients were current smokers at the time of di-
agnosis and treatment, while 222 of them had either a previous or
no smoking history.We found that the incidence of brainmetastasis
was significantly higher in current smokers compared with the
never or the former smokers group (Fig. 1 A). The results of
Kaplan–Meier analyses indicate that the current smokers were as-
sociated with worse brain metastasis progression free (Fig. 1 B) and
overall survival (Fig. 1 C) compared with those who were not cur-
rently smoking. Since activation of microglia was previously re-
ported to be associated with brain tumor progression (da Fonseca
and Badie, 2013; He et al., 2006; Roesch et al., 2018;Wei et al., 2013),
we examined the status of microglia activation in brain metastatic
lesions and found that current smokers exhibited a significantly
increased number of Iba1+ (pan-microglialmarker) cells in the brain
metastatic lesions (Fig. 1 D) compared with noncurrent smokers.
Importantly, the majority of infiltrated microglia in current smok-
ers was identified to be pro-tumor M2 microglia (CD206+ cells;
Fig. 1 D). These results suggest a role of smoking-mediated M2
microglial polarization in brain metastatic tumor growth.

Nicotine promotes brain metastasis through activation
of microglia
Because M2 microglia are abundantly infiltrated in brain met-
astatic lesions of current smokers, we examined the possibility
that nicotine promotes brain metastasis by polarizing microglia
to M2 microglia. We first examined the expression of nicotine
receptors in microglia cells and in tumor cells and found that

microglia expressed high levels of α4β2, which is the most sen-
sitive receptor of nicotine in the brain (Fig. 2 A). We also found
that microglia expressed a significantly higher level of α4β2
receptor than macrophage (Fig. S2 A). Moreover, the expression
of α4β2 receptor in microglia dramatically increased upon nic-
otine treatment (Fig. S2 A). We then examined the effect of
nicotine on microglia polarization and tumor progression using
the LL/2 mouse Lewis lung carcinoma model. The LL/2 cell is
originated from the C57BL/6 mouse; however, this cell line can
grow tumors in both C57BL/6 and BALB/c mice as reported
previously (Janker et al., 2018; Kamei et al., 2009; Scholar et al.,
1989). Therefore, we tested the effect of nicotine in both models.
We intracardially inoculated luciferase-labeled LL/2 cells into
both wild-type mice (C57BL/6 or BALB/c) followed by injecting
nicotine (1 mg/kg) every 3 d until the end point. We found that
nicotine significantly increased the incidence and growth of
brain metastasis in both models (Fig. S2, B–D, for C57BL/6
model; Fig. 2 B and Fig. S2, E and F, for BALB/c model). On the
other hand, nicotine did not promote bone metastasis (Fig. 2 B).
The result of our immunohistochemical analysis for brain met-
astatic lesions revealed that high levels of activated microglial
cells accumulated in the tumor mass in the nicotine-treated
group (Fig. 2 C). Importantly, the majority of these microglia
in the nicotine-treated mice were found to be M2 microglia
(CD206+/Iba1+), and fewer M1 microglia (Iba1+/F4/80+) were
identified in the brain lesions (Fig. 2 D and Fig. S2, G and H),
suggesting that nicotine promoted microglia polarization to the
M2 phenotype in the brain metastatic lesions. Infiltrated pe-
ripheral macrophages/microglia are known to modulate brain
tumor progression (Bacha et al., 2018; Ellis et al., 2012). To define
the exact role of macrophage and microglia on brain metastasis,
we stained brain metastatic tumors with antibody against the
macrophage marker CD45. We also examined the ratio of the
number of microglia (CD45−/Iba1+) and peripheral macrophages
(CD45+/Iba1+) in the brain metastatic lesions and found that
macrophages comprised only 12–14% of CD45+/Iba1+ cells, and
the number of macrophages was not altered between nicotine-
treated and -untreated groups (Fig. S2 I). These results strongly
suggest that nicotine promotes brain metastasis by skewing
microglia to the M2 phenotype. To further validate this hy-
pothesis, we examined the effect of depletion of “original” mi-
croglia by treating animals with the inhibitor for CSF 1 receptor
(CSF1R), PLX3397. CSF1 signaling is necessary for microglia vi-
ability, and treating mice with PLX3397 has been previously
shown to eliminate ∼99% of all microglia in the brain (Elmore
et al., 2014). We therefore treated immune-competent wild-type
mice with PLX3397 and transplanted them with LL/2 mouse
lung cancer cells followed by nicotine treatment. To avoid a
whole-body effect of PLX3397, the PLX3397 was locally injected
into brain through intracranial injection 1 wk after the trans-
plantation of LL/2 cells followed by nicotine treatment (Fig.
S2 J). Strikingly, blocking microglia by PLX3397 significantly
suppressed nicotine-related brain metastasis of lung cancer
(Fig. 2, E–G), prolonged brain metastasis-free survival (Fig. 2 H),
and repressed the nicotine-related M2 microglial polarization
(Fig. 2, I and J) in the BALB/c mouse model. Similarly, PLX3397
suppressed nicotine-related brain metastasis and inhibited M2
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microglial polarization in the C57BL/6 mouse model (Fig. S2,
K–N). We also treated nude mice with PLX3397 and trans-
planted them with H2030BrM cells via an intracardiac injection
followed by nicotine treatment (Fig. S2, O–R). Nicotine-induced
brain metastasis was significantly suppressed after PLX3397
treatment (Fig. S2, O–Q). The brain metastasis–free survival was
also significantly prolonged by PLX3397 treatment (Fig. S2 R).
PLX3397 treatment showed no detectable liver toxicity (Fig. S2 S).
These results suggest that the nicotine-induced brain metastasis is
indeed mediated by the effect of nicotine on microglia.

Nicotine skewed M2 microglial polarization
As shown in Fig. 2 D, the number of M2 microglia was increased
after nicotine treatment, suggesting that nicotine promotes
microglial polarization. To further investigate the effect of nic-
otine on microglia polarization, the microglial cells were treated
with nicotine followed by measurement of expression of M1 and
M2 markers. Our results showed that nicotine did not affect
tumor cell proliferation (Fig. S2 T) at 1 µM concentration, but the

same dose of nicotine significantly increased the mRNA ex-
pression of M2-related genes, arginase-1 (Arg1), arginase-2 (Arg2),
and CD204, in both human andmousemicroglial cells lines (Fig. 3, A
and B) and mouse primary microglial cells (Fig. 3 C). Since STAT3
pathway is involved inM2microglia (Qin et al., 2017), we examined
the status of phospho-STAT3 and JAK expression in microglia with
or without nicotine treatment, and found that nicotine treatment
indeed enhanced the expressions of JAK/STAT3 (Fig. 3 D). We then
treated the microglia with nicotine in the presence of STAT3 in-
hibitor (STATTIC) and found that inhibiting the STAT3 by STATTIC
significantly suppressed the nicotine-induced STAT3 activation
(Fig. 3 E). The Arg1 gene is an M2 marker and is known to be
regulated by STAT3 (Yi and Kim, 2017). We found that nicotine-
induced up-regulation of the Arg1 gene promoter was significantly
suppressed by STATTIC treatment (Fig. 3 F). Moreover, inhibition
of STAT3 reversed the nicotine-mediated suppression of Iba1+/F4/
80+ (M1) and promotion of Iba1+/CD206+ cells (M2; Fig. 3, G and H).
These results suggest that the nicotine promotes M2 microglial
polarization via activation of the STAT3 pathway.

Figure 1. Cigarette smoking increases incidence and mortality rate of lung cancer brain metastasis. (A) Incidence of brain metastasis among 281 stage
IV lung cancer patients composed of both current and noncurrent smokers at the time of diagnosis. All patients were admitted toWake Forest Baptist Hospital.
(B and C) Progression-free survival (PFS; B) and overall survival (OS; C) of patients with brain metastasis (n = 79) and with or without smoking history were
examined by Kaplan–Meier analysis. (D) Representative images of immunohistochemical analysis for Iba1+, CD206+, and CD45+ cells in the H&E-stained brain
metastatic lesions of lung cancer patients who were current smokers (n = 7) and noncurrent smokers (n = 4). Scale bar, 100 µm. *, P < 0.05; **, P < 0.01; and
***, P < 0.001.
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Nicotine-treated microglial cells promote tumor growth and
stemness
To examine the effect of nicotine-induced M2 microglia on tu-
mor progression, we treated lung cancer brain metastatic cells,
H2030BrM and PC9BrM, with conditioned medium (CM) gen-
erated from human microglia that were treated with or without

nicotine. We found that CM derived from nicotine-treated mi-
croglia significantly increased sphere formation (Fig. 4 A) and
population of ESA+/CD44+ or aldehyde dehydrogenase (ALDH+)
cancer stem cells (CSCs; Fig. 4 B). The expression of stemness-
inducing genes, SOX2 and NANOG, was also significantly up-
regulated when the brain metastatic cells were treated with

Figure 2. Nicotine promotes brain metastasis by activating microglia in vivo. (A) Expression of α4β2 nicotine receptor on human microglia (HMC3),
mouse microglia (SIM-A9), human lung cancer cells (H2030BrM), and mouse lung cancer cells (LL/2) were evaluated by qRT-PCR (n = 3/group). (B) LL/2 (5×104

cells) were intracardially injected into immune-competent BALB/c mice (n = 9). After 3 d of intracardiac transplantation of LL/2 cells, mice received nicotine
treatment (1 mg/kg) by intraperitoneal injection every 3 d for 60 d. Upper panel: BLI images of brainmetastatic lesions of representativemice from each experimental
group (vehicle alone or nicotine treatment). Lower panel: total photon flux of ex vivo image of brain metastatic lesions wasmeasured by BLI at the end point (day 60).
Quantitative data of bone and brain metastasis of lung cancer are shown in the right panel. (C) At the end point, the brain sections from mice with or without
treatment with nicotine were examined for Iba1+ signal (brown) on microglia. Scale bar, 20 µm. (D) Representative images of immunohistochemical analysis for
CD206+ and Iba1+microglia in themetastatic brain lesions of mice that were treatedwith or without nicotine (n = 9/group). Scale bar, 100 µm. (E)Mouse lung cancer
LL/2 cells were intracranially injected into wild-type BALB/c mice (n = 9/group) followed by administering PLX3397 by intracranial injection. Upper panels are BLI
images of brain metastatic lesions of representative mice from each experimental group at day 40. Lower panels represent the total photon flux of ex vivo brain
metastatic lesions as measured by BLI at the end point (day 40). (F)Quantitative data of in vivo brain metastasis of lung cancer (n = 9/group). (G) Ex vivo BLI signals
in the brain at the end point (n = 9/group). (H) Kaplan–Meier analysis of brain metastasis–free survival was performed (n = 9/group). (I and J) Metastatic brain
tumors in E were isolated from the brain and were examined by FACS for M2 (I) and M1 (J) microglial polarization (n = 4 or 5/group). The data are presented as the
mean ± SD. *, P < 0.05; **, P < 0.01; and ***, P < 0.001 versus respective nicotine group. ##, P < 0.01 versus respective PLX3397 or Nico+PLX3397 group.
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the CM of nicotine-treated microglia (Fig. 4, C and D). Fur-
thermore, nicotine-treated microglial CM also promoted the
colony-forming ability of both H2030BrM and PC9BrM cells
(Fig. 4 E). We then sought to identify the factor(s) in CM that are
responsible for the increase in stemness. We performed the
cytokine array analysis (consisting of 99 factors) and found that
nicotine significantly augmented the secretion of CCL20 and
IGF-1 in the microglial CM (Fig. S3 A). The results of screening
were verified using human microglial cells (Fig. S3 B). Fur-
thermore, blocking STAT3 by STATTIC significantly suppressed
nicotine-mediated up-regulation of CCL20 and IGF-1 (Fig. S3 B).
We observed that microglia produced higher levels of IGF-1 and
CCL20 than macrophage (Fig. S3 C). The expression of receptors
of IGF-1 and CCL20 were significantly increased in H2030BrM
cells after the treatment with CM ofmicroglia that were exposed
to nicotine (Fig. 4 F). We then treated lung cancer cells with
recombinant CCL20 and IGF-1 and examined their effect on CSC
properties. We found that both cytokines significantly enhanced
the sphere formation (Fig. 4 G), ESA+/CD44+ CSC population
(Fig. 4 H), and mRNA expression of CSC markers SOX2 and
NANOG (Fig. 4, I and J). In addition, IGF-1 and CCL20 signifi-
cantly increased the colony-forming ability of brain metastatic
lung cancer cells (Fig. 4 K). To understand the clinical relevance
of these results, we used The Cancer Genome Atlas (TCGA) da-
taset and found that high expression of CCL20 was associated
with poor overall survival in lung cancer patients (Fig. S3 D);

however, no such correlation was observed for the IGF-1 gene
(Fig. S3 E). Furthermore, expressions of both CCL20 and its re-
ceptor, CCR6, were up-regulated in the primary tumor site of
lung cancer patients compared with normal lung tissue in the
same dataset (Fig. S3, F and G). Moreover, microglia expressed a
higher level of CCL20 mRNA than lung cancer cells, indicating
that microglia are potentially major sources of CCL20 in brain
TME (Fig. S3, H and I). To examine whether CCL20 is involved
in the growth-promoting effect of CM derived from nicotine-
treated microglia, CCL20 was depleted in the CM using CCL20
neutralizing antibody. Our result indicates that depletion of
CCL20 significantly suppressed the generation of CSC by
nicotine-treated CM (Fig. 4 L). To further validate our results,
we examined the levels of CCL20 in brain and serum of the
nicotine-treated mice represented in Fig. 2 E and found that
CCL20 indeed increased in the brain and serum of nicotine-
treated animals (Fig. 4, M and N). In contrast, depletion of mi-
croglia by PLX3397 significantly suppressed the levels of
nicotine-induced CCL20 in brain and serum of nicotine-treated
animals (Fig. 4, M and N). Furthermore, consistent with our
in vivo results, we found that the serum level of CCL20 was
significantly higher in lung cancer patients who were current
smokers compared with noncurrent smokers (Fig. 4 O).

We also examined the direct effect of nicotine on cell
growth by treating the human lung cancer brain metastatic
cells, H2030BrM, with nicotine alone or with nicotine-treated

Figure 3. Nicotine promotes M2 microglial polarization via STAT3 activation. (A–C) Expressions of M1/M2 microglia markers were examined after the
treatment of human microglia (HMC3) (A), mouse microglia (SIM-A9; B), and primary mouse microglia (C) with either vehicle or nicotine (1 µM). The value of
qRT-PCR in each figure was normalized using actin as a control. The y axis indicates arbitrary unit (n = 3/group). (D)Humanmicroglia (HMC3) were treated with
or without nicotine (1 µM), and the expressions of JNK and STAT3 were examined by Western blot. (E) Human microglia (HMC3) were treated with or without
nicotine and/or STATTIC (0.5 µM) for 24 h, and the expression of STAT3 was examined by Western blot. (F)Mouse microglia cells (SIM-A9) were treated with
or without nicotine and/or STATTIC (0.5 µM) for 24 h followed by examining the luciferase-promoter activity of Arg1 (M2; n = 4/group). (G and H) Mouse
microglia (SIM-A9) were treated with or without nicotine (1 µM) and/or the STAT3 inhibitor (0.5 µM) for 24 h. Cells were then subjected to FACS analysis for
analysis of Iba1+/F4/80+ (M1 cell; G) and Iba1+/CD206+ (M2 cell; H; n = 9/group). The data are presented as the mean ± SD. *, P < 0.05; **, P < 0.01; and ***, P <
0.001.
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Figure 4. Nicotine-mediated microglial polarization promotes tumor stemness. (A) Effect of human microglial cells (HMC3) treated with or without
nicotine (1 µM), and collection of CM. Brain metastatic lung cancer cells (H2030BrM and PC9BrM) were treated with the non-nicotine and nicotine CM for 24 h,
and their sphere-forming ability was measured. Left panel: representative images. Arrowheads indicate sphere formation. Right panel: quantification of number
of spheres. Non-nicotine or nicotine CM: microglia cells were treated with PBS or nicotine (1 µM) for 24 h, and they were washedwith PBS and incubated in the
fresh DMEM/F12 medium supplemented with 2% FBS for 24 h (n = 4/group). Scale bar, 10 µm. (B) Effect of the human microglial CM on CSC markers, ESA+/
CD44+, and ALDH activity were examined using FACS (n = 4/group). (C and D) Expressions of stemness genes in H2030BrM (C) and in PC9BrM cells (D) were
examined after the treatment with or without nicotine-derived human microglial CM by qRT-PCR (n = 6/group). (E) Colony-forming abilities of H2030BrM and
PC9BrM cells were measured in the presence or absence of the CM derived from nicotine-treated human microglia. Left panel: representative images. Right
panel: quantification of number of colonies (n = 4/group). (F) Expressions of IGF-1 and CCL20 receptors in H2030BrM cells were examined after the treatment
of cells with or without nicotine-derived human microglial CM by qRT-PCR (n = 4/group). (G) Effect of recombinant proteins, CCL20 and IGF-1, on sphere
formation ability of H2030BrM was measured (n = 3/group). (H) H2030BrM cells were treated with CCL20 or IGF-1 for 24 h followed by measuring the ESA+/
CD44+ stem cell population by FACS (n = 4/group). (I and J) H2030BrM cells were treated with or without 20 µM of CCL20 (I) or 1 µM of IGF-1 (J) for 24 h, and
the expressions of stemness genes were examined by qRT-PCR and Western blot (n = 4/group). (K) Colony-forming assay was performed for the same set of
samples as in G and H (n = 4/group). (L) Human microglia were treated with or without nicotine (1 µM) for 24 h, and their CM was prepared. The CMwas then
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microglial CM. Although colony-forming ability increased in
both groups (Fig. S3 J), the CSC population and expression of
stem cell markers were significantly elevated only in cells
treated with the nicotine-treated microglial CM (Fig. S3, K and L).
Consistent with these results, treating the mouse lung cancer cell,
LL/2, with CM derived from nicotine-treated mouse microglia
significantly increased the levels of CSCs (Fig. S3 M) and pro-
moted the colony-forming ability (Fig. S3 N) and tumor cell via-
bility (Fig. S3 O). We also examined whether nicotine-induced
brain metastasis is mediated via M2 microglial polarization by
STAT3 activation.We blocked theM2 polarization of microglia by
STATTIC and examined the expression of IGF-1 and CCL20 by
quantitative real-time PCR (qRT-PCR).We found that the nicotine
treatment significantly up-regulated the IGF-1 and CCL20, while
STATTIC reversed the effect (Fig. S3, P and Q). The CM was then
added to the culture of LL/2 cells. We found that CM derived from
microglia that were treated with both nicotine and STATTIC
significantly suppressed CSC population (Fig. S3 R) and tumor cell
viability (Fig. S3 S).

Nicotine suppresses innate immune function of microglia
Microglia are known to exhibit phagocytic activity against brain
tumor cells, like macrophages (Hutter et al., 2019). However, to
escape from microglia-mediated phagocytosis, tumor cells ex-
press CD47 on their cell surface, which activates so-called “do
not eat me” signaling. To investigate if nicotine affects this im-
mune function of microglia, we measured the expression of
signal-regulatory protein α (SIRPα) on microglia and CD47 on
tumor cells. We found that the mRNA and protein expression of
SIRPα were up-regulated in human microglia after nicotine
treatment (Fig. 5 A). We also found that nicotine significantly
increased the mRNA and protein expression of CD47 in both
H2030BrM and PC9BrM cells (Fig. 5 B). Importantly, the ex-
pression of CD47 is up-regulated in brain metastasis of lung
cancer patients with smoking history (Fig. 5 C). We then ex-
amined the effect of nicotine on phagocytic ability of microglia.
We prelabeled H2030BrM cells with the fluorochrome-PKH26, a
red-fluorescent vital dye that binds tightly to cell membranes
(Munn and Cheung, 1990). The labeled cells were incubated with
microglia that were treated with or without nicotine. We found
that the size of PKH26+ tumor cells and microglia cells was
similar at 0 h in the co-culture (Fig. 5 D). However, after 24 h of
incubation, the small and irregular shape of PKH26+ cells was
accumulated in the microglia. This result suggests that tumor
cells were rapidly degraded by nicotine-treated microglia
through phagocytosis. As shown in Fig. 5, D and F, both human
and mouse microglial cells showed strong phagocytic activities
toward the H2030BrM and LL/2 cells. Importantly, this phago-
cytic ability was greatly compromised in the presence of nico-
tine (Fig. 5, E and G). Blocking STAT3 signaling by STATTIC

treatment suppressed nicotine-mediated down-regulation of
phagocytic ability of microglia (Fig. 5 E). We also examined the
expression of SIRPα in microglia of the nicotine-treated mouse
brain represented in Fig. 2 E and found that the CD47 and SIRPα
expression were strongly elevated in the brain of mice treated
with nicotine (Fig. 5, H–J). These results suggest that nicotine
promotes M1/M2 conversion and suppresses the innate immune
function of microglia, which promotes brain metastasis
progression.

PTL suppresses nicotine-induced M2 microglia polarization
and enhances their phagocytic ability
Our results strongly suggest that blocking M2 polarization of
microglia may be an effective therapeutic approach for brain
metastasis. Therefore, we screened a natural compound library
to identify compounds that block M2 macrophage polarization
using an Arg1 promoter reporter system. We screened a total of
103 compounds that are known to be blood–brain barrier (BBB)
permeable. As shown in Fig. S4 and Fig. 6 A, we identified three
compounds (>15-fold change, P < 0.001) that effectively sup-
pressed the nicotine-induced activation of Arg1 promoter at a
concentration of 1 µM. We selected the top compound, PTL,
which suppressed the Arg1 promoter activity by >20-fold, for
further study (Fig. 6 A). PTL is an abundant sesquiterpene lac-
tone found in the medicinal herb Feverfew (Tanacetum parthe-
nium). It has been used to treat inflammation and headache for
centuries in Europe (Liu et al., 2018). To confirm the suppressive
effect of PTL on nicotine-induced M2 microglial polarization,
microglia were treated with nicotine in the presence or absence
of PTL (Fig. S5 A), and expressions of M1 and M2 markers were
examined. We found that PTL significantly decreased the
nicotine-mediated M2 polarization of microglia (Fig. 6 B). Fur-
thermore, the nicotine-mediated reduction of Iba1+/CD11b+ cells
(M1) and elevation of Iba1+/CD206+ cells (M2) were significantly
reversed by PTL (Fig. 6 C). Previous studies have shown that PTL
modulated the JAK2/STAT3 signaling in response to cytokine
stimulations (Liu et al., 2018; Sobota et al., 2000). We indeed
found that PTL suppressed the nicotine-induced JAK2/STAT3
activation (Fig. 6 D), suggesting that PTL blocks the nicotine-
induced M2 microglial polarization by targeting STAT3. Fur-
thermore, the nicotine-induced suppression of phagocytic
ability of microglia was restored when cells were treated with
PTL (Fig. 6 E). The H2030BrM cells were treated with CM of
microglia that were exposed to nicotine only or nicotine plus
PTL. We found that the ESA+/CD44+ CSCs (Fig. 6 F) and colony-
forming ability (Fig. 6 G) were significantly suppressed by CM of
microglia treated with nicotine plus PTL. We also examined the
mRNA expression of CCL20 and found that the nicotine-
mediated secretion of CCL20 was down-regulated by the PTL
treatment (Fig. 6 H). Next, to investigate the effect of PTL on

added with anti-CCL20 antibody to deplete CCL20. H2030BrM cells were then treated with the CCL20-depleted CM followed by assaying the ESA+/CD44+

stem cell population by FACS (n = 4/group). (M and N) Metastatic lesions in the brain and serum were prepared from the mice used in Fig. 2 E. The protein
expression of CCL20 in the brain (M) and in the serum (N) in each group was measured by ELISA (n = 6/group). (O) The protein expression of CCL20 in the
serum of lung cancer patients with or without smoking history were measured by ELISA (n = 10/group). The data are presented as the mean ± SD. *, P < 0.05;
**, P < 0.01; and ***, P < 0.001.
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Figure 5. Nicotine suppresses innate anti-tumor immune function of microglia. (A) Human microglia cells (HMC3) were treated with or without nicotine
(1 µM) for 24 h, and the expression of SIRPαwas examined by qRT-PCR andWestern blot (n = 4/group). (B) H2030BrM and PC9BrM cells were treated with or
without nicotine (1 µM) for 24 h, and the expression of CD47 was examined by qRT-PCR and Western blot (n = 4/group). (C) Representative images of
immunohistochemical analysis for CD47+ cells in the metastatic brain lesions of lung cancer patients with or without smoking history. Arrows indicate CD47+

cells. Non-smoker (n = 4) and smoker (n = 7). Scale bar, 50 µm. (D) Phagocytic activities of HMC3 human microglial cells (green) with or without nicotine
treatment were examined using PKH26-labeled H2030BrM cells (red). Both cells were incubated together for 0 or 24 h and photographed (left panels), and the
number of microglia that phagocytosed tumor cells was counted to quantify microglial phagocytic activity as shown in the right panel (n = 4/group). Scale bar,
10 µm. (E) A parallel set of cells in D was analyzed by FACS to quantify phagocytic abilities of microglia after nicotine or STATTIC treatment. Upper panels:
representative FACS data. Lower panel: statistical analysis of the FACS data (n = 4/group). (F) Mouse microglia (SIM-A9; green) were incubated with PKH26-
labeled LL/2 mouse lung cancer cells (red) for 24 h. They were then photographed under a fluorescent microscope (n = 4/group). Scale bar, 100 μm.
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nicotine-related brain metastasis in vivo, wild-type mice
(C57BL/6 and BALB/c) were transplanted with LL/2 mouse lung
cancer cells followed by administering nicotine (1 mg/kg) only
or nicotine plus PTL (1 mg/kg) via an intraperitoneal injection.
As shown in Fig. 6, I-K (BALB/c) and Fig. S5, B and C (C57BL/6),
PTL treatment significantly suppressed nicotine-mediated brain
metastasis and prolonged the brain metastasis–free survival
(Fig. 6 L). To examine whether the PTL treatment also reverses
microglia polarization in the brains of these mice, we performed
flow cytometry (FACS) analysis of mouse brain and stained
brain sections for M1 and M2 markers. A significant increase in
Iba1+/F4/80+ (M1 marker) and decrease in Iba1+/CD206+ (M2
marker) were observed in brain microglia of PTL-treated mice
(Fig. 6, M and N; and Fig. S5, D and E). To validate our results in
human cell line, we used the xenograft model of H2030BrM cell
and tested the efficacy of PTL. As shown in Fig. S5, F–K, PTL
significantly suppressed the nicotine-induced brain metastasis
and M2 microglia polarization. PTL treatment did not affect
bodyweight of mice and showed no detectable liver toxicity (Fig.
S5 L). We also examined the direct effect of PTL on cell viability
and CSC population in vitro (Fig. S5M). Our results showed that
PTL suppressed the abundance of CD44+/ESA+ CSC and cell vi-
ability at the concentration of 10–20 µM, but not at 1 µM, which
is the dose used throughout our in vitro experiments (Fig. S5, N
and O), indicating that the anti-tumor effect of PTL is not me-
diated by direct cytotoxic effect, and it is rather mediated by the
effect on microglia. Furthermore, PTL significantly suppressed
stemness promoting effect of nicotine on microglia (Fig. S5 P)
and the expression of stemness-related genes (Fig. S5, Q and R).
These results suggest that PTL suppresses nicotine-related brain
metastasis of lung cancer by skewing polarity of M1 microglia
and up-regulating their phagocytic ability.

Discussion
The incidence of brain metastasis among lung cancer patients is
10–36% (Bacha et al., 2018; Barnholtz-Sloan et al., 2004;
Schouten et al., 2002), although these data are considered to be
underestimated (Bacha et al., 2018; Schouten et al., 2002). The
majority of the lung cancer patients are diagnosed with advanced
stage disease, most with stage IV cancer. More than 90% of lung
cancer deaths are attributed directly to the metastatic disease and
include those brain metastases (Ali et al., 2013; Kakusa et al., 2018).
Cigarette smoking is a major risk factor for lung cancer (Lee et al.,
2012), and our previous study showed a negative impact of smoking
on lung cancer brainmetastasis (Shenker et al., 2017). In the present
study, we have found a significantly higher incidence of brain
metastasis among current smokers with stage IV lung cancer.

Nicotine is not a carcinogen, but it causes addiction by acti-
vating nAch receptor, which is abundantly expressed by various

brain cells including microglia. Direct tumor promoting effects
of nicotine have been previously reported (Schaal and Chellappan,
2014; Sun et al., 2017; Wang et al., 2017; Yoneyama et al., 2016);
however, how nicotine promotes tumor by activating TME is still
poorly understood. The current report is the first to show the
critical impact of nicotine on brain TME to promote brain me-
tastasis by skewing microglia to M2 phenotype and suppressing
their role in innate immunity. Our results indicate that the phe-
notypic conversion of microglia by nicotine is mediated through
the nAch receptor–STAT3 pathway, and that inhibition of STAT3
blocked theM2 conversion, suppressed the secretion of pro-tumor
M2 cytokines, and reactivated their phagocytic activity toward
tumor cells (Fig. 6 O).

Previous studies showed that microglial cells and macro-
phages in the brain are derived from two different sources,
parenchymal resident microglia and monocytes/macrophages
that enter the brain from the bone marrow (Wu and Watabe,
2017). Although microglia and macrophage cells show similarity
in their surface markers and physiological functions, recent
studies have demonstrated that microglia and macrophages are
two distinct myeloid populations with different developmental
origins (Gomez Perdiguero et al., 2015; Prinz and Priller, 2014;
Schulz et al., 2012). Microglial cells originate from eryth-
romyeloid progenitors that begin on embryonic day (E)
7.5–E8.0. in the blood islands of the yolk sac. Until E9.5, eryth-
romyeloid progenitors migrate to the developing central ner-
vous system andmature intomicroglia (Gomez Perdiguero et al.,
2015; Prinz and Priller, 2014; Schulz et al., 2012). These early
microglial cells reside in the brain throughout life and are
thought to sustain the local microglial population. In contrast,
macrophages originate from the hematopoietic stem cells that
start in the aorta–gonad–mesonephros region at E10.5. and then
in the fetal liver at E12.5. After the postnatal stage, macrophages
are produced from monocytes in the bone marrow (Gomez
Perdiguero et al., 2015; Prinz and Priller, 2014; Schulz et al.,
2012). Furthermore, recent studies demonstrated that micro-
glial cells and macrophage have distinct and specific surface
antigens (Feng et al., 2015). Studies on CX3CR1 (+/GFP)/CCR2
(+/RFP) knock-in fluorescent protein reportermice revealed that
microglial cells are CX3CR1+/CCR2−/CD45−, while the macro-
phages are CX3CR1−/CCR2+/CD45+ (Feng et al., 2015), strongly
supporting the notion that microglial cells and macrophages are
from different populations and they can be distinguished. Badie
and Schartner performed flow cytometric analysis and charac-
terized the distribution of microglial cells and macrophages in
experimental gliomas and found that microglial cells (CD11b/
chigh, CD45low), mainly present at the site of tumor or tumor
periphery, accounted for 13–34% of the tumor mass. In contrast,
macrophages (CD11b/chigh, CD45high) were less prominent
within the tumors or the tumor periphery and accounted for just

(G) Phagocytic abilities of microglia with or without nicotine treatment were examined by incubating mouse microglia with PKH26-labeled LL/2 mouse lung
cancer cells for 24 h, followed by analysis of the cells by FACS (n = 4). (H) The metastatic lesions in the brain of mice in Fig. 2 E were sectioned, and they were
subjected to immunohistochemical analysis for SIRPα and Iba1. Representative immunohistochemistry images of the microglia are shown (n = 9/group). Scale
bar, 100 µm. (I and J) The metastatic lesions in the brain of mice in Fig. 2 E were subjected to FACS analysis for CD47+ tumor cell (I) and SIRPα/CD11b+ (J)
microglia cells (n = 9/group). The data are presented as the mean ± SD. *, P < 0.05; **, P < 0.01; and ***, P < 0.001.
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Figure 6. PTL suppresses brain tumor progression by blocking nicotine-induced M2 microglia polarization. (A) Human microglia cells (HMC3) with the
Arg1 reporter plasmid were cultured in the presence or absence of compounds that were identified as the top three most effective inhibitors for Arg1 during our
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4.2–12% of the tumor mass (Badie and Schartner, 2000). These
results also suggest that microglial cells play a key role in me-
diating brain tumor progression.

We have also found that nicotine dramatically increased the
mRNA expression of α4β2 receptor on microglia cell compared
with macrophage. These results suggest that microglia is more
responsive to nicotine compared with macrophage, resulting in
increase in the incidence of brain metastasis. Furthermore, it
was reported that the numbers of macrophage/microglia were
significantly higher in the central nervous system than in the
peripheral system after injury (Leskovar et al., 2000). In addi-
tion, the peak concentrations of three cytokines, TNFα, IL-1, and
IL-6, appeared earlier and were significantly higher in the in-
jured central nervous system than peripheral system (Leskovar
et al., 2000), suggesting differences in the reparative responses
of macrophage/microglia in the PNS and central nervous system
to injury.

In this study, we showed that blocking microglia CSF1R by
PLX3397 significantly suppressed nicotine-mediated brain me-
tastasis, suggesting that cancer cells lose growth support func-
tion from M2 microglia. Previous studies showed that PLX3397
reprogrammed tumor-infiltrating macrophages, enhanced an-
tigen presentation (Zhu et al., 2014), and suppressed TAM in-
filtration in the tumor (Butowski et al., 2016; Cannarile et al.,
2017; Cuccarese et al., 2017). We also found that PLX3397 skewed
the population of microglia/macrophage to M1 phenotype.
Therefore, while blocking the proliferation of microglia/mac-
rophage, PLX3397 also promotes the residual microglia’s innate
immune function to tumor cells. Our results indicate that nic-
otine increased the secretion of IGF-1 and CCL20 in the CM of
microglial cells. IGF-1 is known to enhance tumor cell survival
and proliferation via activation of the PI3K-Akt signaling (Park
et al., 2016; Zhu et al., 2011). However, the role of CCL20 on
tumor progression has not yet been well defined. CCL20 is a
critical chemoattractant responsible for the recruitment of in-
flammatory immune cells (Nandi et al., 2014). The expression of
CCL20 has been shown to be overexpressed in a variety of tu-
mors including lung cancer (Liu et al., 2016; Wang et al., 2015,
2016). In pancreatic cancer, CCL20 has been found to be

overexpressed in metastatic tumor tissues (Liu et al., 2016). It
was reported to promote epithelial–mesenchymal transition and
invasive ability of tumor cells by activating the MAPK and PI3K
pathways and matrix metallopeptidase signaling (Marsigliante
et al., 2016; Wang et al., 2016). Previous studies showed that
CCL20 promotes cell proliferation through activation of MAPK
pathway (Lu et al., 2017) and up-regulating transcription of
c-Fos and c-Myc. Others have shown that CCL20 enhanced the
chemotherapy resistance of triple-negative breast cancer by
promoting ALDH+ population of breast cancer cells through
PKCζ- and p38 MAPK-mediated NF-κB activation (Chen et al.,
2018). We found that stem cell genes NANOG and SOX2were up-
regulated in CCL20-treated cells, suggesting that CCL20 pro-
moted the stemness of lung cancer brain metastatic cells via
NANOG/SOX2. One of the major sources of CCL20 is a tumor-
associated macrophage, especially M2 macrophage (Liu et al.,
2016). In this study, we found that nicotine strongly promoted
phenotypic conversion of microglia to M2 and enhanced secre-
tion of CCL20 to stimulate tumor cell growth and cancer cell
stemness. The depletion of microglia in our animal model sig-
nificantly reversed the effect of nicotine on brain metastasis.
Furthermore, we showed that the effect of CCL20 on tumor stem
cell was mediated by up-regulation of SOX2 and NANOG genes.
These results suggest that CCL20 may serve as a novel thera-
peutic target and biomarker for brain metastasis of lung cancer.

SIRPα is expressed predominantly in myeloid and neuronal
cells (Adams et al., 1998; Kharitonenkov et al., 1997). Normal
cells express CD47 that interacts with SIRPα on macrophage/
microglia to suppress their phagocytic activity. Several studies
have shown that the expression of SIRPα is also associated with
polarization of microglia/macrophage (Pan et al., 2013). Fur-
thermore, knockdown of SIRPα in macrophages increased the
production of M1 cytokines in the tumor environment (Pan
et al., 2013). Blocking SIRPα also triggered the Akt survival
signal in macrophages and enhanced macrophage migratory
activities toward tumors (Pan et al., 2013), suggesting that SIRPα
also affects microglia’s function. In this study, we found that the
nicotine increased the expression of SIRPα on microglia, while
nicotine also promoted the expression of CD47 on the tumor

initial screening (see Materials and methods). After 48 h of incubation, luciferase reporter activity was measured (n = 4/group). (B) Expression of surface
markers of M1/M2 microglia was examined by qRT-PCR after microglial cells were treated with or without nicotine plus PTL (n = 4/group). (C) The same set of
samples in B was evaluated for quantification of Iba1+/CD11b+ (M1) cells and Iba1+/CD206+ (M2) cells by FACS (n = 4/group). (D) The same set of samples in C
was examined for quantification of the protein expression of JAK2 and STAT3 by Western blot. (E) Human microglial (HMC3) cells (green) with or without
nicotine treatment (1 µM) in the presence or absence of PTL (1 µM) were incubated with PKH26-labeled H2030BrM cells (red) for 24 h and photographed (left
panels), followed by measurement of the microglial phagocytic activity (right panel; n = 4/group). Scale bar, 10 µm. (F) CMwas prepared from human microglia
(HMC3) treated with or without nicotine and PTL. The CMwas added to the culture of H2030BrM, and cells were incubated for 48 h followed by evaluation of
CSC population by FACS. Non-nicotine, nicotine, or Nico+PTL CM: microglia were treated with PBS, nicotine, or nicotine plus PTL for 24 h. They were then
washed twice with PBS and incubated in the fresh DMEM/F12 medium supplemented with 2% FBS for a further 24 h (n = 4/group). (G) For the same set of
samples as F, colony-forming ability was also measured (n = 4/group). (H) Human microglia were treated with or without nicotine (1 µM) in the presence or
absence of PTL for 24 h, followed by assessment of the expression of CCL20 by qRT-PCR (n = 4/group). (I) The mouse lung cancer cells, LL/2, were intracardially
injected into wild-type BALB/c mice. After 3 d of intracranial transplantation of LL/2 cells, mice received nicotine (1 mg/kg) plus PTL (1 mg/kg) by an in-
traperitoneal injection every 3 d for 40 d. Upper panel: BLI images of representative mice from each experimental group at day 40. Lower panel: total photon
flux of ex vivo brain metastatic lesions was measured by BLI at the endpoint (day 40; n = 9/group). (J) Quantitative data of BLI in the brain regions are shown
(n = 9/group). (K) Ex vivo signals in the whole brains at the end point were quantified. (L) The Kaplan–Meier analysis of brain metastasis–free survival was
performed (n = 9/group). (M and N) Metastatic brain tumors in I were isolated from the brain and were examined by FACS for M2 (M) and M1 (N) microglial
polarization (n = 9/group). (O) A proposed model illustrating a nicotine-induced brain metastasis (n = 9/group). The data are presented as the mean ± SD. *, P <
0.05; **, P < 0.01; and ***, P < 0.001.
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cells, resulting in suppression of phagocytic ability of microglia.
There are two possiblemechanisms that are involved in the anti-
tumor effect of microglia. One is direct internalization of tumor
cells into the lysosome of microglia by phagocytosis. The other
possibility is that tumor cells are first killed by cytotoxic factors
released by microglia followed by phagocytosis of the apoptotic
debris by microglia. In addition, it is noteworthy that the CD47-
SIRPα signal was previously found to modulate T cell differen-
tiation and regulate T cell priming to the tumor site (Liu et al.,
2015b; Zhang and Petro, 1996). Therefore, the CD47-SIRPα signal
that was activated by nicotine plays a pivotal role in modulating
anti-tumor innate as well as adaptive immune responses
in TME.

By screening a BBB permeable natural compound library, we
identified PTL as a potent inhibitor for nicotine-induced M2
conversion of microglia. PTL is an abundant sesquiterpene lac-
tone found in the medicinal herb Feverfew (T. parthenium). It
has been used for centuries as a traditional medicine to treat
arthritis, fever, and headache (Liu et al., 2015a; Rummel et al.,
2011). PTL was also previously shown to exhibit direct tumor
suppressive activity (Talib and Al Kury, 2018) by modulating
multiple pathways, including p53, vascular endothelial growth
factor (Talib and Al Kury, 2018), B-Raf/MAPK/Erk (Lin et al.,
2017), and STAT3 pathways (Carlisi et al., 2011; Skoumal et al.,
2011; Song et al., 2014). However, these direct tumor cytotoxic
effectsmediated by PTL require a relatively high dose, typically >10
µM. In this study, we found that sub-micromolar dose (<1 µM) of
PTL effectively suppressed nicotine-induced polarization of
microglia to M2 phenotype and enhanced its M1 phenotype.
On the other hand, the low concentration (1 µM) of PTL did
not affect the population of CSC or tumor cell growth, which
strongly suggests that the anti-tumor effect of PTL on
nicotine-promoted brain metastasis shown in our study is
mediated via modulation of microglial function and not by
direct effect of PTL on tumor cells. Importantly, PTL was
shown to be able to cross the BBB due to high membrane
permeability (Könczöl et al., 2013). Considering the inhibitory
effect of PTL on nicotine-induced microglial activation and
their minimum toxicity at the effective dose, PTL could be used
for the prevention and treatment of brain metastasis, particu-
larly for patients with past and current smoking history.

Nicotine is highly addictive and considered as the major
obstacle for smoking cessation (Henningfield et al., 1991).
Unfortunately, many cancer patients have difficulty in quit-
ting smoking even after their diagnosis due to nicotine ad-
diction. E-cigarette, nicotine patch, and nicotine gum are
nicotine replacement therapies for smoking cessation used
by these patients (Hartmann-Boyce et al., 2018; Stead et al.,
2012). Although nicotine, per se, is not a carcinogen, many
reports document its tumor-promoting effects (Li et al., 2017;
Schaal and Chellappan, 2014; Schaal et al., 2018) as well as its
pro-inflammatory effect, which suppresses the phagocytosis
ability of the alveolar macrophages (Scott et al., 2018). Con-
sidering our results that clearly demonstrated profound and
long-term effects of nicotine on brain metastasis progression,
extra caution should be paid in the use of nicotine for smoking
cessation.

Materials and methods
Human subjects
We used a cohort of patients with a diagnosis of nonsmall cell
lung cancer with or without brain metastases treated at Wake
Forest Baptist Comprehensive Cancer Center between May 2015
and April 2018. We collected a total of 281 stage IV nonsmall cell
lung cancer patients with or without a history of smoking.
Among them, 79 patients were diagnosed with brain metastasis.
59 patients were current smokers at the time of diagnosis and
treatment. We defined the “never smokers” (n = 44) as those
who have no smoking history and those who had smoked <10
pack/year but stopped smoking. The “former smokers” (n = 181)
are defined as those who smoked >10 pack/year but quit
smoking in the past. Patient characteristics included histology
status, smoking history, pack/years, progression status, and date
of death. Patient information about age, gender, cancer type, and
smoking status are described in Fig. S1. All samples used in this
study were obtained under the approval of the institutional re-
view boards ofWake Forest School of Medicine Institutional and
Wake Forest Baptist Comprehensive Cancer Center. Written
informed consent was obtained from all participants.

Cell culture and reagents
Human lung cancer cell lines, H2030BrM and PC9BrM, were
kind gifts from J. Massagué (Memorial Sloan-Kettering Cancer
Center, New York, NY). H2030BrM and PC9BrM cell lines were
authenticated by using GenePrint 10 STR System (Promega,
B9510). SIM-A9 was obtained from Kumi Nagamoto-Combs,
through Kerafast.com. HMC3 and LL/2 cells were purchased
from American Type Culture Collection (ATCC) and were au-
thenticated by ATCC. The H2030BrM and PC9BrM were cul-
tured in RPMI supplemented with 10% FBS, streptomycin
(100mg/ml), and penicillin (100 U/ml). LL/2 cells were cultured
in DMEM medium supplemented with 10% FBS. SIM-A9 and
HMC3 were cultured in DMEM/F12 medium supplemented with
5% FBS. All cells were grown at 37°C under 5% CO2. All cell lines
were obtained between 2010 and 2016, and theywere ensured to
be negative of mycoplasma. The HMC3 and SIM-A9 cells were
seeded in a 10-cm dish. After reaching 70% confluence, cells
were incubated with or without 1 µM nicotine in DMEM/F12
medium supplemented with 2% FBS or in medium containing
nicotine plus the STAT3 inhibitor STATTIC (0.5 µM). After 24 h,
cells were washed twice with PBS and then incubated in the
fresh DMEM/F12 medium supplemented with 2% FBS for 24 h.
The CM harvested from the cell culture were centrifuged at
300 g for 10 min to remove the cells and stored at −80°C. To
investigate the effect of nicotine-derived CM on tumor pro-
gression, we harvested CM from microglial cells that were
treated with or without nicotine, followed by treatment of
tumor cells with the CM. All cell lines were tested by using
universal mycoplasma detection kit (ATCC, 30-1012k, lot
70008746).

Animal models
Animals were treated in accordance with the U.S. National In-
stitutes of Health Animal Protection Guidelines, and the protocol
was approved by the Wake Forest Baptist Health Institutional
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Animal Care and Use Committee. Female nude, BALB/c, and
C57BL/6 mice of 5–6 wk of age were used. The mice were housed
(four to five per cage) at a stable temperature (24 ± 1°C), in a 12-h
light/dark cycle, and with unrestricted access to food and water.
Several studies showed that human lung adenocarcinomas cell
H2030BrM and mouse Lewis lung carcinoma cell LL/2 exhibited
their highly metastatic abilities in the nude, C57BL/6, and BALB/c
mice, respectively (Chen et al., 2016; Janker et al., 2018; Kamei
et al., 2009; Malladi et al., 2016; Nguyen et al., 2009; Scholar
et al., 1989). Actively growing luciferase-labeled H2030BrM and
LL/2 cells were intracardially injected at a concentration of 2 × 105

H2030BrM cells or 5 × 104 LL/2 cells in 100 µl PBS into the left
cardiac ventricle. To confirm a successful injection, the photon
flux from whole body of the mice was immediately measured
using IVIS Xenogen bioimager (Caliper). To examine the effect of
nicotine, the mice received nicotine (1 mg/kg) by intraperitoneal
injection every 3 d. To examine the role of microglia on nicotine-
related brain metastasis, the mice were administered PLX3397
(20 mg in 7 µl, Selleck Chemicals USA), a selective inhibitor of
CSF1R (also known as macrophage colony-stimulating factor re-
ceptor), which reduces viability of microglial cells. To avoid
whole-body effect, the PLX3397 was directly injected into the
right mouse brain after 1 wk of transplantation of mouse lung
cancer cell LL/2. Mice were divided into four groups: (1) tumor
transplant only, (2) tumor transplant plus nicotine, (3) tumor
transplant plus PLX3397, and (4) tumor transplant plus PLX3397
and nicotine. To examine the effect of natural compound (PTL) on
modulation of microglial cell polarization, the mice were admin-
istered PTL (1 mg/kg) plus nicotine by intraperitoneal injection.
Mice were divided into three groups: (1) tumor transplant only, (2)
tumor transplant plus nicotine, and (3) tumor transplant plus PTL
and nicotine. Tumor growth was monitored by bioluminescence
until day 60. For bioluminescent imaging, the mice were injected
with D-luciferin intraperitoneally (100 mg/kg), followed by cap-
turing images every week using IVIS Xenogen bioimager. The
brain metastasis was monitored, and the luminescence was
quantified once per week. Finally, whole brain was removed and
incubated in PBS with 0.6 mg/ml luciferin for 5 min, and photon
flux was measured by an in vivo image system (IVIS).

Intracranial implantation
Mice were anesthetized with a ketamine/xylazine (90–120/
7–10 mg/kg) mixture and fixed into a stereotactic head frame
(Kopf stereotactic frame). A 1.5-mm bur hole was drilled 1 mm
anterior to the coronal suture on the right hemisphere and 2mm
lateral from the midline. A Hamilton syringe fixed onto the head
frame was used to inject LL/2 (2 × 105 cells/5 µl) into the right
frontal lobe of the brain. The skin incision was then closed with
4–0 silk thread. The ketoprofen (2mg/kg) was given to themice to
reduce pain. After 1 wk of tumor transplantation, 36 mice were
randomly divided into four groups: (1) tumor transplant only
(control group), (2) tumor transplant plus nicotine, (3) tumor
transplant plus PLX3397, and (4) tumor transplant plus PLX3397
and nicotine. The PLX3397 and PLX3397 plus nicotine groups re-
ceived PLX3397 (20mg in 7 µl) treatment by intracranial injection
every 2 wk at the same area of tumor transplantation. The control
group received the same volume of PBS.

Arg1 gene promoter reporter assay and natural
compound screening
To examine the nicotine-inducedM2microglial polarization and
examine the effect of natural compounds on microglial polari-
zation, SIM-A9 cells were first infected with lentivirus con-
taining GFP gene, and GFP+ cells were sorted by flow cytometry
(FACS). The GFP+ SIM-A9 cells were seeded in 96-well plates
for 1 d and were transfected with the Arg1 promoter reporter
plasmid (Addgene) using Lipofectamine 2000 (Invitrogen). Af-
ter 24 h, the cells were treated with only nicotine or nicotine
plus natural compound in presence of 2% FBS and cultured for
another 24 h. Cells were washed twice and were treated with
D-luciferin for 5 min. The expression of luciferase was detected
by using an IVIS Xenogen bioimager. For Arg1 promoter lucif-
erase normalization, the photon flux was divided by GFP signal,
which was measured by a Multi-Mode Reader (Biocompare).
Each experiment was conducted a minimum of three times.

qRT-PCR
For qRT-PCR, the treated cells were washed with PBS and lysed
using the TRIzol reagent. The isolated total RNA was quantified
by a NanoDrop 2000 (Thermo Fisher Scientific). Then, RNAwas
reverse transcribed to cDNA using a Reverse Transcription Su-
permix kit (Bio-Rad). The cDNA was then amplified with a pair
of forward and reverse primers for the following genes: hCD74-F
59-GCGACCTTATCTCCAACAATG-39, hCD74-R 59-GTCCTCCAG
TTCCAGTGACT-39, hCD80-F 59-CTCTTGGTGCTGGCTGGTCTT
T-39, hCD80-R 59-GCCAGTAGATGCGAGTTTGTGC-39, hCD86-F
59-CCATCAGCTTGTCTGTTTCATTCC-39, hCD86-R 59-GCTGTA
ATCCAAGGAATGTGGTC-39, hArginase-1-F 59-GCGGGCGGACGC
TGGCG-39, hArginase-1-R 59-GCAGCGGGACCATGCTCCACTC-39,
hArginase-2-F 59-AGACGCGAGTGCATTCCATC-39, hArginase-2-
R 59-CACTAATGGTACCGATTGCCA-39, hCD204-F 59-GGTTTC
AATTGTAAAGAGAGAGAAG-39, hCD204-R 59-CTGAGCAATTCT
TCGTTTCCC-39, mCD74-F 59-AGAGCCAGAAAGGTGCAGC-39,
mCD74-R 59-GATGCATCACATGGTCCTGG-39, mCD80-F 59-ACG
TATTGGAAGGAGATTACAGCT-39, mCD80-R 59-TCTGTCAGC
GTTACTATCCCGC-39, mCD86-F 59-TTACGGAAGCACCCACGA
TG-39, mCD86-R 59-CCTGTTACATTCTGAGCCAGT-39, hCHR
NA7-F 59-CGTGGATGAGAAGAACCAAG-39, hCHRNA7-R 59-
CCATTGGGGATATAGCCACT-39, hSOX2-F 59-GGGAAATGGGAG
GGGTGCAAAAGAGG-39, hSOX2-R 59-TTGCGTGAGTGTGGATGG
GATTGGTG-39, hOCT4-F 59-GCTGGAGAAGGAGAAGCTGGAGC-
39, hOCT4-R 59-GCTAAGCTGCAGAGCCTCAAAGC-39, hNanog-F
59-CTTGGAAGCTGCTGGGGAAG-39, hNanog-R 59-GATGGGAGG
AGGGGAGAGGA-39, hCD47-F 59-GCTAAAATATCGTGTTGTTTC
ATGGTTTTC-39, hCD47-R 59-GCTGTACTAAACACATAGTAGTG
AAGT-39, hSIRP-F 59-GCCTTAGTCGTTCGCCCGCG-39, hSIRP-R
59-GCCGGCTTGGCCCTACTCCT-39, hIGF-1-F 59-GCTGTGCCTGC
TCACCTTCACCAG-39, hIGF-1-R 59-GCCTCCTTAGATCACAGCTC
CGGAAG-39, hCCL20-F 59-TCTCGCCTCCAGCATGAAAG-39, and
hCCL20-R 59-CAGATCTCCTTGGCCACAATG-39.

PCR reactions were performed using iTaq Universal SYBR
Green Supermix (Bio-Rad) and CFX Connect (Bio-Rad). The
thermal cycling conditions composed of an initial denaturation
step at 95°C for 5 min, followed by 35 cycles of PCR using the
following profile: 94°C, 30 s; 60°C, 30 s; and 72°C, 30 s.
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Immunocytochemistry and immunofluorescence
The human brain metastasis tissues of lung cancer were ob-
tained from Wake Forest Baptist Comprehensive Cancer Center
Tumor Tissue and Pathology Shared Resource. Tissue sections
were stained using anti-CD206 (1:200, R&D Systems) for M2
microglia and anti-ionized calcium-binding adapter molecule-1
(Iba1; 1:1,000, Abcam) for microglia and CD45 (1:500, Abcam)
for macrophage. Brain sections were then incubated with
appropriate biotin-conjugated secondary antibodies and dia-
minobenzidine as the substrate. As a control, isotype antibodies
were used. To examine the expression of SIRPα onmicroglia, 10-
µm-thick frozen mouse brain sections were stained using rabbit
anti-Iba1 (1:1,000; Abcam) for microglia and anti-SIRPα (1:200)
(Cell Signaling). Brain sections were incubated for 1 h in a PBS
solution containing 0.1% Triton X-100 and 3% bovine serum
albumin at room temperature, and then transferred to a solution
containing anti-SIRPα antibody overnight at 4°C. The secondary
antibody conjugated with fluorescent dye Alexa Fluor 594
(1:1,000, Invitrogen) was used to detect the expression of SIRPα.
Sections were then incubated overnight at 4°C in a solution
containing anti-Iba1 antibodies. Antibodies against rabbit IgG
conjugated with fluorescent dye Alexa Fluor 488 (1:1,000, In-
vitrogen) were used to detect the microglial cells. Fluorescence
images were acquired using a microscope (BZ-X710, Keyence)
connected to a computer equipped with imaging software (BZ-X
Viewer). Appropriate isotype antibodies were used as controls.
To determine the area of Iba1+ and CD206+ cells in brain me-
tastasis, we chose three randomly selected fields in each tumor
and measured staining intensity after taking images followed by
using the Image-Pro software. We also chose three nontumor
areas in the corresponding slide and measured intensity as
background, and this background was subtracted from the in-
tensity in the tumor area. The average intensity of three fields
was used as the score of that patient. Therefore, each patient has
a single score. We then divided the score range by setting the
lowest score as 0 and the highest to be +3.

Western blot
Cells were homogenized in the radioimmunoprecipitation assay
buffer and then centrifuged at 17,000 g for 30 min at 4°C. The
protein concentrations of the supernatants were determined by
NanoDrop 2000. Supernatants (30 µg of total protein) were
mixed with sample buffer containing 0.5 M dithiothreitol,
heated to 80°C for 10 min, loaded into each well of 10% poly-
acrylamide gel, and resolved at 120 V for 2 h. The separated
proteins bands were transferred to a polyvinylidene fluoride
membrane, blocked with 5% milk, and probed with respective
primary antibodies: total-STAT3 (1:1,000, Cell Signaling),
phospho-STAT3 (1:1,000, Cell Signaling), GAPDH (1:10,000, Cell
Signaling), SOX2 (1:500, Cell Signaling), OCT4 (1:1,000, Cell
Signaling), NANOG (1:500, Cell Signaling), and SIRPα (1:1,000,
Cell Signaling). The bound antibodies were detected using an
enhanced chemiluminescence detection kit (GE Healthcare Life-
science). The band intensities were measured using an imaging
system (Amersham Imager 600; UVP) and analyzed using ImageJ
(1.43u; http://rsb.info.nih.gov/ij/). For gel loading control, mem-
branes were incubated with monoclonal GAPDH antibody.

CCL20 ELISA
Mouse brain specimens were homogenized in radioimmuno-
precipitation assay lysis buffer and centrifuged at 13,000 g for
30 min at 4°C. The protein concentrations of the supernatant
were measured and adjusted to 1 mg/ml. The human serum of
lung cancer patients was obtained from FOX CHASE Cancer
Center. The serum was further diluted fourfold in assay buffer.
The levels of CCL20 in the mouse brain supernatants and mouse
and human serum were determined using mouse and human
CCL20 ELISA kits (Sigma-Aldrich). Briefly, 96-well plates were
first coated with anti-CCL20 monoclonal antibodies followed by
addition of 100 µl of the supernatants and serum under inves-
tigation or the same volume of the CCL20 standards. The plate
was incubated at 4°C overnight on a rocking platform. After
washing the plates, the detection antibody and streptavidin so-
lution were added to each well. After incubation, the 3,39,5,59-
tetramethylbenzidine (TMB) and stop solution were added to
each well. Finally, the plates were examined at an absorbance
wavelength of 450 nm. Standard curves were obtained from
values generated from known concentrations of mouse and
human CCL20 provided by the kits.

IGF-1 ELISA
Microglial cells (HMC3) were treated with or without nicotine
(1 µM) plus STATTIC (0.5 µM) for 24 h. Cells were washed
with PBS twice and incubated in the fresh DMEM/F12 medium
supplemented with 2% FBS for an additional 24 h. The human
monocyte/macrophage cells were treated with or without
nicotine for 24 h. CM was collected and analyzed by the hu-
man IGF-1 ELISA kit (Sigma-Aldrich). Briefly, 96-well plates
were first coated with anti–IGF-1 monoclonal antibodies fol-
lowed by addition of 100 µl of the microglia conditional me-
dium or the same volume of the IGF-1 standards. The plate was
incubated at 4°C overnight on a rocking platform. After
washing the plates, the detection antibody and streptavidin
solution were added to each well. After incubation, the TMB
and stop solution were added to each well. Finally, the plates
were examined at an absorbance wavelength of 450 nm.
Standard curves were obtained from values generated from
known concentrations of mouse and human IGF-1 provided by
the kit.

Phagocytosis assay
H2030BrM and LL/2 cells were labeled with PKH26 dye (Sigma-
Aldrich). The labeled cells were then washed three times and
cultured overnight to reduce nonspecific leaking of dye during
the assay. Tumor cells were 95% viable after the incubation.
Labeled tumor cells were mixed with microglia that were
pretreated with or without nicotine. Co-cultured tumor and
microglia cells in the culture slides were harvested after 24 h
and fixed with 4% paraformaldehyde. Microglial cells were
counterstained with anti-Iba1 antibody overnight. Secondary
antibody conjugated with the fluorescent dye Alexa Fluor 488
(1:1,000, Invitrogen) was used to detect the microglia. The
phagocytic activities were measured by immunofluorescence
microscope and FACS. For quantification of phagocytosis, the
phagocytic percentage was calculated as 100 × (percent Iba1+/
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PKH26+ cells/[percent Iba1+/PKH26− cells + percent Iba1+/
PKH26+ cells]).

Statistical analysis
Data are represented as mean ± SD. Significance was set at P <
0.05. The nicotine effect on M1/M2 gene expression, effect of
nicotine-derived microglial CM on tumor growth, and effect of
nicotine on microglia phagocytosis ability were analyzed using
the unpaired Student’s t test. One-way ANOVA was used to
analyze the effect of nicotine, PTL3397, or STATTIC treatment
onM1/M2 gene polarization and tumor progression, the effect of
different concentrations of IGF-1 or CCL20 on cancer progres-
sion, the effect of different natural compounds on M2 gene po-
larization, and the effect of nicotine or PTL treatment onM1/M2
gene polarization and cancer cell progression and nicotine effect
in animal studies. Significance between groups was represented
as *, P < 0.05; **, P < 0.01; and ***, P < 0.001.

Online supplemental material
Fig. S1 shows the effect of smoking and nicotine on brain me-
tastasis. Fig. S2 demonstrates that the nicotine promotes brain
metastasis in a mouse model. Fig. S3 shows that nicotine treat-
ment of microglia increases secretion of CCL20 and IGF-1 fol-
lowed by promotion of tumor cell stemness. Fig. S4 shows the
effect of natural compounds on nicotine-mediated activity of
Arg1 reporter. Fig. S5 shows PTL suppressed nicotine-promoted
brain metastasis in syngeneic mouse model.
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and J. Massagué. 2016. Metastatic Latency and Immune Evasion
through Autocrine Inhibition of WNT. Cell. 165:45–60. https://doi.org/
10.1016/j.cell.2016.02.025

Marsigliante, S., C. Vetrugno, and A. Muscella. 2016. Paracrine CCL20 loop
induces epithelial-mesenchymal transition in breast epithelial cells.
Mol. Carcinog. 55:1175–1186. https://doi.org/10.1002/mc.22360

Mazzaferro, S., I. Bermudez, and S.M. Sine. 2017. α4β2 Nicotinic Acetyl-
choline Receptors: Relationships Between Subunit Stoichiometry and
Function at the Single Channel Level. J. Biol. Chem. 292:2729–2740.
https://doi.org/10.1074/jbc.M116.764183

Morioka, N., S. Harano, M. Tokuhara, Y. Idenoshita, F.F. Zhang, K. Hisaoka-
Nakashima, and Y. Nakata. 2015. Stimulation of α7 nicotinic acetyl-
choline receptor regulates glutamate transporter GLAST via basic fi-
broblast growth factor production in cultured cortical microglia. Brain
Res. 1625:111–120. https://doi.org/10.1016/j.brainres.2015.08.029

Mujoomdar, A., J.H. Austin, R. Malhotra, C.A. Powell, G.D. Pearson, M.C.
Shiau, and H. Raftopoulos. 2007. Clinical predictors of metastatic dis-
ease to the brain from non-small cell lung carcinoma: primary tumor
size, cell type, and lymph node metastases. Radiology. 242:882–888.
https://doi.org/10.1148/radiol.2423051707

Munn, D.H., and N.K. Cheung. 1990. Phagocytosis of tumor cells by human
monocytes cultured in recombinant macrophage colony-stimulating
factor. J. Exp. Med. 172:231–237. https://doi.org/10.1084/jem.172.1.231

Nandi, B., C. Pai, Q. Huang, R.H. Prabhala, N.C. Munshi, and J.S. Gold. 2014.
CCR6, the sole receptor for the chemokine CCL20, promotes sponta-
neous intestinal tumorigenesis. PLoS One. 9. e97566. https://doi.org/10
.1371/journal.pone.0097566

Nguyen, D.X., A.C. Chiang, X.H. Zhang, J.Y. Kim, M.G. Kris, M. Ladanyi, W.L.
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Supplemental material

Figure S1. Effect of smoking and nicotine on brain metastasis. Patient profile and their smoking history.
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Figure S2. Nicotine promotes brain metastasis in mouse model. (A) Expression of the α4β2 nicotine receptor on human microglia (HMC3) and human
monocyte/macrophage (THP-1) were evaluated before and after nicotine treatment by qRT-PCR (n = 4/group). (B) Mouse lung cancer LL/2 cells were in-
tracardially injected into wild-type C57BL/6 mice (n = 9/group). After 3 d of intracardiac transplantation of LL/2 cells, mice received nicotine (1 mg/kg)
treatment by intraperitoneal injection every 3 d. Upper panels are BLI images of brain metastatic lesions of representative mice from each experimental group
at day 40. The lower panels represent the total photon flux of ex vivo brain metastatic lesions as measured by BLI at the endpoint (day 40). (C) Quantitative
data of in vivo brain metastasis of lung cancer (n = 9/group). (D) Percentage of brain metastasis of lung cancer in C57BL/6 mice with or without nicotine
treatment (n = 9/group). (E and F)Quantitative data of in vivo brain metastasis of lung cancer (left panel) and ex vivo signals in the brain at the end point (right
panel) of the experiment conducted in Fig. 2 B (n = 9/group). (G and H)Metastatic brain tumor tissues in Fig. 2 B were dissociated, and the effect of nicotine
was examined on Iba1+/CD206+ (G) or Iba1+/F4/80+ cells (H) by FACS (n = 9/group). (I) Metastatic brain tumor tissues in Fig. 2 B were dissociated, and the
Iba1+/CD45− (microglia) and Iba1+/CD45+ (macrophage) were measured and plotted in relation to the nicotine treatment (n = 9/group). (J) Scheme of the
experimental design. After 3 d of intracranial transplantation of LL/2 cells, the mice received nicotine (1 mg/kg) by intraperitoneal injection every 3 d. After 1 wk
of tumor transplantation, PLX3397 (20 mg/kg in 7 µl PBS) was directly injected into the right brain of the mice every 2 wk. (K) Upper panels are BLI images of
brain metastatic lesions of representative mice from each experimental group at day 40. The lower panels represent the total photon flux of ex vivo brain
metastatic lesions as measured by BLI at the endpoint (day 40; n = 9/group). (L) Quantitative data of ex vivo brain metastasis of lung cancer at the end point.
(M and N) Metastatic brain tumors in K were isolated from the brain and examined by FACS for M2 (M) and M1 (N) microglial polarization (n = 9/group).
(O) H2030BrM (2 × 105 cells) were intracardially injected into nude mice (n = 9/group) followed by administering themwith nicotine plus PLX3397 (1 mg/kg) by
intraperitoneal injection every 3 d. Upper and middle panels are BLI images of brain metastatic lesions of representative mice from each experimental group at
day 0 and day 60, respectively. Lower panels represent the total photon flux of ex vivo brain metastatic lesions as measured by BLI at the endpoint (day 60; n =
9/group). (P and Q) Quantitative data of in vivo brain metastasis of lung cancer and (Q) ex vivo signals in the brain at the end point (day 60; n = 9/group).
(R) Kaplan–Meier analysis of brain metastasis–free survival was performed. (S) Serum of mice in Fig. 2 E was collected, and an aspartate aminotransferase test
(AST) was measured using the AST activity assay kit (Sigma-Aldrich) (n = 9/group). (T) H2030BrM cells were incubated with the indicated concentration of
nicotine for 24 h. They were then examined for cell viability (n = 9/group). The data are presented as the mean ± SD. *, P < 0.05; **, P < 0.01; and ***, P < 0.001
versus respective nicotine group. ##, P < 0.01 versus respective PLX3397 and Nico+PLX3397 groups.
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Figure S3. Nicotine treatment of microglia increases secretion of CCL20 and IGF-1 followed by promotion of tumor cell stemness. (A) Human mi-
croglial (HMC3) cells were treated with PBS or nicotine (1 µM) for 24 h. CM was collected and analyzed by using the cytokine/growth factor array (Raybio).
(B) Human microglial (HMC3) cells were treated with or without nicotine (1 µM) plus STATTIC (0.5 µM) for 24 h. Cells were washed with PBS twice and
incubated in the fresh DMEM/F12 medium supplemented with 2% FBS for additional 24 h. CM was collected and analyzed by IGF-1 and CCL20 ELISA (n = 4/
group). (C) Human microglial (HMC3) cells and macrophage (THP-1) were treated with or without nicotine (1 µM) for 24 h. Cells were washed with PBS twice
and incubated in the fresh DMEM/F12 medium supplemented with 2% FBS for an additional 24 h. CM was collected and analyzed by IGF-1 and CCL20 ELISA
(n = 4/group). (D and E) Kaplan–Meier analysis was performed for examining relapse-free survival of lung cancer patients in relation to CCL20 (P = 0.02; D) and
IGF-1 (P = 0.36; E) expression using the TCGA dataset. (F and G) Expressions of CCL20 (F) and CCR6 (G) were examined in lung tumor tissues from healthy
individual and lung cancer patients using the GEO dataset (GSE22220). (H and I) Expression of CCL20 in humanmicroglia and tumor cells (H) or mousemicroglia
and mouse tumor cells (I) were examined by qRT-PCR (n = 4/group). (J–L) H2030BrM cells were treated with or without nicotine or CM extracted from human
microglia that were treated with nicotine for 24 h. These cells were examined for their colony-forming ability (J), CD44+/ESA+ CSC population (K), and mRNA
expression of stemness-related genes (L; n = 4/group). (M) Effect of CM extracted from nicotine-treated mouse microglial cells on LL/2 mouse lung CSC
population was examined by FACS. (N) Colony-forming ability of LL/2 was measured in the presence or absence of the CM derived from nicotine-treated
microglia by qRT-PCR (n = 4/group). (O) LL/2 cells were incubated with the CM derived from nicotine-treated microglia for 24 h. They were then examined for
cell viability (n = 4/group). (P and Q)Mouse microglia cells were treated with or without nicotine in the presence or absence of STAT3 inhibitor for 24 h. Cells
were then examined for the expression of IGF-1 (P) or CCL20 (Q) by qRT-PCR. LL/2 cells were treated with CM derived frommicroglia that were treated with or
without nicotine and/or STATTIC for 24 h (n = 4/group). (R and S) The cells were then examined for CD44+/ESA+ CSC population (R) and for cell viability (S; n =
4/group). The data are presented as the mean ± SD. *, P < 0.05; **, P < 0.01; and ***, P < 0.001.
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Figure S4. Effect of natural compounds on nicotine-mediated activity of Arg1.HMC3 cells containing Arg1 reporter plasmid were cultured in the presence
or absence of nicotine (1 µM) and/or each natural compound for 24 h. These cells were then examined for direct effect of compound on nicotine-mediated
activity of Arg1 reporter (n = 4/group).
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Figure S5. PTL suppressed nicotine-promoted brain metastasis in syngeneic mouse model. (A) Scheme of the experimental design. (B) Mouse lung
cancer LL/2 cells were intracardially injected into wild-type C57BL/6 mice (n = 9/group) followed by administering nicotine (1 mg/kg) or PTL (1 mg/kg) by
intraperitoneal injection every 3 d after tumor injection. Upper panels are BLI images of brain metastatic lesions of representative mice from each experimental
group at day 40. Lower panels represent the total photon flux of ex vivo brain metastatic lesions as measured by BLI at the end point (day 40). (C) Quantitative
data of ex vivo brain metastasis of lung cancer in the brain at the end point of the experiment conducted in B (n = 9/group). (D and E) Metastatic brain tumor
tissues in B were dissociated and the effect of nicotine was examined for Iba1+/F4/80+ (D) and Iba1+/CD206+ (E) by FACS (n = 9/group). (F) H2030BrM (2 × 105

cells) were intracardially injected into nude mice followed by administering them with nicotine (1 mg/kg) plus PTL (1 mg/kg) by an intraperitoneal injection
every 3 d for 60 d. Upper panel: BLI images of brain metastatic lesions of representative mice from each experimental group at day 60. Lower panel: total
photon flux of ex vivo brain metastatic lesions was measured by BLI at the endpoint (day 60; n = 9/group). (G) Quantitative data of brain metastasis of lung
cancer in vivo are shown (n = 9/group). (H) Ex vivo signals in the brain at the end point were examined (n = 9/group). (I) The Kaplan–Meier analysis of brain
metastasis–free survival was performed. (n = 9/group). (J and K)Metastatic brain tumors were isolated from the brain and were examined by FACS for M1 (J)
andM2 (K) microglial polarization using FACS (n = 5/group). (L) Serum of mice in Fig. 6 I was collected, and AST was measured by AST activity assay kit (Sigma-
Aldrich). Body weight of the mice was also measured at the indicated time points (n = 9/group). (M) Direct effect of PTL on tumor cell viability by MTS assay
and ESA+/CD44+ CSC population by FACS (n = 4/group). (N and O) H2030 cells were cultured in the presence or absence of nicotine (1 µM) and PTL at various
concentrations for 24 h. These cells were then examined for direct effect of PTL on cell viability by MTS assay (N) and on ESA+/CD44+ CSC population by FACS
(O; n = 4/group). (P) H2030BrM cells were incubated with CM derived from microglia that were treated with or without nicotine and/or PTL (1 µM) for 24 h,
followed by examination of ESA+/CD44+ CSC population by FACS (n = 4/group). (Q and R) The same set of samples in P was examined for the expression of
stemness-related genes, OCT4 (Q) and NANOG (R), by qRT-PCR (n = 4/group). The data are presented as the mean ± SD. *, P < 0.05; **, P < 0.01; and ***, P <
0.001. #, P < 0.05; ##, P < 0.01; and ###, P < 0.001 versus respective Nico+PTL group.
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