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Abstract

Colony-stimulating factor 1 (CSF-1) is a primary regulator of the survival, proliferation, and

differentiation of monocyte/macrophage that sustains the pro-tumorigenic functions of tumor-
associated macrophage (TAM). Most targeted therapies against bone and soft-tissue sarcomas
have shown little progress towards better prognosis. Here, we investigated the effect of potent
inhibitor of CSF-1 receptor (CSF-1R) PLX3397 (pexidartinib), recently approved by the Food
and Drug Administration (FDA) for tenosynovial giant-cell tumor, to reprogram TAMs whose
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infiltration correlates with unfavorable prognosis of sarcomas. First, we confirmed by cytokine
arrays of tumor-conditioned media (TCM) that cytokines including CSF-1 are secreted from

L M8 osteosarcoma cells and NFSa fibrosarcoma cells. The TCM, like CSF-1, stimulated
ERKZ1/2 phosphorylation in bone marrow-derived macrophages (BMDMs), polarized BMDMs
toward a M2 (TAM-like) phenotype, and strikingly promoted BMDM chemotaxis. /17 vitro
administration of PLX3397 suppressed pERK1/2 stimulation by CSF-1 or TCM, and reduced
M2 polarization, survival, and chemotaxis in BMDMSs. Systemic administration of PLX3397 to
the osteosarcoma orthotopic xenograft model significantly suppressed the primary tumor growth
and lung metastasis, and thus improved metastasis-free survival. PLX3397 treatment concurrently
depleted TAMs and FOXP3* regulatory T cells and, surprisingly, enhanced infiltration of CD8*
T cells into the microenvironments of both primary and metastatic osteosarcoma sites. Our
preclinical results show that PLX3397 has strong macrophage- and T cell-modulating effects that
may translate into cancer immunotherapy for bone and soft tissue sarcomas.
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INTRODUCTION

Tumor-associated macrophage (TAMS) represent a substantial proportion of all tumor-
infiltrating immune cells in the tumor microenvironment (TME), have a dominant role

as orchestrators of tumor-related inflammation toward tumor growth and progression,

and are potential new therapeutic targets (1,2). The tumor-promoting function of TAMs

is based on their ability to secrete proangiogenic and growth factors, as well as to

potently suppress T cell effector function by releasing immunosuppressive cytokines (1,3,4).
Two opposing phenotypes, termed classically activated (or M1-like) and alternatively
activated (or M2-like), have been associated with anti- and protumoral functions (1,2).
Clinically, M2-like TAMs are associated with high tumor grade and poor prognosis in

many carcinomas and sarcomas (1,2,5). TAM-targeting treatment strategies are under early
phase investigation in various cancer types, but not in sarcoma, although trans-differentiating
M2-like macrophages to M1-like macrophages has great potential as a new sarcoma therapy.

Despite major advances in multimodality therapies for sarcomas, more than one-third of
patients show a poor response to conventional therapy, resulting in subsequent recurrence
and a poorl prognosis (6,7). The overall survival for osteosarcoma is 60%-70% at five
years (8), but less than 30% for patients who present with metastatic disease (6). Similarly,
the median overall survival is around one year for metastatic soft-tissue sarcoma (9), and
approximately 10% of patients are alive at five years (10,11), highlighting the need for
innovative drugs or approaches.

Colony-stimulating factor 1 (CSF-1) plays a significant role in the recruitment of peripheral
blood monocytes to the TME, differentiation into macrophages, and polarization of
macrophages towards an M2-like phenotype via binding to the CSF-1 receptor (CSF-1R)
(12). Preclinical studies have shown that CSF-1R blockade may inhibit tumor growth in
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several cancer models through the elimination or repolarization of TAMs (13,14). PLX3397
(pexidartinib), a potent CSF-1R inhibitor, has been shown to be effective for tenosynovial
giant cell tumor (TGCT), which express CSF-1 (15,16), and was recently approved by

the US Food and Drug Administration (FDA) for symptomatic TGCT (17). While several
preclinical and clinical trials have been ongoing for several malignant tumors (16,18,19),
evidence of PLX3397 in sarcomas is limited (20).

In this study, we investigated the efficacy and safety of PLX3397 in our established /n
vitroand in vivo sarcoma TAM model. We demonstrate that CSF-1/CSF-1R blockade using
PLX3397 suppresses survival, migration, and M2 poralization of sarcoma TAMs /n vitro and
significantly inhibits osteosarcoma growth and metastatic spread /n vivo. Furthermore, we
found that PLX3397 administration resulted in not only depleting TAMSs but also altering

T cell infiltration in the tumor microenvironment. This preclinical trial demonstrates that
PLX3397 is a promising immunotherapeutic agent and would have immediate clinical
implications for sarcomas, which should be explored for further clinical development.

MATERIALS AND METHODS

Cell lines and cell culture

The murine osteosarcoma cell line LM8 (RCB1450) and the murine fibrosarcoma cell

line NFSa (RCB0282) were purchased from the Riken Cell Bank (Tsukuba, Japan).

These cell lines have C3H mouse origin, and the LM8 cell line, a highly metastatic cell

line, was derived from Dunn’s osteosarcoma (21). LM8 clones expressing the luciferase

and tdTomato, named LM§&-Luc, were generated with a lentiviral vector (Supplementary
Methods and Supplementary Fig. S1). These cell lines were maintained in Dulbecco’s
modified Eagle’s medium (DMEM; Life Technologies, Inc., Grand Island, NY), containing
10% heat-inactivated fetal bovine serum (FBS) (Life Technologies) , 1% penicillin (100
U/mL), and streptomycin (100 mg/mL; Life Technologies). The cells were maintained under
5% CO> in a humidified incubator at 37° C.

Preparation of tumor-conditioned media (TCM)
LLM8 and NFSa cells were seeded at 1x107 cells per T175 cell culture flask in 30 pl
of DMEM containing 10% FBS and 1% penicillin and streptomycin. After 48 hours,
supernatant was collected, passed through a 0.2 um vacuum filter (VMR, Randor, PA),
and stored at —20° C.

Cytokine array

Cytokine array analysis was performed using 500 pl of freshly stored TCM and the Mouse
Cyokine Array panel A (R&D Systems Minneapolis, MN), according to the manufacture’s
protocol.

Preparation of bone marrow-derived macrophages (BMDMs)

Bone marrow cells were isolated and harvested from the femur, tibia, and humeri of 6-8
week-old C3H/HelJ female mice (Jackson laboratories, Bar Harbor, ME), as previously
described (22) with the Hospital for Special Surgery’s (HSS’s) Institutional Animal
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Care and Use Committee (IACUC) approved protocol (#2016-0039). Bone marrow cells
were differentiated into BMDMs with a-Minimum Essential Medium (a-MEM; Life
Technologies) supplemented in 10% FBS, 1% penicillin and streptomycin, and 10%
(equivalent to 140 ng/ml CSF-1) conditioned media from the CSF-1 over-producing cell
line CMG (22,23) or TCM from cultured LM8 or NFSa for five days until confluent.

PLX3397 treatment in vitro and in vivo

The CSF-1R inhibitor PLX3397 was purchased (Bioactive Molecular Research, FL), and

its analytical profile was further confirmed in our laboratory and compared to previously
reported data (15). For /n vitro studies, a 10 mmol/l (mM) stock of PLX3397 was formulated
in dimethyl sulfoxide (DMSO), which was used as the vehicle control. For /in vivo studies,
PLX3397 was formulated in 20% DMSO at a concentration of 5 mg/kg and 10 mg/kg.

Animal model

All animal studies were approved by HSS’s IACUC (#2016-0039). Six- to eight-week old
female C3H/HeJ mice (Jackson Laboratory; Bar Harbor, ME) were anesthetized by exposure
to 3% isoflurane on Day zero and subsequent days. On Day zero, the mice were anesthetized
with 3% isoflurane, and the right leg was disinfected with 70% ethanol. A 100 pL volume

of solution containing 1 x 108 LM8-Luc cells was orthotopically injected into the proximal
tibia (24).

Evaluation of PLX3397 administration in mice with spontaneous lung metastases of
osteosarcoma

Individual mice were retro-orbitally injected with 100 pl of PLX3397 (5 mg/kg or 10
mg/kg) or control phosphate-buffered saline (PBS) per injection on Days seven and 14
post-inoculation of LM8-Luc cells. Each experimental condition included five animals

per group. Photons from firefly luciferase were counted using the 1VVIS imaging system
(Xenogen, Alameda, CA) following intraperitoneal injection of d-luciferin (150mg/kg;
Promega). Following the evaluation of the primary sites, chest lesions of mice were analyzed
individually if the spill/leakage of photons from the primary sites were suspected. Data
were analyzed using Livinglmage software (version 4.7.2; Xenogen). On Day 21, the end of
the experiment, the primary tumor and lung of each animal were resected at necropsy for
histological analysis. A blood examination, weighing of each mouse body, and a histological
examination of the liver were performed for drug toxicity assessment.

Immunohistochemistry

All tumors resected from mouse primary tumors and lungs were fixed with 10%

buffered formalin before paraffin embedding. A rabbit polyclonal anti-CD68 antibody
(Boster; Pleasanton, CA; cat#PA1518), a rabbit monoclonal anti-CD8 antibody (Cell
Signaling Technology, MA; cat#98941), and a rat monoclonal anti-FOXP3 (eBioscience;
cat#14-5773-82) were used in concentrations of 5 pg/ml, 4.8 pg/ml, and 5 pg/ml,
respectively. The tissue sections were blocked for 30 minutes in 10% normal goat serum,
2% bovine serum albumin in PBS. A five-hour incubation with the primary antibody was
followed by a 32-minute incubation with biotinylated goat anti-rabbit IgG (1:200 dilution;
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Vector Laboratories; cat#PK4001). Sequential incubations were performed with Secondary
Antibody Blocker, Blocker D, Streptavidin-HRP and Tyramide Alexa Fluor 488 (Life
Technology; cat#B40932). Histology slides were digitally scanned with Pannoramic Flash
(3DHistech; Budapest, Hungary) using 20x/0.8NA objective. Snapshots were taken using
CaseViewer Software (3DHistech).

Statistical analysis

RESULTS

All statistical analyses were performed using Prism (GraphPad Prism version 5; San Diego,
CA, USA) or SPSS Statistics version 24 (IBM, Armonk, NY, USA). The unpaired t test or
one-way ANOVA, corrected for multiple comparisons as appropriate, was used to determine
the significance of any differences between experimental groups. Results were shown as
means +SEM or £SD as indicated. The Kaplan-Meier method and the log-rank test were
used to analyze metastasis-free survival. Metastasis-free survival was defined as the time
interval from tumor inoculation until initial metastasis detected by IVIS imaging. The value
of p< 0.05 was considered to be statistically significant.

Additional details are in the Supplementary Merthods.

Characterization of osteosarcoma and fibrosarcoma secretory profiles of chemokines/

cytokines

In order to establish an /n vitro TAM model of sarcomas, we differentiated bone marrow
cells in the presence of TCM from the CSF-1 overproducing cell line CMG (23,25) and
TCM from osteosarcoma LM8 cells and fibrosarcoma NFSa cells. To comprehensively
profile production of cytokines/chemokines (including CSF-1) from CMG, LM8, and NFSa,
we performed cytokine array analysis using conditioned media (CM) from these cells. We
found striking differences among the cytokine/chemokine profiles of CMG, LM8, and NFSa
CM (Fig. 1A). CSF-1 production was observed in all these CM; the highest production

was identified from LM8, followed by NFSa and CMG (Fig. 1B). Various other cytokines/
chemokines, including interferon (IFN)-y, chemokine (CXC) ligand (CXCL)-1, chemokine
(CC motif) ligand (CCL)-2, CCL-5, CXCL-12, and tissue inhibitor of the metalloproteinase
(TIMP)-1 were also produced from CMG (Fig. 1A-1B). However, most of these, except for
IFN-y and TIMP-1, were more highly produced by LM8 and NFSa compared to CMG (Fig.
1B). We also identified differences in production levels of cytokines/chemokines including
IFN-y-Inducible Protein (IP)-10, CXCL-1, CCL-2, CXCL-9, CXCL-2, and CXCL-12
between LM8 and NFSa (Fig. 1B). Based on these results, we hypothesized CM from the
three cell lines would have distinct and differential effects on proliferation and polarization
of macrophages.

Establishment of in vitro model of tumor-associated macrophage produced by sarcoma
cell conditioned media

Mouse BMDMs were obtained by flushing the long bones of C3H/HeJ mice, a host strain
of LM8 and NFSa cells, and were expanded in culture supplemented with CM from
CMG, LMB8, and NFSa cells. Morphologically, these cells had a spindle-shaped, fibroblast
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appearance after expansion, which are slightly different among BMDM-CSF-1, BMDM-
LM8, and BMDM-NFSa for both length and number of the dendritic extension (Fig. 2A).
Macrophage differentiation and polarization are induced with increased mitogen-activated
protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) pathway, characterized
by the activation of ERK1/2 (26). When pure murine M-CSF (50 ng/mL) was added

to the BMDMs, enhanced phosphorylated ERK1/2 (pERK1/2) was detected with a peak
stimulation after five minutes of treatment (Fig. 2B). Similarly, enhanced pERK1/2 was also
detected when TCM/LM8 and TCM/NFSa were added to BMDMs at a 50/50 ratio with
culture media (Fig. 2B).

In order to investigate the polarization of BMDMSs toward an M2/TAM-like phenotype, we
compared surface marker profiles by flow cytometry and gene expression profiles related to
M1- and M2-like phenotypes. Flow cytometry analysis revealed BMDM/CSF-1 had a high
frequency (94%) of positivity for the M2 marker CD206, indicating polarization towards
an M2-like phenotype (Fig. 2C). Yet, BMDM-LM8 and BMDM-NFSa had slightly more
heterogeneous population with 64% and 71% CD206" within CD45*/CD11b* populations,
respectively (Fig. 2C). However, the mean fluorescence intensity (MFI) of CD206"/
CD80* showed no significant difference among BMDM-CSF-1, BMDM-LMS8, and BMDM-
NFSa (Fig. 2C), indicating all of these BMDMs polarized toward M2-like phenotype.
Reverse transcription quantitative-PCR (RT-qPCR) analysis revealed BMDM-TCM/LM8
and BMDM-TCM/NFSa had higher mRNA expression of M1-like genes, including /L-1p,
INOS, and CD80 (Supplementary Fig. S2) than BMDM-CSF-1, which could be attributed
to the GM-CSF secreted from LM8 and NFSa cells (Fig. 1B). Yet, BMDM-TCM/NFSa
showed greater mRNA expression of M2-like genes, including CD206 and CCL-2, than
BMDM-CSF-1 (Supplementary Fig. S1B). These data confirmed TCM/LM8 and TCM/
NFSa were able to polarize BMDMs into an M2-like phenotype, while CSF-1/CMG
differentiated BMDMs toward a pure M2-like phenotype.

Malignant tumors have a major role in recruitment of circulating monocytes and
macrophages into the TME (1,2). Therefore, we investigated whether BMDMs were
recruited under stimulation of CSF-1/CMG, TCM/LM8, and TCM/NFSa by transwell
assays. BMDMs were able to migrate through the transwell chamber with 8 um pores in
response to CSF-1/CMG, TCM/LM8, and TCM/NFSa (Fig. 2D). Notably, the chemotaxis of
BMDMs was enhanced by 1.5 to 2-fold change in response to TCM/LM8 and TCM/NFSa
as compared to CSF-1/CMG (Fig. 2D). These results indicate CSF-1/CMG, TCM/LMS,

and TCM/NFSa can recruit macrophages, where TCM/LM8 and TCM/NFSa were more
effective than CSF-1/CMG.

PLX3397-dependent CSF-1R inhibition is sensitive to M2-like polarization, cellular viability,
and chemotaxis of tumor-associated macrophages produced by sarcoma cells

Survival and polarization of macrophares are dependent on CSF-1R signaling (5). To
validate this contention and also gain further molecular insight in this process, we exploited
the PLX3397, a potent inhibitor of CSF-1R signaling. The PLX3397, at the given doses

50 nM, 100 nM, and 250 nM strongly inhibited the ERK activity as measured by
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phosphorypated ERK1/2 levels in Western blots, which was otherwise stimulated at 10
minutes of exposure to M-CSF, TCM/LM8, and TCM/NFSa (Fig. 3A).

Next, we tested if CSF-1R inhibition had an effect on macrophage polarization using

flow cytometry analysis and RT-gPCR. Flow cytometry data revealed the PLX3397 dose-
dependently decreased in the measurable populations of CD45*/CD11b*/CD206* cells in
BMDM-CSF-1, BMDM-LMS8, and BMDM-NFSa (Fig. 3B and Supplementary Fig. S1C).
Additionally, the MFI of CD206*/CD80* decreased in all of these cells more than 50%

at 500 nM PLX3397 relative to the control cells (Fig. 3B). The most significant effect

was observed in BMDM-LMS8, where CD206*/CD80~ population (M2-like phenotype)
shifted from 95% in untreated BMDM-LM8 to 60% in BMDM-LM8 treated with 500 nM
PLX3397. There was a 65% of decrease in CD206*/CD80* MFI. (Fig. 3B). Furthermore,
the RT-gPCR analysis for M1 and M2 genes revealed PLX3397 also reduced the expression
levels of M2 genes, including CD206 and CCL-2, in a dose dependent manner (Fig.

3C). Yet, the expression levels of M1 genes including /L-183, iINOS, and CD80were

dose dependently enhanced by PLX3397 (Fig. 3C). These data suggest CSF-1R inhibition
induces gene expression changes in TAMs and reduces M2 macrophage polarization in bone
and soft-tissue sarcoma models.

In order to evaluate how CSF-1R inhibition affect survival of TAMSs, we investigated cellular
viability with increasing dose of PLX3397. After PLX3397 treatment for 24 hours, we

also observed significantly reduced cellular viability in a dose dependent manner (Fig.

3D). The effect on macrophage viability was most striking in BMDM-CSF-1 (Fig. 3D).
Next, we tested whether CSF-1R inhibition also affects chemotaxis of TAMSs, which was
enhanced by CSF-1/CMG, TCM/LM8, and TCM/NFSa (Fig. 2E). After PLX3397 treatment
for one hour, the cellular chemotaxis of BMDM-TAMs through the trans-well membrane
was significantly reduced in a dose-dependent manner (Fig. 3E). Collectively, these data
indicated CSF-1R inhibition results in reduced survival and migration of TAMs, which
prompted testing the efficacy of PLX3397 with a potential preclinical value on development
of sarcoma and its metastasis.

PLX3397-depedent CSF-1R inhibition blocks the progression of osteosarcoma and
improves metastasis-free survival

In order to perform preclinical testing of PLX3397, we first determined the ability of LM8
cells infected with lentiviral vector expressing firefly luciferase to monitor the development
of primary tumor at the orthotopic site and subsequently its spontaneous metastasis to

lung in the C3H/HeJ mice (21). We transplanted 1.0 x 10% LM8-luc cells into the right
proximal tibia. The mice were analyzed for tumor growth by following the increase in
luciferase bioluminescence measured in the IVIS imager. Similarly, we also visualized the
onset and growth of distant metastases such as in lung. Five days after the orthotopic
transplantation of the tumor cells, primary tumors were macroscopically detectable in all
mice, but no signals were detected in the lungs (Supplementary Fig. S2A). At Day 12 post-
tumor cell transplantation, the first detectable metastasis in some of the mice by IVIS was
observed (Supplementary Fig. S2B). By Day 19 post tumor cell transplantation, all animals
showed signals in their lungs by IVIS (Supplementary Fig. S2C). By the end of three
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weeks following the initial tumor cell transplantation, lung metastases become detectable by
luciferase imaging and also verified by the bioluminance of luciferase in the excised lungs
following the necropsy of the mice. We also histologically verified the metastases foci in the
excised lungs by hematoxylin and eosin (H&E) staining. (Supplementary Fig. S2D).

Next, we investigated the therapeutic effect of PLX3397 on the primary and spontaneous
lung metastasis of osteosarcoma. Tumor bearing-mice were administered retro-orbitally
with two therapeutic doses, 5 mg/kg (low-dose group), or 10 mg/kg (high-dose group) of
PLX3397 by maintaining the control group with PBS injection. All the treatments into mice
in each group (7= 5) were administered twice; one at seven days and the other at 14 days
after the orthotopic transplantation of the LM8-luc cells. Tumor size was monitored weekly,
which revealed tumor growth was significantly suppressed by administration of high-dose
PLX3397 compared with low-dose PLX3397 or PBS (Fig. 4A). High-dose PLX3397-treated
mice had the tumors were consistently smaller than those treated with low-dose PLX3397
or PBS-treated tumors, when measured on Day 19 after tumor cell transplantation (Fig. 4B).
The development of a primary tumor and lung metastasis were again monitored weekly. At
the end of week one, firefly luciferase activity was detected at the primary lesion in each
group (Supplementary Fig. S3A). At Day 12, one mouse (20%) in the control group showed
a signal presumptively in the lung (pulmonary area), suggesting metastasis into the lung.
However, no signal was detected in the lung in the PLX3397-treated groups (Supplementary
Fig. S3B). At Day 19, luciferase activity in the high-dose PLX3397 group were significantly
weaker than those in the low-dose PLX3397 group and control group (Fig. 4C-D). Similarly,
none of the mice in the high-dose PLX3397 group showed the metastatic signal in the

lung (100% inhibition), compared to four mice (20% inhibition) in the control group and
three mice (40% inhibition) in the low-dose PLX3397 group (Fig. 4E and Supplementary
Fig. S3C). The presence of metastases in the resected lung was also confirmed after all

mice were euthanized at the end of three weeks (Day 22) post necropsy bioluminance

and immunohistochemistry. All mice in the control group and low-dose PLX3397 group
showed signals from the resected lung, whereas low intensity signals were detected in

three mice (60%) in the high-dose PLX3397 group (Supplementary Fig. 3D). Both the
number and size of lung metastases were validated by histopathological examination. We
observed smallest number and size of metastatic osteosarcoma in the lungs of high-dose
PLX3397-treated mice compared to those of low-dose PLX3397 or PBS-treated mice (Fig.
4F). Based on these results, we evaluated metastasis-free survival, which revealed high-dose
PLX3397-treated mice showed longest metastasis-free survival periods among the three
groups in Kaplan-Meier analysis (log-rank test, p= 0.0137; Fig. 4G).

No apparent systemic effects and weight loss were identified following drug administrations
(Supplementary Fig. S4A). In light of the hepatotoxicity and renal toxicity reported in

the human use of this drug, we also evaluated liver and renal toxicity at baseline and

on Day 22, measuring aspartate aminotransferase (AST), alanine aminotransferase (ALT),
and creatinine (CREA). We observed non-statistically significant increases in AST and
ALT levels in two of five mice (40%) treated with high-dose PLX3397 (Supplementary

Fig. S4B - 4C). The histopathological examination of the liver revealed no evidence of
necrosis, fibrosis, steatosis, inflammation, or biliary changes in any of the three groups
(Supplementary Fig. S5). The levels of lactate dehydrogenase, alkaline phosphatase, total
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bilirubin, total protein, albumin, cholesterol, and creatinine levels did not show any
significant variations among the treatment groups (Supplementary Fig. S4D — S4J).

PLX3397 treatment results in depletion of TAMs and alters T cell composition in the TME

To understand how CSR-1R inhibition elicited a potent anti-tumor response in vivo, we
performed flow-cytometric analysis using the dissociated tumor cells from the PLX3397-
treated mice by maintiang the PBS-treated set as a parallel control. We observed
significantly decreased density of dTomato™ cells in the tumors of high-dose PLX3397-
treated mice, indicating an altered composition of tumor cells versus the cells of TME

(Fig. 5A and Supplementary Fig. S6A). Contrarily, tumor infiltrating CD45* myeloid

cells were significantly increased in the tumors of high-dose PLX3397-treated mice
compared to thouse of PBS-treated tumors (Fig. 5A and Supplementary Fig. S6A). Under
the same experimental conditions, we observed significantly decreased CD45*CD11b*
macrophages in the PLX3397-treated tumors (Fig. 5A and Supplementary Fig. S6A). In a
comparison of M1- and M2-like phenotypes between treatment groups, the accumulation

of both CD45*CD11b*CD206™ M2-like phenotype and CD45*CD11b*CD80* M1-like
phenotype was decreased with the PLX3397-treatment (Fig. 5A, 5B and Supplementary Fig.
S6A). However, the MFI of CD457CD11b*CD206*/CD45"CD11b*CD80* was significantly
decreased in the high-dose PLX3397-treated tumors (Fig. 5A), indicating the systemic
administration of 10mg/kg of PLX3397 resulted in a polarization of TAMs against the
M2-like phenotype.

CSF-1R inhibition alters the TME composition of other immune cells (3,4). We also
investigated the comparative levels of other immune cell types in osteosarcoma tumors

by flow cytometry. While the accumulation of CD45*CD3* T lymphocytes remained same
between treated versus the control (Fig. 5C and Supplementary Fig. S6B), there was an
increased subpopulation of CD8* T cells in high-dose PLX3397-treated tumors (Fig. 5B and
5C). Yet, the accumulation of CD4* T cells remain unaltered (Fig. 5C and Supplementary
Fig. S6B). Similarly, we also observed the unchanged quantity of CD45*CD19* B cells
among the treatment groups (Fig. 5C and Supplementary Fig. S6B. There was a decreased
number of CD68™ macrophages (Fig. 5E and Supplementary Fig. S7) in the high-dose
PLX3397-treated tumors. Conversely, we observed an increased CD8* T cells in the
high-dose PLX3397-treated tumors (Fig. 5E and Supplementary Fig. S7). Additionally,
the number of FOXP3* regulatory T cells was significantly decreased in the high-dose
PLX3397-treated tumors (Fig. 5D, 5E and Supplementary Fig. S7). These findings in all
of the above cell types were observed in osteosarcoma microenvironment at both primary
(Fig. 5E) and metastatic sites (Supplementary Fig. S7). Our results showed systemic
administration of PLX3397 reduced the infiltrating TAMs, with a shift from the M2-like
to M1-like phenotype. At the same experimental therapeutic conditions, the CD8* T cell
numbers were preferentially increased over the decreasing levels of FOXP3* T cells.

DISCUSSION

We describe the preclinical evidence of the efficacy of PLX3397, a potent CSF-1R
inhibitor, in a sarcoma model. PLX3397 inhibited M2 polarization, cellular proliferation,
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and chemotaxis of macrophages in our established /7 vitro sarcoma TAM models. The
antitumor effect of PLX3397 was confirmed in the preclinical model using osteosarcoma-
bearing mice. These findings are the first delineation of the role of a small molecule
(PLX3397) in modulating the sarcoma microenvironment of primary and metastatic sites,
and retarding osteosarcoma progression.

PLX3397 is a small molecule designed to block the CSF-1 receptor with restricted

kinome targets approved for the treatment of adult patients with symptomatic TGCT
(16,17). Preclinical tests demonstrated the antitumor effect of PLX3397 in mice with lung,
breast, and prostate cancer, melanoma, and gastrointestinal stromal tumor (GIST) (14,27).
PLX3397 is also being investigated to treat various malignancies, either as monotherapy or
in combination with other drugs, for glioblastoma, melanoma, and metastatic breast cancer
(17). Furthermore, PLX3397 enhanced the efficacy of chemotherapy (28,29) or radiotherapy
(14,30) in breast or prostate cancer, respectively. The interaction of this therapy with the
immune system is suggested in a phase | dose escalation study of PLX-3397, among various
advanced cancer histologies in which markedly reduced subsets of circulating monocytes
(CD149M/CD16™) were found (31). Preliminary data from a phase 1 study combined
cabiralizumab (anti CSF-1R) and anti-PD-1 mABs reported found a response in 4/31 (13%)
of advanced pancreas cancer patients (32,33). The prevalence of TAMs in osteosarcoma and
correlation with poor outcome suggests that CSF-1R inhibitors like PLX3397 are promising
agents for clinical development with immunomodulators in patients with this orphan disease.

We identified striking differences in cytokine secretion from distinct sarcoma tumor cell
lines, including CSF-1, CCL-2, CCL-5, IP-10, CXCL-1, CXCL-2, and CXCL-12 in vitro.
These differences likely underlie the variations in response to PLX3397 among macrophage
populations differentiated in the presence of TCM from these sarcoma cells. For example,
BMDMs chemotaxis in response to TCM/LM8 and TCM/NFSa was remarkably enhanced
compared to pure CSF-1. These results indicated cytokines/chemokines other than CSF-1 in
TCM/LM8 and TCM/NFSa can also promote macrophage recruitment. Evidence suggests
CCLZ2, overexpressed in a wide range of tumors, is involved in recruitment of macrophage
and lack of CCL2 signaling reduces macrophage infiltration (34). CXCL-1 is also known

to recruit macrophages into the TME (35). The presence of these chemokines may explain
the residual BMDMs infiltrating through membrane even in the presence of PLX3397 (Fig.
3E). Notably, studies suggest the chemotaxis of M1 and M2 macrophages is fine-tuned

by different chemokines in the process of inflammation associated with tumorigenesis

(36). Regarding macrophage survival, our findings demonstrated the most striking effect

of PLX3397 with the use of pure CSF-1, followed by TCM-LM8 and TCM-NFSa (Fig.
3D). These differences on macrophage viability might be also attributed to the differential
expression of cytokines included in the TCM/LM8 and TCM/NFSa. Evidence indicates
CCL-2, CCL-3, and CCL-14 stimulate proliferation of TAMs (37). These chemokines also
activate normal macrophage polarization and differentiation into TAMs (37), which partially
explain the differences in expression of M1 and M2 related markers among BMDM-CSF-1,
BMDM-LM8, and BMDM-NFSa (Fig. 2C-2D and Fig. 3B-3C). These data indicated the
possible benefit of targeting chemokines in addition to CSF-1R blockade in depleting TAMs
for bone and soft-tissue sarcomas.
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Notably, the clinical benefits occurred without evidence for significant hepatotoxicity.

In the pivotal ENLIVEN ftrial, treatment-emergent adverse events (TEAES) resulted in
permanent treatment discontinuation in 13% pexidartinib recipients, in who most of these
were liver-related (16). TEAES also led to treatment interruption or dose reduction in 38%
pexidartinib recipients. This was most commonly due hepatic adverse events including, AST
and ALT increase (16). These findings underscore the necessity of the development of a
novel approach to avoid liver toxicity of PLX3397. Recent development of nanomedicine
strategies targeting TAMs are encouraging (38) and would be a key to overcome the liver
toxicity associated with the systemic administration of PLX3397.

In addition to the depletion of TAMSs in our mouse osteosarcoma model, systemic PLX3397
resulted in decreased FOXP3* regulatory T cells and increased CD8 T lymphocytes within
the osteosarcoma microenvironment. A positive-feedback loop between FOXP3* regulatory
T cells and M2 macrophages was recently identified (39). M2-polarized macrophages in
the tumor environment promote the differentiation of CD4*CD25™ T cells into regulatory

T cells which, in turn, skew the differentiation of monocytes toward M2 macrophages (39).
Thus, the decreased FOXP3* regulatory T cells /in vivo can be explained by the depletion

of M2-polarized macrophages. The finding regarding the number of CD8 T cells was
consistent with recent findings in the preclinical testing for multiple carcinomas (3,4,40),

in which CSF-1R blockade led to increased number of CD8 T cell with approximately 1.5
to 5.5-fold change. Similarly, another therapeutic approach targeting TAMs by inhibition
of the myeloid PI3K isoform, which induces proinflammatory gene expression in TAMS,
showed anti-tumor effect in mouse models of carcinoma and melanoma, by increasing

CD8 T cell infiltration without directly affecting T cell activation or cytotoxicity (41).
Several mechanisms can be envisioned for the CD8 T cell recruitment after macrophage
depletion. First, a change in the adhesive environment, which CD8 T cell encounter in the
TME by CSF-1R inhibition, might explain the increased infiltration of CD8 T cell, because
macrophages express numerous adhesion molecules for T cells (40). In the inflammatory
settings, for example, macrophages are shown to form conjugates with T cells (40).

Second, a change of chemokine levels in the TME might explain increased CD8 T cell
migration. Evidence suggests increased levels of CCL2, CXCL9, and CXCL10 following
CSF-1R inhibition contribute to CD8 T cell trafficking to tumors (4,40,42), although

the mechanism underlying the increase of these inflammatory chemokines following the
depletion of TAMs remains to be elucidated. Furthermore, recent evidence has shown
CSF-1R blockade improve checkpoint immunotherapy by enhancing CD8* and CD4* T cell
activities (4,40,43). Further preclinical and clinical testing of combination therapy CSF-1R
blockade and immune checkpoint inhibitors could be an important step for development of a
novel therapeutic strategy for bone and soft-tissue sarcomas.

In summary, we present the antitumor effect of a potent CSF-1R kinase inhibitor, PLX3397,
in our established preclinical model of sarcomas. CSF-1R blockade in /n vitro TAM model
resulted in reduced viability and chemotaxis of macrophages and polarization from M2-
like to a more M1-like phenotype. Systemic administration of PLX3397 in osteosarcoma
model mice suppressed primary tumor growth and spontaneous lung metastasis, improving
metastasis-free survival. Additionally, the effects of PLX3397 were not limited to depleting
TAM s but also decreased FOXP3™ regulatory T cells and increased CD8 T cell migration
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and infiltration into tumors. On the basis of current evidence, PLX3397 would provide

a promising immunotherapeutic approach to many cancer types encompaaing carcinoma,
melanoma and sarcoma, encouraging the combined use with immune checkpoint blockade
therapy in addition to conventional chemotherapy and radiotherapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Profiling of cytokine/chemokine produced from CMG, LM8, and NFSa cell lines.

A. Cytokine/chemokine production in the culture supernatant tested by cytokine array.

a. G-CSF; b., GM-CSF; c. 1-309 (CCL-1); d. Eotaxin (CCL11); e. IFN-y; f. IL-6; g.

IL-7; h. IL-17; i. IP-10 (CXCL-10); j. I-TAC (CXCL-11); k. KC (CXCL-1); I. CSF-1,

m. JE (CCL-2); n. MIG (CXCL-9); 0. MIP-2 (CXCL-2); p. RANTES (CCL5); g. SDF-1
(CXCL12); r. TIMP-1. B. Concentration of cytokines/chemokines in CMG, TCM/LMS8, and
TCMI/NFSa, evaluated by the signal intensity shown in A.
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Figure 2.

Cellular features of TAMs produced by culture supernatant of bone and soft tissue sarcoma
cells.

A. Morphology of BMDM-TAM s after expansion of BMDMs with culture supernatant

of CMG, LM8, and NFSa cell lines. Bars, 100 pm. B. Western blots showing pERK/2

levels in BMDM-TAMs with M-CSF, TCM/LMS8, and TCM/NFSa at the time points
indicated. Enhanced pERK1/2 was detected with a peak stimulation after five, 10, and

15 minutes, respectively. C. Surface marker profile of BMDM-TAMs produced by CSF-1/
CMG, TCM/LMB8, and TCM/NFSa, assessed by flow cytometry. Right, cellular distribution
of CD45*/CD11b* and CD45*CD11b*CD206*/CD45*CD11b*CD80*. Left, the MFI of
CD206*/CD80™". N.S., not significant. D. Trans-well assay to evaluate the chemotaxis of
BMDMs in response to M-CSF, TCM/LMS8, and TCM/NFSa. Left, photographs of BMDMSs
passed through the trans-well chamber. Scale bar, 200 um. Right, the numbers of BMDMSs
passed through the trans-well chamber. Data are presented as mean + SD (/7= 3 per group).
*** < 0.001, Mann-Whitney U test.
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Figure 3.
CSF-1R inhibition reduces M2 polarization and deplete tumor-associated macrophages in

bone and soft-tissue sarcoma model. A. Eradication of pERK1/2, stimulated with M-CSF,
TCM/LMS8, and TCM/NFSa, at 100 nM and 250 nM of PLX3397. B. Depolarization

of BMDM-CSF-1, BMDM-LMS8, and BMDM-NFSa against M2-like phenotype. Upper,
decreased percentage of CD45%/CD11b*/CD206™ populations by PLX3397 treatment (0
nM, 100 nM, and 500 nM). Lower, decreased MFI of CD206*/CD80* by PLX3397
treatment (0 nM, 100 nM, and 500 nM). C. Quantification of mMRNA expression of M1

and M2 genes, including IL-1p, iNOS, CD80, CD206, and CCL-2, after PLX3397 treatment
(0 nM, 100 nM, and 500 nM). HPRT was uses as an internal control. Data are presented

as mean + SD (n = 3 per group). D. Survival of TAMs in response to PLX3397 treatment.
Right, phase-contrast micrograph of BMDMs in the presence of 100 nmol/l and 500 nmol/Il
PLX3397. Scale bar, 100 um (lower) and 25 um (upper). Light, relative proliferation rates
of BMDM-CSF-1, BMDM-LMS8, and BMDM-NFSa after 24 hour treatment with increasing
dose of PLX33897 (0, 50, 100, 200, and 500 nM). Data are presented as mean + SD

(n=3 per group). *p < 0.05, ***p < 0.001; one-way analysis of variance with Sidak’s
multiple comparisons test. E. Trans-well chemotaxis. Macrophage migration was reduced by
PLX3397 in a dose-dependent manner (0, 100, 500, 1000 nmol/I). At the time periods of
one-hour post-treatment, cells were seeded and cultured on the trans-well chamber for six
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hours. The number of migrated cells were photographed (upper) and counted (lower). Scale
bar, 200 um. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; Student’s #test.
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Figure 4.
CSF-1R inhibition by PLX3397 blocks tumor growth and improves metastasis-free survival

in orthotopic osteosarcoma mouse model. A. Macroscopic appearance of LM8-Luc tumors
in C3H/JeJ mice on Days 0 and 19 after tumor cell inoculation. Mice were inoculated
intratibially with LM8-Luc cells (1 x 108 cells/site) and were systemically treated with
control PBS, low-dose PLX3397 (5 mg/kg), or high-dose PLX3397 (10 mg/kg) on Day
seven and 14. Tumor masses are outlined by a dotted line. B. Tumor growth in an orthotopic
LM8 osteosarcoma xenograft model of each treatment group (n7= 5 per group). Data was
expressed as mean tumor volume + SD. *p < 0.05, as compared with high-dose PLX3397
and PBS group; one-way ANOVA corrected for multiple comparisons. C. Luminescence
intensity from the primary tumors of each treatment group measured on Day 19 using an
IVIS. D. Monitoring of luminescence intensity from the primary tumors of each treatment
group. Data was expressed as mean tumor volume + SD. *p < 0.05, as compared with
high-dose PLX3397 and PBS group; one-way ANOVA corrected for multiple comparisons.
E. Lung metastases measured on Day 19 using an IVIS. F. Lung metastases validated by
H&E staining. Black arrow represents metastatic foci in the lung. Scale bar, 200 um (left).
Scale bar, 40 um (right). G. Kaplan-Meier curves showing metastasis-free survival for each
group of mice. Log-rank test was performed between PBS control group (black line) and
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low-dose PLX3397 group (blue line; p= 0.353) or high-dose PLX3397 group (red line; *p=
0.0014).
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Figure5.
Systemic treatment of PLX3397 depletes TAMSs and increases lymphocyte infiltration

into LM8 osteosarcoma. A. Composition of tumor cells and TAMs evaluated by flow-
cytometric analysis using the dissociated LM8 tumor cells. Data were represented as

mean + SEM; n= 3; Mann-Whitney test: *p < 0.05. B. Flow cytometry analysis of

TAMs (CD45*CD11b*CD206*; left) and CD8 T cells (CD45*CD3*CD8*; right) within

the dissociated LM8 tumor cells and representative flow data. C. Composition of infiltrating
immune cells (CD3*, CD4*, and CD8™ cells) evaluated by flow-cytometric analysis using
the dissociated LM8 tumor cells. Data were represented as mean + SEM; 7= 3; Mann —
Whitney test: *p < 0.05. D. Composition of infiltrating FOXP3* regulatory T cells evaluated
by immunohistochemistry using the dissociated LM8 tumor cells. Data were represented as
mean + SEM; n= 3; Mann-Whitney test: *p < 0.05. E. Distribution of infiltrating CD68*
macrophages, CD8* T cells, and FOXP3* regulatory T cells in PLX3397- or PBS-treated
tumors (green). Nuclei were stained with DAPI (blue). Left, H&E staining images. Scale
bars, 50 pm (lower) and 10 um (upper).
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