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Professor Antoni Ribas, Chair 

Targeted therapies like vemurafenib and dabrafenib that block oncogenic BRAF result in high 

response rates and improved overall survival in patients with melanoma. However, the response 

has limited durability and most tumors relapse. On the contrary, immunotherapy for melanoma 

results in low response rates that tend to be extremely durable. We hypothesized that 

combining immunotherapy with BRAF inhibitors and other targeted therapies being developed 

for melanoma may improve the anti-tumor effects by combining the benefits of both modes of 

therapy. To test this hypothesis, we developed a BRAFV600E-driven murine model of melanoma, 

SM1, that is syngeneic to immunocompetent mice. Combined treatment of vemurafenib plus 

adoptive cell transfer (ACT) immunotherapy demonstrated superior anti-tumor effect compared 

with single treatments alone in SM1. However, SM1 is an aggressive model in which the tumor 

bearing mice have to be sacrificed within two to three weeks, and this combination therapy did 

not lead to sustained tumor responses. We noticed that SM1 secreted colony stimulating factor-

1 (CSF-1) that recruits immune suppressive tumor infiltrating myeloid cells (TIMs) including 

macrophages and myeloid derived suppressor cells (MDSC). We hypothesized that blocking 
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CSF-1 receptor (CSF-1R) with a small molecule tyrosine kinase inhibitors such as PLX3397, as 

it would inhibit immune suppressive TIMs and synergize with immunotherapy. Combination of 

PLX3397 and ACT induced superior anti-tumor effect and PLX3397 increased number of tumor 

infiltrating lymphocytes (TILs) and IFN-γ production in T-cells by depleting TIMs. Based on the 

results of these two studies, we then combined PLX3397 and vemurafenib in the SM1 model 

and the combination mediated superior anti-tumor response. The macrophage inhibitory effects 

of PLX3397 treatment and paradoxical activation of immune cells with wild type BRAF mediated 

by vemurafenib resulted in more TILs with increased IFN-γ production. Taken together, we 

provide support for the testing of immunotherapy, BRAF, and CSF-1R inhibitors combinations in 

patients with BRAFV600 mutant metastatic melanoma. 
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CHAPTER 1 

INTRODUCTION 
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Approximately 50% of melanomas harbor the BRAFV600E mutation. Melanoma with such 

mutation has faster cell proliferation, differentiation, and hyper-activated mitogen-activated 

protein kinase (MAPK) pathway [1]. In order to target this driver mutation, small molecule BRAF 

inhibitors like vemurafenib and dabrafenib have been developed. They mediate dramatic 

response rates and improved overall survival. However, as a common feature of target therapy 

reagents, acquired resistance develops frequently and tumor relapses after a median of 6 to 7 

months [2, 3]. In contrast, immunotherapy induces lower-frequency, but long-lasting anti-tumor 

responses [4, 5]. Combining both treatments together could potentially merge the benefits of 

high response rates with BRAF inhibitors with the long-lasting response with immunotherapy. It 

has also been reported that BRAF inhibitors may synergize with tumor immunotherapy by 

increasing the expression of melanosomal tumor-associated antigens following the inhibition of 

the MAPK pathway [6]. In addition, BRAF inhibitors can induce paradoxical activation on MAPK 

pathway in cells with wild-type BRAF [7-9]. Therefore, patients treated with BRAF inhibitors 

have more tumor infiltrating lymphocytes (TILs) [10].  

In order to test the hypothesis of improved combined therapy with BRAF inhibitors and 

immunotherapy in a mouse model, we developed an implantable syngeneic BRAFV600E-driven 

murine melanoma model, SM1, that could grow in a fully immunocompetent mouse. SM1 has 

multiple genomic aberrations in a pattern similar to 108 human melanoma cell lines based on 

results of high-density single-nucleotide polymorphism/copy number alteration arrays. The 

oncogenic BRAFV600E and microphthalmia-associated transcription factor (MITF) are amplified; 

CDKN2A is deleted in SM1. With this model, we tested to see if combined therapy of 

vemurafenib and adoptive cell transfer (ACT) immunotherapy could induce superior anti-tumor 

effect [11].  
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We observed that by combining vemurafenib and ACT in two immunotherapy models resulted in 

improved anti-tumor effect and we further investigated the potential mechanism. Although 

vemurafenib did not change the expansion or distribution of the adoptively transferred T-cells, 

lymphocytes exposed to vemurafenib had increased pERK levels indicating an activated MAPK 

signaling pathway. We also noticed that the cytotoxic function of antigen-specific T-cells 

increased and the TILs from vemurafenib-treated mice had higher functional activity with 

increased ability to release the immune-stimulating cytokine IFN-γ [11].  A potential explanation 

that explained the effect of vemurafenib was that the BRAF inhibitors paradoxically activated the 

MAPK pathways in T-cells with wild-type BRAF [7-9]. Therefore, vemurafenib not only targeted 

tumors directly, but also enhanced the immune functions of T-cells.  

Although the combined treatment of vemurafenib and ACT induced superior anti-tumor effect 

compared with either single agent alone, the tumor relapsed. We often had to sacrifice the mice 

within two to three weeks of tumor implantation. In addition, this mouse model has been used to 

test the anti-tumor effects of several immune modulating antibodies, such as anti-CTLA4, anti-

PD-1, anti-TIM3, and agonistic anti-CD137. Only anti-CD137 had significant anti-tumor effect 

alone or in combination with vemurafenib [12]. It suggested that some factors in the tumor 

microenvironment could potentially inhibit the effector arm of immune system.  

In order to identify the immune suppressing factors in the tumor microenvironment, we profiled 

the gene expression level of SM1 and noticed that it produced high levels of colony stimulating 

factor-1 (CSF-1) [13]. CSF-1 is a cytokine frequently produced by several cancers, such as 

melanoma [14, 15]. It has been reported that tumor cells manipulate the tumor 

microenvironment by producing cytokines like CSF-1. The secreted CSF-1 binds to the tyrosine 

kinase receptor CSF-1 receptor (CSF-1R) on myeloid cells. It increases the proliferation and 

differentiation of myeloid cells into immunosuppressive cells like M2-polarized macrophages 
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and myeloid derived suppressor cells (MDSC) in the tumor [16-18]. These myeloid cells induce 

immunosuppressive tumor microenvironment by releasing arginase I or inducible nitric oxide 

synthase to suppress T-cells [16]. It is a potential explanation for the low response rate of 

immunotherapy.  

PLX3397 is a tyrosine kinase inhibitor that inhibits CSF-1R. It is currently being used in clinical 

trials for patients with glioblastoma and breast cancer through the inhibition of CSF-1R, and also 

acute myelogenous leukemia through its inhibition of FLT3-ITD. Prior reports have shown that 

PLX3397 could potentially inhibit immunoisuppressive tumor milieu and improve immune 

responses to cancer [19-22].  

In order to test the hypothesis that the anti-tumor effect of immunotherapy could be improved by 

depleting the immunosuppressive myeloid cells with CSF-1R blockade, we combined PLX3397 

with ACT immunotherapy in two animal models. The combined therapy demonstrated superior 

anti-tumor effects compared with either therapy alone and improved overall survival. We 

observed that the myeloid cells infiltrating SM1 tumors were primarily macrophages. With 

PLX3397, the amount of macrophages decreased specifically inside the tumors. To further 

characterized the polarization of macrophages, MHCII was used as a marker to distinguish the 

M1 and M2 type. There was a skewing of MHCIIlow to MHCIIhi macrophages with PLX3397. 

While the quantity of immunosuppressive MHClow macrophages decreased, the amount of TILs 

increased. We also tested to see if PLX3397 could enhance the cytokine producing function of 

the adoptively transferred T-cells. The IFN-γ production of T-cells increased when ACT was 

combined with PLX3397. As a result, our study suggested that PLX3397 could improve the 

amount and function of TILs indirectly through the inhibition of the immunosuppressive 

macrophages [13].  
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Based on these studies, we have found that vemurafenib induced paradoxical activation on T-

cells with wild-type BRAF suggesting host immunity is important for anti-tumor activity of BRAF 

inhibitors; PLX3397 inhibits the immunosuppressive tumor milieu and facilities immune 

responses, resulting in better T-cell functions. Therefore, we hypothesize that PLX3397 could 

augment the anti-tumor effect of vemurafenib by depleting the immunosuppressive 

macrophages. In order to test this hypothesis, we combined vemurafenib with PLX3397 and 

tested it in SM1 tumor model. The combined therapy induced superior anti-tumor effect 

compared with either treatment alone. We showed that PLX3397 dramatically depleted 

macrophages infiltrating the tumor, while increasing the amount of TILs. By eliminating CD8+ T-

cells with neutralizing antibody, the superior anti-tumor effect was abrogated suggesting the role 

of T-cells was crucial. In order to better understand the effect of PLX3397 and vemurafenib on 

T-cells and macrophages, gene expression level of SM1 tumors following treatments with 

PLX3397, vemurafenib, and combined treatment was profiled. T-cell signature genes were up-

regulated, while monocyte signature genes were down-regulated in either PLX3397 or 

vemurafenib treated group. We also checked the expression level of genes in F4/80(+) 

CD11b(+) macrophages and CD3(+) CD8(+) T-cells from tumors following PLX3397 or 

vemurafenib treatment. The M2-polarized macrophage-related genes such as Arg1, IL-10, 

CD163, and MSR1 were down-regulated and genes that were associated with type I interferon 

response were up-regulated in macrophages in both PLX3397 and vemurafenib treatment 

groups. Both PLX3397 and vemurafenib also induced better T-cell activation as IFN-γ, Gzmb, 

Pdcd1 were up-regulated in T-cells. Collectively, PLX3397 and vemurafenib skewed M2-

polarized macrophage towards M1 type that mediated better T-cell activation.  

Based on these three studies, combination therapy with BRAF inhibitor vemurafenib, CSF-1R 

inhibitor PLX3397, and ACT immunotherapy mediates superior anti-tumor response compared 

with single treatment alone in murine melanoma. The anti-tumor activity mediated by 



6 

immunotherapy could either be improved by BRAF inhibitor due to paradoxical activation of T-

cells with wild-type BRAF or enhanced by the inhibition of immunosuppressive tumor 

microenvironment. Our data supports the testing of these three combinations in patients with 

melanoma, which is being undertaken through a series of ongoing clinical trials (Table 1) [23]. 
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Table 1. Clinical studies ongoing 

Clinical Trial NCT number Status Phase Intervention 

Systemic Therapy With Interferon, Interleukin-2 and BRAF 
Inhibitor 

NCT01603212 
Recruiting Phase I/II Vemurafenib + IL-2 +  Interferon Alpha-2b 

Safety and Efficacy Study of Vemurafenib and High-dose 
Interferon Alfa-2b in Melanoma 

NCT01943422 
Active Phase I/II Vemurafenib + High-dose Interferon alfa-2b 

Vemurafenib With Lymphodepletion Plus Adoptive Cell Transfer & 
High Dose IL-2 Metastatic Melanoma 

NCT01659151 
Recruting Phase II 

Vemurafenib + Lymphodepletion + ACT with TIL Infusion + 
High Dose Interleukin-2 (IL-2) 

Ph I/II Ipilimumab Vemurafenib Combo 
NCT01400451 

Active Phase I Vemurafenib + Ipilimumab (BMS-734016) 

Combined BRAF-Targeted Therapy & Immunotherapy for 
Melanoma 

NCT01754376 
Recruting Phase II Vemurafenib +  Aldesleukin 

Ipilimumab With or Without Dabrafenib, and/or Trametinib in 
Treating Patients With Melanoma That is Metastatic or Cannot Be 
Removed By Surgery 

NCT01940809 
Recruiting Phase I ARM1- Ipilimumab 

ARM2 - Ipilimumab +Dabrafenib 

ARM3 - Ipilimumab + Trametinib 

ARM 4 - Ipilimumab+ Dabrafenib + Trametinib 

Vemurafenib and White Blood Cell Therapy for Advanced 
Melanoma 

NCT01585415 
Recruting Phase I 

Vemurafenib + Lymphodedeplition + Drug: Young TIL 
+  Aldesleukin 

Ipilimumab and Imatinib Mesylate in Advanced Cancer 
NCT01738139 

Recruiting Phase I Imatinib mesylate + Ipilimumab 
A Phase 1b Open Label, Dose Escalation Study of PLX3397 in 
Combination With Vemurafenib in V600-mutated BRAF 
Melanoma 

NCT01826448 
Recruiting Phase I Vemurafenib + PLX3397 

A Study of The Safety and Pharmacology of MPDL3280A 
Administered in Combination With Vemurafenib (Zelboraf®) in 
Patients With Previously Untreated BRAFV600-Mutation Positive 
Metastatic Melanoma 

NCT01656642 

Recruiting Phase I Vemurafenib +  MPDL3280A 

Phase II Safety Study of Vemurafenib Followed by Ipilimumab in 
Subjects With V600 BRAF Mutated Advanced Melanoma 

NCT01673854 
Recruiting Phase II 

Vemurafenib 6 weeks followed by switch to Ipilimumab 
(sequential) 
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BRAF Inhibitor Vemurafenib Improves the Antitumor Activity
of Adoptive Cell Immunotherapy

Richard C. Koya1,6, Stephen Mok1,2,3, Nicholas Otte2, Kevin J. Blacketor2, Begonya Comin-Anduix1,6,
Paul C. Tumeh4,6, Aspram Minasyan5, Nicholas A. Graham3, Thomas G. Graeber3,6, Thinle Chodon2, and
Antoni Ribas1,2,3,6

Abstract
Combining immunotherapy with targeted therapy blocking oncogenic BRAFV600 may result in improved

treatments for advanced melanoma. In this study, we developed a BRAFV600E-driven murine model of melanoma,
SM1, which is syngeneic to fully immunocompetent mice. SM1 cells exposed to the BRAF inhibitor vemurafenib
(PLX4032) showed partial in vitro and in vivo sensitivity resulting from the inhibition of MAPK pathway signaling.
Combined treatment of vemurafenib plus adoptive cell transfer therapywith lymphocytes geneticallymodifiedwith
a T-cell receptor (TCR) recognizing chicken ovalbumin (OVA) expressed by SM1-OVA tumors or pmel-1 TCR
transgenic lymphocytes recognizing gp100 endogenously expressed by SM1 resulted in superior antitumor
responses compared with either therapy alone. T-cell analysis showed that vemurafenib did not significantly alter
the expansion, distribution, or tumor accumulation of the adoptively transferred cells. However, vemurafenib
paradoxically increased mitogen-activated protein kinase (MAPK) signaling, in vivo cytotoxic activity, and
intratumoral cytokine secretion by adoptively transferred cells. Taken together, our findings, derived from 2 inde-
pendent models combining BRAF-targeted therapy with immunotherapy, support the testing of this therapeutic
combination in patients with BRAFV600 mutant metastatic melanoma. Cancer Res; 72(16); 3928–37. �2012 AACR.

Introduction
Targeted therapies that block driver oncogenicmutations in

BRAFV600 result in unprecedentedly high response rates and
improved overall survival in patients with advancedmelanoma
(1–4). However, these responses are usually of limited dura-
bility, which is a common feature of most oncogene-targeted
therapies for cancer. Conversely, many tumor immunotherapy
strategies induce low-frequency, but extremely durable, tumor
responses, frequently lasting years (5–7). The ability to com-
bine both treatment approaches could merge the benefits of
high response rates with targeted therapies and durable
response rates with immunotherapies.

Combining immunotherapy with BRAF inhibitors, such as
vemurafenib (formerly PLX4032 or RG7204) or dabrafenib
(formerly GSK2118436), 2 highly active agents for the treat-
ment of BRAFV600 mutant melanoma, is supported by concep-
tual advantages and emerging experiences (8–10) that warrant
the testing of such combinations in animal models. It has been
reported that BRAF inhibitors may synergize with tumor
immunotherapy by the increased expression of melanosomal
tumor-associated antigens following inhibition of themitogen-
activated protein kinase (MAPK) pathway (8). In addition,
there are potential theoretical limitations to such a combina-
tion, because blocking signaling through the MAPK pathway
may alter lymphocyte activation or effector functions. How-
ever, when tested at a wide range of concentrations in vitro and
in vivo, BRAF inhibitors do not have significant adverse effects
on human T lymphocyte functions (9, 11), and patients treated
with BRAF inhibitors have increased intratumoral infiltrates by
CD8þ T cells soon after therapy (10). Further, RAF inhibitors
can have a paradoxical effect of activating the MAPK pathway
through the transactivation of CRAF by a partially blocked
wild-type (WT) CRAF–BRAF dimmer (12–14). This phenom-
enon of paradoxicalMAPK activation is themolecular basis for
the development of cutaneous squamous cell carcinomas in
patients treated with BRAF inhibitors (15), and it could be
evident in activated T cells as upstream activation of TCRs has
a potent effect of activating RAS-GTP leading to enhanced
CRAF–BRAF dimerization.

Previously, no implantable syngeneic BRAFV600E-driven
murine melanoma model able to grow progressively in a fully
immunocompetent and widely used mouse strain had been
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described. We derived such a cell line frommice transgenic for
the BRAFV600E mutation with restricted expression in melano-
cytes, resulting in a murine melanoma model syngeneic to
C57BL/6 mice. This model allowed us to test the concept of
immunosensitization (16) by combining the vemurafenib-
induced inhibition of driver oncogenic BRAFV600E signaling
with adoptive cell transfer (ACT) immunotherapy. Vemurafe-
nib meets most of the criteria as an immune-sensitizing agent
(16). In humans, it selectively inhibits a driver oncogene in
cancer cells (17), which is neither present nor required for the
function of lymphocytes (9). It results in rapid melanoma cell
death in humans as evidenced by a high frequency of early
tumor responses in patients (1, 18). The antitumor activitymay
increase the expression of tumor antigens directly by tumor
cells (8), or enhance the cross-presentation of tumor antigens
from dying cells to antigen-presenting cells. In addition, the
profound and selective antitumor effects of vemurafenib
against BRAFV600 mutant melanoma cells may result in a more
permissive tumormicroenvironment allowing for an improved
effector function of CTLs, which may be further enhanced by a
direct effect of paradoxical MAPK activation. Using 2 different
TCR transgenic cell ACT models, we tested the concept of
immunosensitization with vemurafenib, showing an improve-
ment of the antitumor effects using the combination over
either single-agent therapy alone.

Materials and Methods
Mice, cell lines, and reagents
Breeding pairs of C57BL/6 (Thy1.2, Jackson Laboratories,

Bar Harbor, ME), pmel-1 (Thy1.1) transgenic mice (kind gift
from Dr. Nicholas Restifo, Surgery Branch, National Cancer
Institute, Bethesda, MD), NOD/SCID/g chainnull (NSG) mice
(NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ, Jackson Laboratory, BarHar-
bor, ME), and mice transgenic for BRAFV600E mutation expres-
sion inmelanocytes (kind gift fromDrs. Philip Hinds and Frank
Haluska, Tufts Medical Center, Boston, MA) were bred and
kept under defined-flora pathogen-free conditions at the Asso-
ciation for the Assessment & Accreditation of Laboratory
Animal Care-approved animal facility of the Division of Exper-
imental Radiation Oncology, UCLA, and used under the UCLA
Animal Research Committee protocol #2004-159. The SM1
murinemelanomawas generated froma spontaneously arising
tumor in BRAFV600E mutant transgenic mice. The tumor was
minced and first implanted into NSG mice, and then serially
implanted into C57BL/6 mice for in vivo experiments. Part of
the minced tumor was plated under tissue culture conditions
for deriving the SM1 cell line. When used in vitro, SM1 was
maintained in RPMI (Mediatech) with 10% fetal calf serum
(Omega Scientific), 2mmol/L L-glutamine (Invitrogen), and 1%
(v/v) penicillin, streptomycin, and amphotericin (Omega Sci-
entific). Sequencing for BRAFV600Emutation was carried out as
previously described (19). SM1-OVA was generated by stable
expression of OVA through lentiviral transduction as previ-
ously described (20). A plasmid expressing the 2 chains of an
MHC–I-restricted TCR specific for OVA (OT-1) was a kind gift
of David Baltimore (California Institute of Technology, Pasa-
dena, CA; ref. 21). The plasmid was recloned to express a F2A

picornavirus sequence between the TCR chains for high
expression upon transduction of murine splenocytes using a
murine stem cell virus retroviral vector as previously described
(22, 23).M202,M229, andM233arepreviously describedhuman
melanomacell lines (19). Vemurafenib (alsoknownasPLX4032,
RG7204, or RO5185426) was obtained under a materials trans-
fer agreement with Plexxikon Inc. (Berkeley, CA). Vemurafenib
was dissolved in dimethylsulfoxide (DMSO; Fisher Scientific)
and used for in vitro studies as previously described (19). For
in vivo studies, vemurafenib was dissolved in DMSO, followed
by PBS (100mL),whichwas then injecteddaily intraperitoneally
(i.p) into mice at a dose of 10 mg/kg. Because the original
formulation of vemurafenib is poorly bioavailable (1, 15), we
used a dosing regimen i.p. that has been shown to have
adequate pharmacokinetic parameters in blood (24).

SM1 oncogenic analysis
BRAFV600E sequencing was carried out as previously

described (19). Copy number analysis was conducted using
a mouse high-density genotyping array (The Jackson Labora-
tory, Bar Harbor, Maine) and data was genotyped with the R
MouseDivGeno (v1.03) software package (25). To detect
regions of copy number alteration, we selected the subset of
"chippable" invariant genomic probes (i.e., exon 1 probes;
ref. 25). Normalized and log2 transformed data was segmented
using circular binary segmentation algorithm in the R DNA-
copy package (26). The minimum number of markers for a
changed segmentwas set at 5, with a 0.0005 significance level to
accept a change-point. The segmented data was visualized in
the Integrative Genomics Viewer (27). For comparison to
human melanoma, we compared this data to copy number
alterations observed in 108 human melanoma short-term
cultures and cell lines (28).

Cell viability assays
Murine and human melanoma cells, na€�ve C57BL/6 spleno-

cytes, or activated pmel-1 splenocytes were seeded in 96-well
flat-bottom plates (5� 103 cells/well) with 100 mL of 10% fetal
calf serummedia and incubated for 24 hours. Graded dilutions
of vemurafenib or DMSO vehicle control, in culture medium,
were added to eachwell in triplicate and analyzed following the
MTS assay (Promega).

ACT therapy in vivo models
For the OVAmodel, SM1-OVA tumors were implanted s.c. in

C57BL/6 mice. When tumors reached 5 to 8 mm in diameter,
mice were conditioned for ACT with a lymphodepleting reg-
imen of 500 cGy of total body irradiation and then received 1�
106 C57BL/6-derived splenocytes i.v. that had been genetically
modified to express the OT-1 TCR by retroviral transduction as
previously described (22, 23). For the pmel-1 model, C57BL/6
mice with previously implanted SM1 tumors were treated with
lymphodepleting total body irradiation, i.v. injection of 1� 106

gp10025-33 peptide-activated pmel-1 splenocytes and subcuta-
neous vaccination with gp10025-33 peptide-pulsed dendritic
cells when tumors reached 5 to 8mm in diameter as previously
described (29, 30). In both cases, the ACT was followed by
3 days of daily i.p. administration of 50,000 IU of interleukin
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2 (IL-2). Tumors were followed by caliper measurements 3
times per week.

Flow cytometric analysis
SM1 tumors harvested from mice were digested with col-

lagenase and DNase (Sigma-Aldrich). Splenocytes and tumor-
infiltrating lymphocytes (TIL), obtained from digested SM1
tumors, were stained with antibodies to CD8a (CalTag), CD3,
CD4, Thy1.1 (Becton Dickinson Biosciences), OVA/H-2Kb tet-
ramer, or gp10025-33/H-2D

b tetramer (Beckman Coulter), and
analyzed with LSR-II or FACSCalibur flow cytometers (Becton
Dickinson Biosciences), followed by analysis using Flow-Jo
software (Tree-Star) as previously described (30). Intracellular
interferon gamma (IFN-g) staining was done as previously
described (30).

Immunofluorescence imaging
Staining was carried out as previously described (23). Briefly,

sections of OCT (Sakura Finetek) cryopreserved tissues were
blocked in donkey serum/PBS and incubated with primary
antibodies to CD8 or Thy1.1 (Becton Dickinson Biosciences),
followedby secondary donkey anti-rat antibodies conjugated to
DyLight 488 (Jackson Immunoresearch Laboratories) or strep-
tavidin-conjugated FITC (Invitrogen). Negative controls con-
sisted of isotype matched rabbit or rat immunoglobulin G in
lieu of the primary antibodies listed above. Then, 4,6-diami-
dino-2-phenylindole (DAPI) was used for the visualization of
nuclei. Immunofluorescence images were taken in a fluores-
cence microscope (Axioplan-2; Carl Zeiss Microimaging).

In vivo cytotoxicity assay
The assay was conducted as previously described (30). In

brief, splenocytes from na€�ve WT C57BL/6 mice were pulsed
with 50 mg/mL of gp10025-33 peptide or the same amount
of control OVA257-264 peptide. After 1 hour of incubation,
gp10025-33-pulsed WT splenocytes were labeled with
6 nmol/L CFSE for 10 minutes at 37�C, whereas control
OVA257-264-pulsed splenocytes were differentially labeled
with a 10-fold dilution of CFSE (0.6 nmol/L). Cells were
injected i.v. into experimental mice at 16 days after pmel-1
adoptive cell transfer. After 10 hours, 3 mice per group were
sacrificed and their spleens examined for the presence of
CFSE-labeled cells. Percent cytotoxic activity was calculated
as number of live gp10025-33 pulsed splenocytes divided by
the number of live OVA257-264 pulsed splenocytes, which
were distinguished on the basis of the 10-fold difference in
CSFE fluorescence by flow cytometry.

Bioluminescence imaging
Pmel-1 splenocytes were retrovirally transduced to express

firefly luciferase as previously described (29), and used for ACT.
Bioluminescence imaging was carried out with a Xenogen IVIS
200 Imaging System (Xenogen/Caliper Life Sciences) as pre-
viously described (22, 23).

Micro-PET/computed tomography imaging
Mice were anesthetized with 2% isoflurane. PET was con-

ducted 1 hour after intravenous administration of 200 mCi of

[18F]FDG, [18F]D-FAC, or [18F]FHBG and mice were scanned
using a FOCUS 220 micro-PET scanner (Siemens; energy
window of 350 to 750 keV and timing window of 6 ns) as
previously described (23).

Statistical analysis
Data were analyzed with GraphPad Prism (version 5) soft-

ware (GraphPad Software). AMann–WhitneyU test or ANOVA
with Bonferroni post-test was used to analyze experimental
data. Survival curves were generated by actuarial Kaplan–
Meier method and analyzed with the Jump-In software (SAS)
with log-rank test for comparisons from the time of tumor
challenge towhenmice were sacrificed due to tumors reaching
14 mm in maximum diameter, or the end of the study period
had been reached.

Results
Derivation of a BRAFV600E mutated murine melanoma
syngeneic to C57BL/6 mice

The cell line SM1 was derived from a spontaneously arising
melanoma from a mouse with the BRAFV600E oncogene spe-
cifically expressed by melanocytes. These mice had been
generated by germline insertion of the BRAFV600E gene down-
stream of the murine tyrosinase locus control region (promot-
er enhancer) as described previously (31). These melanocytes-
specific BRAFV600E transgenic mice had been backcrossed for
more than 20 generations with C57BL/6 mice. It has been
previously described that mice carrying transgenic BRAFV600E

develop melanocytic hyperplasia histologically reminiscent of
human nevi, and develop spontaneous melanomas with low
penetrance due to the dominant oncogenic senescence effect
of BRAFV600E (31). Cross-breeding them with CDKN2A or p53-
deficient mice increases the frequency of melanoma develop-
ment (31), but we found that the resulting tumors could not be
grown in C57BL/6 mice (data not shown) possibly due to
innate responses against mixed-background minor antigens
from the 2 transgenic strains. To optimize the chances of
establishing a progressively growing tumor, we first passaged
the original SM1 cells in deeply immune-deficient NSG mice,
and from there we were able to implant and develop progres-
sively growing tumors in fully immunocompetent C57BL/6
mice.

SM1 is a vemurafenib-moderately sensitive BRAFV600E

mutant melanoma
Sequencing of the hotspotT1799Amutation inBRAF showed

the presence of the BRAFV600E transversion in SM1 cells (Fig.
1a). Whole-genome copy number analysis showed multiple
genomic aberrations in SM1, with frequent deletions and
amplifications (Supplementary Fig. S1A), which is a common
finding in human melanomas. Among target genes of interest,
SM1 has deletion of CDKN2A and amplification of BRAF and
MITF genes (Supplementary Fig. S1B), events that are also
frequently observed in human melanoma (Supplementary Fig.
S1C). We tested the antitumor effects of single-agent vemur-
afenib against SM1 by in vitroMTS cell proliferation assay after
72 hours of treatment. The 50% inhibition concentration (IC50)
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of vemurafenib was 14 mmol/L, which is approximately one log
higher than the sensitivity of M229 (IC50 of 0.5 mmol/L), a
BRAFV600E mutant human melanoma cell line highly sensitive
to vemurafenib, and at a similar range as the relatively resistant
BRAFV600Emutant human melanoma cell line M233 (IC50 of 15
mmol/L). SM1 was more sensitive to vemurafenib than the
NRASQ61L mutant (and BRAF WT) M202 and M207 cell lines
(IC50 >200 mmol/L; Fig. 1B). Despite its relative resistance in
MTS assays, SM1 responded to vemurafenib in vitro as showed
by a profound G1 arrest effect (Fig. 1C), and evidence of
apoptotic cell death with increasing concentrations (Fig.
1D). Further, the exposure of SM1 to vemurafenib resulted in
the expected effects of inhibiting downstream MAPK pathway
signaling with additional inhibition of the PI3K/AKT signaling
(Fig. 1E), similar to that previously described in BRAFV600E

mutant human melanoma cell lines (19, 32). SM1 tumors

established subcutaneously in C57BL/6 mice responded to
single-agent vemurafenib with a growth delay compared with
the progressive tumor growth in mice treated with vehicle
control (Fig. 1F). As with our prior results in tests conducted
on human lymphocytes (9), increasing concentrations of
vemurafenib did not negatively alter the viability of murine
lymphocytes (Fig. 2A). Further, analysis for pERK showed
paradoxical MAPK activation, shown by increase in pERK,
most notably at 1 and 5 mmol/L, when murine splenocytes
were exposed to vemurafenib and assayed 24 hours later
(Fig. 2b). Because the response to single-agent vemurafenib
was not complete and this BRAF inhibitor did not negatively
affect murine splenocytes, we hypothesized that SM1 would
be a useful model to test the potential beneficial effects of
adding an immunotherapy strategy to the treatment with
vemurafenib.

Figure 1. Effects of vemurafenib in
the murine SM1 BRAFV600E mutant
melanoma cell line. A, detection of
BRAFV600E mutation (T1799A) in
SM1 by DNA sequencing. B, human
melanoma cell-lines andmurine SM1
melanoma cells were exposed to
increasing concentrations of
vemurafenib for IC50 determination
using an MTS assay. C, cell-cycle
arrest in SM1 cells induced by
vemurafenib (15 mmol/L) after a
72-hour exposure analyzed by flow
cytometry. D, apoptosis marker
analysis of SM1 cells exposed to
vemurafenib for 72 hours at
15 mmol/L analyzed by flow
cytometry. E, immunoblotting for
analysis of signaling molecules after
vemurafenib exposure of SM1 cells
at increasing concentrations for 1 or
24 hours. F, SM1 tumor implanted
mice were injected i.p. daily with
10 mg/kg of vemurafenib or vehicle
control and followed for tumor-size
changes over time.
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Combined therapy with vemurafenib and ACT
immunotherapy improves antitumor responses against
SM1 tumors

We generated a mouse model targeting the model tumor
antigenOVA.We stably expressedOVA in SM1cells to generate
SM1-OVA for studies of ACT with splenocytes expressing a
TCR specific for OVA (Fig. 3A and 3B). Lymphodepleted
C57BL/6 mice with established subcutaneous SM1-OVA
tumors received ACT of splenocytes obtained from C57BL/6
mice genetically modified with a retroviral vector expressing
the 2 chains of the OVA-specific TCR (Fig. 3C and 3D). We
titrated the conditions of this immunotherapy to provide a
suboptimal antitumor activity (similar in range to single-agent
vemurafenib) to allow the testing of the benefits of the com-
bination. In 2 replicate experiments, the combined therapy of
vemurafenib and OT-1 TCR-engineered splenocyte ACT was
consistently superior to either therapy alone (Fig. 3E), and it
improved survival (Fig. 3F; P ¼ 0.0004 by log rank test).

As the OVA model is based on the recognition of a foreign
antigen, we decided to confirm the results in the pmel-1 ACT
model (Fig. 4A). The pmel-1 model is based on T cells trans-
genic for a TCR recognizing the murine melanosomal antigen
gp100 (33), which is endogenously expressed by SM1 (Fig. 4B).
In 3 replicate experiments, the combined therapy with pmel-1
ACT and vemurafenib provided superior antitumor activity
comparedwith either therapy alone,which had been titrated to
provide a suboptimal response against established SM1

tumors (Fig. 4C). As with the OVA model, Kaplan–Meier
analysis of actuarial survival curves generated with the com-
bined data from 3 replicate experiments showed that the
combined therapy improved survival compared with single
therapies (Fig. 4D; P < 0.0001 by log rank test).

Vemurafenib does not alter the tumor antigen or MHC
expression by SM1 cells

A hypothesized mechanism of improved antitumor activity
of combining BRAF targeted therapy with immunotherapy is
an increase in tumor antigen or MHC expression by cancer
cells (8). Therefore, we tested whether exposure to vemurafe-
nib increased the expression of the gp100 melanoma tumor
antigen or the expression of surface MHCmolecules, as well as
the recognition by TCR transgenic cells specific for gp100.
However, vemurafenib did not significantly alter gp100 tumor
antigen expression by SM1 cells (Fig. 4B). The baseline expres-
sion of the MHCmolecule H2-Db was very low in cultured SM1
cells, and it did not significantly change on exposure to
vemurafenib (Supplementary Fig. S2).

No difference in T-cell number, distribution, and tumor
targeting of ACT therapy when combined with
vemurafenib

It has been reported that biopsies of some patients treated
with BRAF inhibitors have increased CD8 infiltrates (10). To
analyze whether vemurafenib expanded or changed the dis-
tribution of adoptively transferred cells in vivo with higher
accumulation in tumors, we analyzed their presence in spleens,
tumor-draining lymph nodes, and tumors. However, in our
model there was no evidence of either a systemic (spleen or
lymph nodes) or local (tumor) increase in the quantity of
adoptively transferred antitumor T cells with treatment with
vemurafenib (Fig. 5A and 5B; Supplementary Fig. S3A and 3B).
To rule out the possibility that weweremissing an effect by not
analyzing the whole animal, we genetically labeled the adop-
tively transferred cells with the firefly luciferase transgene to
allow their in vivo tracking using bioluminescence imaging.
Again, there was no evidence of a differential expansion or in
vivo distribution and tumor targeting by the adoptively trans-
ferred pmel-1 cells when mice were treated with vemurafenib
(Fig. 5C). The quantitative analysis of luciferase activity over
time in mice treated with pmel-1 ACT alone or pmel-1 ACT
combined with vemurafenib showed similar in vivo distribu-
tion to lymphoid organs and to the antigen-matched tumors
(Fig. 5D). Further, we employed a higher resolution method to
visualize a differential systemic immune response using the
PET probe [18F]FAC, which has preferential uptake by acti-
vated murine lymphocytes (34). Again, there was no difference
in the PET scan images with or without systemic treatment
with vemurafenib (Supplementary Fig. S4).

Increased functional activation of intratumoral
lymphocytes with exposure to vemurafenib

The in vivo cytotoxicity assay allowed testing of whether
vemurafenib had a direct effect of enhancing lymphocyte
cytotoxicity in vivo, independent of its effects on SM1 tumor
cells, as the targets are syngeneic splenocytes devoid of the
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Figure 2. A, effects of vemurafenib on murine splenocyte viability. Cell
viability assay (MTS) at different time points and doses of vemurafenib in
ex vivo activated pmel-1 splenocytes. B, immunoblotting for analysis of
phosphorylated ERK (pERK) and total ERK after vemurafenib exposure of
ex vivo gp-100 peptide activated pmel-1 splenocytes at increasing
concentrations for 24 hours.
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BRAFV600E mutation. In 3 replicate experiments the ACT of
pmel-1 cells induced potent cytotoxic effects against spleno-
cytes pulsedwith the gp100 peptide, but not against the control
OVA peptide. The cytotoxicity increased with systemic treat-
ment with vemurafenib when analyzed at limiting numbers of
adoptively transferred pmel-1 cells (Fig. 6A), but not when the
number of pmel-1 cells adoptively transferred was 1 log higher
and the pmel-1 cells already had a very high lytic activity
against gp100 peptide pulsed splenocytes (Supplementary Fig.
S5). We then analyzed the activation state of TILs by detecting
cytokine production. In 2 replicate experiments, TIL collected
from mice treated with the combination showed a higher
ability to respond to short-term ex vivo restimulation with the
gp100 antigen, as assessed by IFN-g secretion (Fig. 6B; Sup-

plementary Fig. S6). Therefore, the addition of vemurafenib
increased the functionality of adoptively transferred pmel-1
cells in terms of their ability to release an immune stimulating
cytokine and intrinsic antigen-specific lytic activity.

Discussion
The two approaches with high response rates for the treat-

ment of patients with metastatic melanoma are BRAF inhibi-
tors and lymphocyte ACT therapies with ex vivo expanded
melanoma-specific T cells (1, 18, 35). However, in both cases,
tumors frequently relapse after an initial response (18, 36).
Our data supporting the combination of ACT with vemurafe-
nib provides a strong rationale to translate combined

Figure 3. Combined antitumor
activity of TCR engineered adoptive
cell adoptive cell transfer (ACT)
immunotherapy and vemurafenib in
the ovalbumin (OVA) model. A,
schematic of the OT-1 TCR
engineered ACT model based on
adoptively transferring C57BL/6
splenocytes, stably transduced to
express a TCRspecific forOVAusing
retroviral transduction, into
lymphodepleted mice with
previously established flank SM1
cells stably expressing OVA (SM1-
OVA). Vemurafenib or DMSO vehicle
control was started on day þ2 from
the tumor, and on day þ7, mice
received the ACT of OVA-specific
TCR-transduced splenocytes with
lymphodepleting radiation therapy
the day before, followed by 3 days of
systemic IL-2 therapy. B, Western
blot analysis for OVA expression in
parental SM1 cells (line 1), SM1-OVA
cells (line 2), and SM1-OVA tumor
graft (line 3). C, schematic of the
murine stem cell virus-based
retroviral vector co-expressing the
alpha and beta chains of the OT-1
TCR linked by a F2A picornavirus
sequence. D, tetramer analysis for
OVA-specific surface TCR
expression on splenocytes from
C57BL/6 untransduced (left panel) or
transduced with the OT-1 TCR-
expressing retrovirus. E, tumor
growth curves in C57BL/6 mice with
established SM1-OVA tumors. F,
Kaplan–Meier actuarial plot of time to
mouse sacrifice due to large tumor
burden or to study termination when
tumor size was less than 14 mm in
maximum diameter, combining
results from 2 replicate experiments
in the OVA TCR engineered ACT
model.
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immunotherapy and targeted therapy for patients with
BRAFV600 mutant metastatic melanoma. The scientific ratio-
nale for combinations of targeted therapies and immunother-
apy is based on the notion that pharmacologic interventions
with specific inhibitors of oncogenic events in cancer cells
could sensitize cancer cells to immune attack, which has been
termed immunosensitization (16). An immune-sensitizing
agent should ideally block key oncogenic events in cancer
cells, resulting in an increase in cell-surface ligands for immune
effector cells, and induce an intracellular pro-apoptotic cancer
cellmilieu, whichwould enhance the ability of immune effector
cells such as CTLs and natural killer cells to recognize and kill
cancer cells. At the same time, immune-sensitizing agents
should not impair the viability or function of immune effector
cells (16). Most of these desired features could be fulfilled by
specific BRAF inhibitors currently used in patients with
BRAFV600 mutant metastatic melanoma (8–10).

We explored the potential mechanisms by which vemura-
fenib could improve the antitumor activity of adoptively
transferred T cells in 2 animal models. Our studies show that
this BRAF inhibitor does not change the cell expansion or
distribution of adoptively transferred cells bymorphologic and
molecular imaging studies. However, lymphocytes exposed to
vemurafenib have higher pERK, which is a key feature of an
activated MAPK signaling pathway. Further, we noted an
immune cell-intrinsic ability to increase the cytotoxic function
of antigen-specific T cells, and TILs from vemurafenib-treated
mice had higher functional activation with increased ability to
release the immune-stimulating cytokine IFN-g following anti-
gen re-exposure. These immune-activating effects of vemur-
afenib can be explained by the ability of RAF inhibitors to
paradoxically activate the MAPK pathway in cells that are WT
for BRAF but have strong upstream signaling (12–15). There-
fore, it is possible that, in this model with a moderately

Figure 4. Combined antitumor
activity of TCR engineered
adoptive cell adoptive cell transfer
(ACT) immunotherapy and
vemurafenib in the pmel-1 model.
A, schematic of the pmel-1 model,
where C57BL/6 mice with
established SM1 tumors received
vemurafenib or DMSO vehicle
control from day þ2 after tumor
implantation, lymphodepleting
radiation therapy on day þ7, and
the adoptive transfer of pmel-1
splenocytes activated in vitro with
gp100 peptide on dayþ7. This was
followedwith 3daysof systemic IL-
2 therapy and gp100 peptide
pulsed dendritic cell (DC) vaccines
ondayþ7. B,Western blot analysis
for gp100 expression in parental
SM1 cells exposed to DMSO
vehicle control or vemurafenib
(PLX4032) at 3 different
concentrations for 1 or 24 hours.
Protein loading was normalized to
tubulin. C, tumor growth curves in
C57BL/6 mice with established
SM1 tumors. D, Kaplan–Meier
actuarial plot of time to mouse
sacrifice due to large tumor burden
or to study termination when tumor
size was less than 14 mm in
maximum diameter, combining
results from 2 replicate
experiments in the pmel-1 ACT
model.
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sensitive tumor target, the main beneficial effects of vemur-
afenib are derived from the ability of this agent to directly
improve immune effector functions independent of the effects
against the BRAFV600E mutant tumor.
One of the potentialmechanisms of combinatorial activity of

tumor-damaging agents and immunotherapy, leading to
increased TIL activation, is an increased antigen presentation
by the tumor cells themselves (8). However, in our studies we
could not readily detect an increase in tumor antigen or MHC
molecule expression by SM1 cells exposed to vemurafenib. An
alternative approach leading to increased antigen presentation
would be an increased tumor antigen cross-presentation by
host antigen-presenting cells picking up antigen released by
dying cancer cells. However, it is hard to develop direct
evidence of tumor antigen cross-presentation in these animal
models, which may be further explored. In addition, it is
possible that vemurafenib could alter the tumor microenviro-
ment inhibiting the production of immune suppressive factors
by the melanoma cells, leading to increased adoptively trans-
ferred lymphocyte activationwithout increasing antigen cross-
presentation. A slower tumor growth and blocking the onco-
genic MAPK pathway signaling would favorably modulate the

tumor microenviroment allowing antitumor lymphocytes to
be better activated and produce IFN-g as we have detected.

It is possible that themechanism of improved combinatorial
effects may be different in a BRAFV600 mutant tumor with
higher sensitivity to vemurafenib. In our models based on the
SM1 cell line, single-agent vemurafenib had a mainly anti-
proliferative effect in vivo, as opposed to the induction of
rapid tumor regression. SM1 is relatively resistant to single-
agent vemurafenib in vitro and in vivo, possibly because of
the multiple genomic alterations in this cell line, including
deletion of CDKN2A and amplification of BRAF and MITF. In
fact, amplification of BRAFV600E is a bona fide mechanism of
resistance to BRAF inhibitors in the clinical setting (37), and
possibly the main reason why SM1-established tumors in
mice do not regress with the treatment with vemurafenib. If
new murine melanoma cell lines driven by BRAFV600E are
developed in the future with higher in vitro and in vivo
sensitivity to BRAF inhibitors, it is possible that even more
synergistic effects of BRAF inhibitors with immunotherapy
may be detected. A rapid tumor response may be more likely
to induce tumor antigen-specific T-cell activation by antigen
cross-presentation, or inhibition of the immunosuppressive

Figure 5. Effects of vemurafenib on
the number or distribution of
adoptively transferred lymphocytes.
A, pmel-1 transgenic T cells were
used for ACT in the pmel-1 combined
therapy model. Tumors were
harvested on day þ5 after ACT and
representative H&E (left) and
immunofluorescence for pmel-1
cells stained with anti-Thy1.1-FITC
(green, right), and nuclei stained with
DAPI (blue, right). B, splenocytes and
TILs harvested at day5were counted
and analyzed by flow cytometry for
gp100 tetramer/Thy1.1/CD3/CD8
staining. C, in vivo biolumine-scence
imaging of TCR transgenic T-cell
distribution. Pmel-1 transgenic T
cells were transduced with a
retrovirus-firefly luciferase and used
for ACT. Representative figure at day
5 depicting 3 replicate mice per
group. D, quantitation of
bioluminescence imaging of serial
images obtained through day 14
post-ACT of pmel-1 transgenic cells
expressing firefly luciferase with 3
mice per group.
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tumor microenvironment, and the responding tumor may
enlist inflammatory cells producing chemokine attractants
for lymphocytes, resulting in increased intratumoral
infiltration.

In conclusion, combined therapy with the BRAFV600-specific
inhibitor vemurafenib and TCR-engineered ACT resulted in
superior antitumor effects against a fully syngeineic BRAFV600E

mutant melanoma. Although the absolute number of T cells
infiltrating the tumor was not increased by vemurafenib, the
combination increased the functionality of antigen-specific T
lymphocytes. Therefore, our studies support the clinical testing
of combinations of BRAF targeted therapy and immunother-
apy for patients with advanced melanoma.
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Microenvironment and Immunology

Inhibition ofCSF-1Receptor Improves theAntitumor Efficacy
of Adoptive Cell Transfer Immunotherapy

Stephen Mok1, Richard C. Koya10, Christopher Tsui8, Jingying Xu1, Lídia Robert8, Lily Wu1,4,5,6,
Thomas G. Graeber1,2,4,7, Brian L. West9, Gideon Bollag9, and Antoni Ribas1,2,3,4,8

Abstract
Colony stimulating factor 1 (CSF-1) recruits tumor-infiltrating myeloid cells (TIM) that suppress tumor

immunity, including M2 macrophages and myeloid-derived suppressor cells (MDSC). The CSF-1 receptor
(CSF-1R) is a tyrosine kinase that is targetable by small molecule inhibitors such as PLX3397. In this study, we
used a syngeneic mouse model of BRAFV600E-driven melanoma to evaluate the ability of PLX3397 to improve
the efficacy of adoptive cell therapy (ACT). In this model, we found that combined treatment produced
superior antitumor responses compared with single treatments. In mice receiving the combined treatment, a
dramatic reduction of TIMs and a skewing of MHCIIlow to MHCIIhi macrophages were observed. Further-
more, mice receiving the combined treatment exhibited an increase in tumor-infiltrating lymphocytes (TIL)
and T cells, as revealed by real-time imaging in vivo. In support of these observations, TILs from these mice
released higher levels of IFN-g . In conclusion, CSF-1R blockade with PLX3397 improved the efficacy of ACT
immunotherapy by inhibiting the intratumoral accumulation of immunosuppressive macrophages. Cancer
Res; 74(1); 153–61. �2013 AACR.

Introduction
Established solid tumors consist of both transformed neo-

plastic cells and nontransformed host cells such as stromal
cells, lymphocytes, dendritic cells, macrophages, and myeloid-
derived suppressor cells (MDSC). In order to escape immune
responses, tumor cells manipulate the surrounding tumor
microenvironment by producing cytokines that suppress cyto-
lytic T cells and recruit immunosuppressive cells (1–3). Colony-
stimulating factor 1 (CSF-1) is a cytokine frequently produced
by several cancers, including melanoma (4, 5). The secreted
CSF-1 binds to the tyrosine kinase receptor CSF-1 receptor
(CSF-1R) on the myeloid cells, which results in increased
proliferation and differentiation of myeloid cells into type
M2 macrophages and MDSCs, and their recruitment into
tumors (6, 7). The M2-polarized macrophages and MDSCs use

several mechanisms to induce an immunosuppressive tumor
environment, such as the release of arginase I or inducible
nitric oxide synthase, leading to T-cell inhibition (1). Therefore,
an immunosuppressive tumor milieu mediated by CSF-1 may
limit the antitumor activity of tumor immunotherapy and lead
to low response rates (3).

In prior studies, we have established a BRAFV600E mutant
murinemelanoma cell line, SM1, to provide a relevantmodel of
melanoma in fully syngeneic immunocompetent mice (8).
BRAFV600E is the driver oncogene in approximately 50% of
human melanomas (9). Besides being driven by the BRAFV600E

oncogene, SM1 has multiple genomic aberrations in a pattern
similar to 108 human melanoma cell lines based on results of
high-density single-nucleotide polymorphism/copy number
alteration arrays. It includes amplification of oncogenic
BRAFV600E and of themicrophthalmia-associated transcription
factor, and a deletion of CDKN2A. In the SM1 model, adoptive
cell transfer (ACT) of melanoma-targeted T cells induces
antitumor responses that are enhanced by the addition of the
BRAF inhibitor vemurafenib (8). In addition, this mousemodel
has been used to test the antitumor effects of several immune
modulating antibodies, including anti-CTLA4, anti-PD-1, anti-
TIM3, and agonistic anti-CD137 (41BB; ref. 10). Only anti-
CD137 had significant antitumor activity alone or in combi-
nation with BRAF inhibitor therapy, suggesting that there may
be factors in the tumor microenvironment that inhibit the
effector arm of the immune system.

PLX3397 is a potent tyrosine kinase inhibitor that is selected
for its ability to inhibit CSF-1R. It is currently in clinical
development as a single agent or in combination therapy for
the treatment of patients with glioblastoma, breast cancer, and
other cancers through its inhibition of the CSF-1R, and also
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acute myelogenous leukemia through its inhibition of FLT3-
ITD. In preclinical models, CSF-1R inhibitors including
PLX3397 have been reported to inhibit the immunosuppressive
tumor milieu and facilitate immune responses to cancer
(11–14). We hypothesized that a combination of PLX3397 and
ACT immunotherapy would improve the tumor microenvi-
ronment through the inhibition of immunosuppressive mye-
loid cells, resulting in better T-cell antitumor functions. Our
results demonstrate significantly enhanced efficacy of the
combined treatment, mediated by decreasing TIMs and
increasing activated tumor-infiltrating lymphocytes (TIL)
compared with either of the single treatment groups.

Materials and Methods
Mice, cell lines, and reagents

C57BL/6 mice, OT-1 transgenic mice (The Jackson Labora-
tories), pmel-1 (Thy1.1) transgenic mice (kind gift from Dr.
Nicholas Restifo, Surgery Branch, National Cancer Institute,
Bethesda, MD), and NOD/SCID/g chainnull (NSG) mice (NOD.
Cg-PrkdcscidIl2rgtm1Wjl/SzJ; The Jackson Laboratory) were bred
and kept under defined-flora pathogen-free conditions at the
Association for Assessment and Accreditation of Laboratory
Animal Care International-approved animal facility of the
Division of Experimental Radiation Oncology, University of
California, Los Angeles (UCLA), Los Angeles, CA, and used
under the UCLA Animal Research Committee protocol #2004-
159. The B16murinemelanoma cell line was obtained from the
American Type Culture Collection and maintained in Dulbec-
co's Modified Eagle Medium (Mediatech, Inc.) with 10% fetal
calf serum (FCS; Omega Scientific) and 1% penicillin, strepto-
mycin, and amphotericin (Omega Scientific). The SM1 murine
melanoma was generated from a spontaneously arising tumor
in BRAFV600E mutant transgenic mice as previously described
(15). SM1 was maintained in RPMI (Mediatech) with 10% FCS
(Omega Scientific), 2 mmol/L L-glutamine (Invitrogen) and 1%
penicillin, streptomycin, and amphotericin. SM1-OVA was
generated by the stable expression of ovalbumin (OVA)
through lentiviral transduction as previously described (15).
PLX3397 was obtained under a materials transfer agreement
with Plexxikon Inc.. PLX3397 was dissolved in dimethyl sulf-
oxide (DMSO; Fisher Scientific). For in vivo studies, PLX3397
was dissolved in DMSO, and then in a suspension made by
dilution into an aqueousmixture of 0.5%hydroxypropylmethyl
cellulose and 1% polysorbate (PS80; Sigma-Aldrich). Of note,
100 mL of the suspended drug was administered by daily oral
gavage into mice at 50 mg/kg when tumors reached 3 mm in
diameter. For macrophage depletion studies, 1 mg of clodro-
nate (Clodrosome) was injected intraperitoneally (i.p.) every 5
days. For antibody-mediated depletion studies, 250 mg of anti-
CD8 antibody, 200mg of anti-CSF-1, or isotype control antibody
(BioXCell) was injected i.p. every 3 days.

Cell viability assays
Murine melanoma cells (5� 103 cells per well) and activated

C57BL/6 splenocytes (5 � 104 cells per well) were seeded on
96-well flat-bottomed plates with 100 mL of 10% FCS media
and incubated for 24 hours. Graded dilutions of PLX3397 or

DMSO vehicle control, in culture medium, were added to each
well in triplicate and analyzed byusing a tetrazoliumcompound
MTS-based colorimetric cell proliferation assay (Promega).

Adoptive cell transfer therapy in vivo models
B16, SM1-OVA, or SM1 cells were implanted subcutane-

ously in C57BL/6 mice, and when tumors reached 5 mm in
diameter, mice were conditioned for ACT with a lympho-
depleting regimen of 500 cGy of total body irradiation. Then
they received 2� 105 or 1� 106 OVA257-264 peptide-activated
OT-1 splenocytes or gp10025-33 peptide-activated pmel-1
splenocytes intravenously as previously described (15). In
both cases, the ACT was followed by 3 days of daily intra-
peritoneal administration of 50,000 IU of interleukin (IL)-2.
Tumors were followed by caliper measurements three times
per week.

Flow cytometry analysis
SM1 tumors, lungs, blood, bone marrow, and spleens were

harvested from mice. Tumors and lungs were further digested
with collagenase (Sigma-Aldrich). TIMs obtained from
digested SM1 tumors were stained with antibodies to Gr-1,
CD11b, F4/80, MHCII (eBiosciences), and Ly6C (BD Bios-
ciences). TILs were stained with antibodies with CD3, Thy1.1
(BD Biosciences), CD4, and CD8 (eBiosciences) and analyzed
with a LSR-II or FACSCalibur flow cytometers (BD Bio-
sciences), followed by Flow-Jo software (Tree-Star) analysis
as previously described (16). Intracellular IFN-g staining was
done as previously described (16).

Immunofluorescence imaging
Staining was performed as previously described (15).

Briefly, sections of OCT (Sakura Finetek) cryopreserved
tissues were blocked in donkey serum/PBS and incubated
with primary antibodies to Gr-1 (BD Biosciences) or F4/80
(Abcam), followed by secondary donkey anti-rat antibodies
conjugated to DyLight488 (Jackson Immunoresearch Labo-
ratories). Negative controls consisted of isotype-matched
rabbit or rat immunoglobulin G in lieu of the primary
antibodies listed earlier. 40,6-Diamidino-2-phenylindole
(DAPI) was used for the visualization of nuclei. Immunoflu-
orescence images were taken in a fluorescence microscope
(Axioplan-2; Carl Zeiss Microimaging).

Bioluminescence imaging
OT-1 or pmel-1 splenocytes were retrovirally transduced to

express firefly luciferase as previously described (15), and used
for ACT. Bioluminescence imaging (BLI) was performed with a
Xenogen IVIS 200 Imaging System (Xenogen/Caliper Life
Sciences) as previously described (15).

Statistical analysis
Data were analyzed with GraphPad Prism (version 5) soft-

ware (GraphPad Software). A Mann–Whitney test or ANOVA
with Bonferroni posttest was used to analyze experimental
data. Survival curves were generated by the actuarial Kaplan–
Meier method and analyzed with the Jump-In software (SAS)
with log-rank test for comparisons from the time of tumor
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challenge towhenmice were sacrificed due to tumors reaching
14 mm in maximum diameter, or the end of the study period
had been reached.

Results
PLX3397 does not have direct cytotoxic effects against
SM1 and preserves splenocytes
We tested the effects of single agent PLX3397 against SM1

using an in vitro MTS cell proliferation assay after 72 hours
of exposure to rule out a potential direct antitumor effect of
this CSF-1R inhibitor in the SM1 murine melanoma cell line.

An IC50 was not reached even at 1 mmol/L (Fig. 1A). In addition
to its resistance in MTS assays, exposure of SM1 to PLX3397 at
the range of concentrations between 10 nmol/L and 1 mmol/L
showed no inhibition of the downstream mitogen–activated
protein kinase signaling pathway (Fig. 1B). SM1 does not
express either CSF-1R or c-kit by fluorescence-activated
cell sorting (FACS) analysis and gene expression profiling
(data not shown); these are the two main targets of PLX3397.
SM1 also produces high levels of CSF-1 protein and its level is
not affected by PLX3397 at 1 mmol/L (Supplementary Fig. S1).

We then ruled out that PLX3397 had a potential detri-
mental effect against T cells. Increasing concentrations of
PLX3397 did not negatively alter the viability of murine
splenocytes after 72 hours of treatment (Fig. 1C). In contrast,
1 mmol/L of PLX3397 was enough to downregulate pErk level
and to kill cells that were dependent on CSF-1/CSF-1R for
growth such as myeloid cells and microglia cells (12, 17).
Therefore, because single-agent PLX3397 did not affect the
viability of either SM1 cells or murine splenocytes, this
supports SM1 as a permissive model for testing the effects
of PLX3397 to improve the antitumor activity of ACT
immunotherapy.

Combined therapy with PLX3397 and ACT
immunotherapy improves antitumor responses against
SM1 tumors

Lymphodepleted C57BL/6 mice with established subcu-
taneous SM1-OVA tumors received ACT of splenocytes
obtained from OT-1 mice expressing an OVA-specific T-cell
receptor (TCR). We titrated the application of immunother-
apy to provide a suboptimal antitumor effect that was
similar to the antitumor effect of single agent PLX3397 so
that the effect of combination could be revealed (Fig. 2A).
The combined therapy for PLX3397 and OT-1 TCR trans-
genic ACT demonstrated superior antitumor effects com-
pared with either therapy alone in duplicate experiments
and improved overall survival (Fig. 2B; Supplementary Fig.
S2a). As the OVA model is based on the recognition of a
foreign antigen, we further confirmed the results in the
pmel-1 ACT model that is based on transgenic T cells with
a TCR recognizing gp100, a murine melanosomal antigen
endogenously expressed by SM1 (Fig. 2C; ref. 8). In replicate
studies, the combined therapy with pmel-1 ACT and
PLX3397 also had superior antitumor response compared
with either single agent therapy alone and improved survival
(Fig. 2D; Supplementary Fig. S2a). To also test the general
applicability of combining PLX3397 and pmel-1 ACT, anoth-
er murine melanoma model, B16 was used. Combined
therapy also demonstrated superior antitumor response
compared with either therapy alone in duplicate experi-
ments (Supplementary Fig. S2b).

Decrease in tumor-infiltrating macrophages by
inhibition of CSF-1R by PLX3397

To analyze whether PLX3397 changed the magnitude of
TIMs, including macrophages and MDSCs, we analyzed their
presence in tumors by immunofluorescence. There was a de-
crease in the quantity of F4/80(þ) macrophages in both
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the PLX3397 single agent group and the combined group
compared with vehicle or ACT single treatment groups
(Fig. 3A). Analysis of tumors, spleens, lungs, blood, and bone
marrow frommice treated with PLX3397 demonstrated that the
effects of PLX3397 were specific for intratumoral macrophages
as opposed to a systemic depletion ofmacrophages. Therewas a
local (tumor) decrease in quantity of F4/80(þ) CD11b(þ)
macrophages but no significant decrease systemically (Fig.
3B and D; Supplementary Fig. S3). To further characterize the
phenotype of the remaining macrophages, MHCII expression
was analyzed by FACS. There was a shift in macrophage
phenotype from MHCIIlow to MHCIIhi upon treatment with
PLX3397 (Fig. 3C and D; Supplementary Fig. S3).

No difference in MDSC number and ratio of PMN/MO-
MDSC in combined treatment of ACT with PLX3397

The level of MDSCs in SM1 tumors was first analyzed by
immunofluorescence. The MDSCs were present at a low level
in tumors and their level seemed to be unaltered by ACT or
PLX3397 treatment (Fig. 4A). To better enumerate the
magnitude and distribution of MDSCs in vivo, we analyzed
their presence in tumors, spleens, lungs, blood, and bone
marrow by flow cytometry. Confirming the immunofluores-
cence data, there was no change in the already low (�4%–
6%) baseline quantity of Gr-1(þ) CD11b(þ) MDSCs follow-
ing treatment with PLX3397 (Fig. 4B and D; Supplementary
Fig. S3). We then examined whether PLX3397 altered the
ratio between the two recognized subsets of MDSCs, the
polymorphonuclear MDSCs (PMN-MDSC, Gr-1hi Ly6Clow),
and the monocytic MDSCs (MO-MDSC, Gr-1low Ly6Chi).
There was no significant difference between PLX3397 trea-
ted and nontreated groups in MDSC subsets, just as there
was no change in total MDSCs (Fig. 4C and D; Supplemen-
tary Fig. S3).

Effect of CSF-1 or macrophage depletion overlapped
with the effects of PLX3397

In order to confirm the role of CSF-1 in the activity of
PLX3397, PLX3397 treatment was combined with anti-CSF-1
antibody in mice that received ACT with pmel-1 splenocytes.
There was no improvement in antitumor activity in the
PLX3397, pmel-1 ACT, and anti-CSF-1 antibody treatment
groups, compared with mice receiving PLX3397 and pmel-1
ACT therapy with an isotype control antibody (Fig. 5A),
suggesting that the effects of PLX3397 and anti-CSF-1 anti-
body-mediated depletion might be overlapping. To deter-
mine if the target of PLX3397 was macrophages, mice with
established SM1 tumors were treated with PLX3397 in
combination with clodronate, an agent that depletes macro-
phages. There was no enhanced antitumor response in the
combined treatment group of PLX3397 and clodronate com-
pared with either single treatment group (Fig. 5B). These
studies suggest that PLX3397 mediated its effects through
inhibition of immunosuppressive CSF-1–responding intra-
tumoral macrophages.

PLX3397 increases the expansion, distribution, and
functional activation of intratumoral lymphocytes

To analyze whole animal T-cell distribution in the pres-
ence or absence of PLX3397, we genetically labeled the
adoptively transferred OT-1 T cells with firefly luciferase
transgene for in vivo BLI. There was an increased expansion,
in vivo distribution to tumor, and tumor targeting by adop-
tively transferred OT-1 T cells when mice were treated with
PLX3397 (Fig. 6A). The quantitative analysis of T-cell-asso-
ciated luciferase activity in mice treated with OT-1 ACT
combined with PLX3397 showed increased accumulation
within OVA antigen-matched tumors over time (Fig. 6B;
Supplementary Fig. S4a). Furthermore, we repeated BLI
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with lymphodepleted mice
harboring SM1 tumors that
adoptively received pmel-1
splenocytes and PLX3397. D,
tumor growth curves of established
SM1 tumors in C57BL/6 mice
through day 18. p.o., orally.
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using pmel-1 T cells also labeled with the firefly luciferase
transgene and used for ACT. Again, PLX3397 increased the
expansion of pmel-1 T cells distributed to gp100 positive
antigen-matched SM1 tumors (Fig. 6C). Mice that received
pmel-1 ACT combined with PLX3397 also demonstrated an
increased intratumoral accumulation of luciferase activity to
tumors over time (Fig. 6D; Supplementary Fig. S4b). We then
analyzed the activation state of TILs by detecting cytokine
production. In two replicate experiments, TILs collected
from mice treated with the combination of pmel-1 ACT and
PLX3397 showed a higher ability to secrete IFN-g and to
respond to short term ex vivo restimulation with the gp100
antigen (Fig. 6E). Therefore, treatment with PLX3397
increased both the number and functionality of adoptively
transferred antitumor antigen-specific T cells.

The antitumor activity of PLX3397 is T-cell-dependent
Single agent PLX3397 treatment demonstrated a weak but

reproducible antitumor response compared with vehicle con-
trol (Figs. 2B, C, and 5B). We tested if this antitumor activity
was mediated by endogenous cytotoxic CD8 T cells. SM1
tumors were implanted in C57BL/6 mice without irradiation

and received PLX3397 in combination with anti-CD8 antibody.
The depletion of CD8þ cells abrogated the antitumor activity
of single agent PLX3397 (Fig. 7A). To further test the role of
immune cells in the antitumor activity of PLX3397, immuno-
deficient NSG mice were implanted with SM1 tumors and
dosed with PLX3397. In these immunodeficientmice there was
no antitumor activity of PLX3397 compared with mice receiv-
ing vehicle control (Fig. 7B). Finally, we tested whether the
antitumor effects of PLX3397 was also dependent on cytotoxic
CD8 T cells in the pmel-1 ACT model. C57BL/6 mice with
established SM1 tumors were treated with a combination of
PLX3397, anti-CD8 antibody, and pmel-1 ACT. There was no
antitumor activity of pmel-1 ACT combined with PLX3397 in
mice that received CD8-depleting antibody (Fig. 7C). Collec-
tively, these studies highlight the role of CD8þ T cells as
effectors of the antitumor activity of PLX3397 in the SM1
murine melanoma model.

Discussion
Tumor immunotherapy with cytokines such as IFN or

IL-2, immune modulating antibodies blocking the cytotoxic
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T-leukocyte-associated antigen-4 (CTLA4) or the program-
med cell death receptor 1 (PD-1) or its ligand PD-L1, and
the adoptive transfer of tumor antigen-specific T cells, result
in tumor responses in patients with advanced cancers, and
melanoma in particular. These immunotherapy-induced
tumor responses are frequently extremely durable and can
last years. However, their low response rate has been one of
the obstacles remaining to overcome (3, 18). A potential
explanation is that intratumoral immunosuppressive mye-
loid cells may inhibit immunotherapy responses via different
mechanisms (1). These myeloid lineage cells represent var-
ious distinct and heterogeneous populations of immuno-
suppressive cells, including MDSCs and macrophages. By
suppressing these myeloid cells with CSF-1R blockade using
PLX3397, we hypothesized that T-cell function within
tumors may improve. Hence, the ideal treatment would be
to suppress the myeloid cells and increase the number of
effector T cells at the same time. SM1 tumors grow very
rapidly when implanted in C57BL/6 mice, such that mice
often need to be sacrificed within 2 to 3 weeks of tumor

implantation, limiting the ability to induce an immune
response with immune modulating antibodies (8, 10). To
overcome this, and provide the opportunity for a fully
effective immune response in combination with CSF-1R
blockade, we have used the ACT of T cells expressing TCRs
recognizing a specific tumor antigen on the tumor cells. The
scientific rationale posits that inhibition of CSF-1R signaling
in immunosuppressive TIMs will improve the intratumoral
milieu by taking away immunosuppressive factors that limit
the antitumor activity of cytotoxic T lymphocytes.

We explored the potential mechanisms by which PLX3397
improves the antitumor effect of ACT. The myeloid cells
infiltrating SM1 tumors are mainly macrophages. Our data
demonstrate that PLX3397 decreases the quantity of macro-
phages locally in tumor. Although the classification between
M1andM2polarizedmacrophages is still controversial,MHCII
is used as a marker to distinguish them (19). With PLX3397,
there is a skewing of the population of MHCIIlow to MHCIIhi

macrophages, consistent with a previous report (13). By
decreasing the presence of immunosuppressive MHCIIlow
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macrophages, PLX3397 likely facilitates the intratumoral traf-
ficking of adoptively transferred lymphocytes and their anti-
tumor functions. Our studies also suggest that macrophage
inhibition alone by PLX3397 is not sufficient for an antitumor
response. An immune response is indeed needed for the
antitumor effect of PLX3397 in the SM1 model because this
effect requires CD8 T cells. Therefore, the main beneficial
effects of PLX3397 in this model are derived from the ability
to improve T-cell effector functions indirectly through the
inhibition of intratumoral immunosuppressive macrophages.

Reports have shown that different tumor models such as
prostate and lung carcinoma models are MDSC-dominant
and these MDSCs are heavily infiltrated in tumors and
systemic organs such as spleen, blood, and bone marrow
(14, 20). By contrast, our SM1 model has few MDSCs infil-
trating the tumor or accumulating in the spleen over time.
This is consistent with a recent report that shows patients
with melanoma have far less MDSCs than other cancers and
also compared with many nonmelanoma murine tumor
models (21). In addition, prior reports have shown that
CSF-1R blockade therapy reduced the number of myeloid
cells including MDSCs and macrophages in both tumors and
systemic organs (4, 14). In contrast, in our model, CSF-1R
blockade with PLX3397 mainly targeted the more abundant
macrophages instead of MDSCs, suggesting the role of CSF-1
may be tumor model-dependent. Different tumor models,
genetic backgrounds, or treatments may induce different
growth factors or cytokines in the tumor microenvironment.
As myeloid cell tumor infiltration is a complex process
regulated by different pathways, it is possible that different
tumor models and tumors from different patients producing
different cytokines like CSF-1, IL-34, or CCL2 result in
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attraction of different myeloid lineages leading to differen-
tial responses to CSF-1R blockade (22–25). For example, it
has been reported that under hypoxic conditions, induced

expression of hypoxia-inducible factor-1a results in the
expression of CXCR4 and SDF-1. The SDF-1/CXCR4 axis is
another pathway that mediates the recruitment of TIMs to
tumors (26, 27). Future immunotherapy trials may thus
benefit from molecular profiling-based stratification of
patients in regards to their tumor microenvironment
cytokines.

In conclusion, combined therapy with the CSF-1R inhibitor
PLX3397 and TCR-based ACT immunotherapy results in
superior antitumor effects than single agent treatment in a
murine model of melanoma. The antitumor activity is medi-
ated by inhibition of the myeloid cell-mediated immunosup-
pressive tumor microenvironment so that more lymphocytes
infiltrate into the tumor with enhanced functionality.

Disclosure of Potential Conflicts of Interest
G. Bollag is the CEO of Plexxicon. B. L. West is an employee of Plexxikon.

No potential conflicts of interest were disclosed by the other authors.

Authors' Contributions
Conception and design: S. Mok, R.C. Koya, J. Xu, L. Wu, A. Ribas
Development of methodology: S. Mok, R.C. Koya, L. Robert, A. Ribas
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): S. Mok, R.C. Koya, C. Tsui, J. Xu, L. Robert, B.L. West,
G. Bollag, A. Ribas
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): S. Mok, R.C. Koya, J. Xu, T.G. Graeber, A. Ribas
Writing, review, and/or revision of the manuscript: S. Mok, R.C. Koya,
L. Wu, B.L. West, G. Bollag, A. Ribas
Administrative, technical, or material support (i.e., reporting or orga-
nizing data, constructing databases): S. Mok, C. Tsui
Study supervision: R.C. Koya, A. Ribas

Grant Support
This work was funded by the NIH (grants P01 CA168585, P50 CA086306, and

R21 CA169993), the Seaver Institute, the Louise Belley and Richard Schnarr Fund,
the Wesley Coyle Memorial Fund, the Garcia-Corsini Family Fund, the Bila Alon
Hacker Memorial Fund, the Fred L. Hartley Family Foundation, the Ruby Family
Foundation, the Jonsson Cancer Center Foundation, the Eli & Edythe Broad
Center of Regenerative Medicine and Stem Cell Research at UCLA, and the
Caltech–UCLA Joint Center for Translational Medicine (A. Ribas and
T.G. Graebar).

T.G. Graebar is supported by an American Cancer Society Research Scholar
Award (RSG-12-257-01-TBE), the Caltech–UCLA Joint Center for Translational
Medicine, the National Center for Advancing Translational Sciences UCLA CTSI
Grant UL1TR000124, and a Concern Foundation's CONquer CanCER Now
Award.

The costs of publication of this article were defrayed in part by the payment of
page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received June 26, 2013; revised October 10, 2013; accepted October 23, 2013;
published OnlineFirst November 18, 2013.

References
1. Gabrilovich DI, Nagaraj S. Myeloid-derived suppressor cells as reg-

ulators of the immune system. Nat Rev Immunol 2009;9:162–74.
2. Schreiber RD, Old LJ, Smyth MJ. Cancer immunoediting: integrating

immunity's roles in cancer suppression and promotion. Science
2011;331:1565–70.

3. Kerkar SP, Restifo NP. Cellular constituents of immune escape within
the tumor microenvironment. Cancer Res 2012;72:3125–30.

4. Priceman SJ, Sung JL, Shaposhnik Z, Burton JB, Torres-Collado AX,
MoughonDL, et al. Targeting distinct tumor-infiltratingmyeloid cells by
inhibiting CSF-1 receptor: combating tumor evasion of antiangiogenic
therapy. Blood 2010;115:1461–71.

5. Tarhini AA, Butterfield LH, Shuai Y, Gooding WE, Kalinski P, Kirk-
wood JM. Differing patterns of circulating regulatory T cells and
myeloid-derived suppressor cells in metastatic melanoma patients
receiving anti-CTLA4 antibody and interferon-alpha or TLR-9 ago-
nist and GM-CSF with peptide vaccination. J Immunother 2012;35:
702–10.

6. Dai XM, RyanGR,Hapel AJ, DominguezMG,Russell RG, KappS, et al.
Targeted disruption of the mouse colony-stimulating factor 1 receptor
gene results in osteopetrosis, mononuclear phagocyte deficiency,
increased primitive progenitor cell frequencies, and reproductive
defects. Blood 2002;99:111–20.

B

A

0 

200 

400 

600 

800 

0 7 14

T
u

m
o

r 
vo

lu
m

e 
(m

m
3 )

T
u

m
o

r 
vo

lu
m

e 
(m

m
3 )

T
u

m
o

r 
vo

lu
m

e 
(m

m
3 )

Day 

Vehicle

PLX3397
P = 0.1

0 7 14

Day 

Vehicle+pmel-1

PLX3397+pmel-1

Anti-CD8+pmel-1

PLX3397+Anti-

CD8+pmel-1

P = 0.1

P = 0.01

P = 0.01

C

0 

200 

400 

600 

800 

1,000 

0 5 10 15

Day 

Vehicle
PLX3397
Anti-CD8
PLX3397 + Anti-CD8

P = 0.06

P = 0.00007

0 

100 

200 

300 

Figure 7. Lack of antitumor activity of PLX3397 in immunodeficient mice
or with CD8þ T-cell depletion. A, tumor growth curves of established
SM1 tumors in nonirradiated C57BL/6 mice treated with PLX3397 in
combination with anti-CD8 antibody. B, tumor growth curves of
establishedSM1 tumors inNSGmice treatedwith orwithout PLX3397.C,
SM1 tumor-bearing mice received pmel-1 ACT and were treated with
PLX3397 and anti-CD8 depleting antibody.

Mok et al.

Cancer Res; 74(1) January 1, 2014 Cancer Research

29

http://cancerres.aacrjournals.org/


7. Li J, Chen K, Zhu L, Pollard JW. Conditional deletion of the colony
stimulating factor-1 receptor (c-fms proto-oncogene) inmice. Genesis
2006;44:328–35.

8. Koya RC, Mok S, Otte N, Blacketor KJ, Comin-Anduix B, Tumeh PC,
et al. BRAF inhibitor vemurafenib improves the antitumor activity of
adoptive cell immunotherapy. Cancer Res 2012;72:3928–37.

9. Gray-Schopfer V, Wellbrock C, Marais R. Melanoma biology and new
targeted therapy. Nature 2007;445:851–7.

10. Knight DA, Ngiow SF, Li M, Parmenter T, Mok S, Cass A, et al. Host
immunity contributes to the anti-melanoma activity of BRAF inhibitors.
J Clin Invest 2013;123:1371–81.

11. Chitu V, Nacu V, Charles JF, Henne WM, McMahon HT, Nandi S, et al.
PSTPIP2 deficiency in mice causes osteopenia and increased differ-
entiation of multipotent myeloid precursors into osteoclasts. Blood
2012;120:3126–35.

12. ConiglioSJ, Eugenin E, Dobrenis K, Stanley ER,WestBL, SymonsMH,
et al.Microglial stimulationof glioblastoma invasion involves epidermal
growth factor receptor (EGFR) and colony stimulating factor 1 receptor
(CSF-1R) signaling. Mol Med 2012;18:519–27.

13. DeNardo DG, Brennan DJ, Rexhepaj E, Ruffell B, Shiao SL, Madden
SF, et al. Leukocyte complexity predicts breast cancer survival and
functionally regulates response to chemotherapy. Cancer Discov
2011;1:54–67.

14. Xu J, Escamilla J, Mok S, David J, Priceman SJ, West BL, et al.
Abrogating the protumorigenic influences of tumor-infiltrating myeloid
cells by CSF1R signaling blockade improves the efficacy of radiother-
apy in prostate cancer. Cancer Res 2013;73:2782–94.

15. KoyaRC,MokS, Comin-Anduix B, Chodon T, RaduCG, NishimuraMI,
et al. Kinetic phases of distribution and tumor targeting by T cell
receptor engineered lymphocytes inducing robust antitumor
responses. Proc Natl Acad Sci U S A 2010;107:14286–91.

16. Vo DD, Prins RM, Begley JL, Donahue TR, Morris LF, Bruhn KW, et al.
Enhanced antitumor activity induced by adoptive T-cell transfer and
adjunctive use of the histone deacetylase inhibitor LAQ824. Cancer
Res 2009;69:8693–9.

17. HeY, RhodesSD, Chen S,WuX, Yuan J, Yang X, et al. c-Fms signaling
mediates neurofibromatosis Type-1 osteoclast gain-in-functions.
PLoS One 2012;7:e46900.

18. McArthur GA, Ribas A. Targeting oncogenic drivers and the immune
system in melanoma. J Clin Oncol 2013;31:499–506.

19. Gabrilovich DI, Ostrand-Rosenberg S, Bronte V. Coordinated regula-
tion of myeloid cells by tumours. Nat Rev Immunol 2012;12:253–68.

20. Srivastava MK, Zhu L, Harris-White M, Kar U, Huang M, Johnson MF,
et al. Myeloid suppressor cell depletion augments antitumor activity in
lung cancer. PLoS One 2012;7:e40677.

21. Gros A, Turcotte S, Wunderlich JR, Ahmadzadeh M, Dudley ME,
Rosenberg SA. Myeloid cells obtained from the blood but not from
the tumor can suppress T-cell proliferation in patients with melanoma.
Clin Cancer Res 2012;18:5212–23.

22. Lin H, Lee E, Hestir K, Leo C, Huang M, Bosch E, et al. Discovery of a
cytokine and its receptor by functional screening of the extracellular
proteome. Science 2008;320:807–11.

23. Wei S, Nandi S, Chitu V, Yeung YG, Yu W, Huang M, et al. Functional
overlap but differential expression of CSF-1 and IL-34 in their CSF-1
receptor-mediated regulation of myeloid cells. J Leukoc Biol 2010;88:
495–505.

24. Sawanobori Y, Ueha S, Kurachi M, Shimaoka T, Talmadge JE, Abe J,
et al. Chemokine-mediated rapid turnover of myeloid-derived sup-
pressor cells in tumor-bearing mice. Blood 2008;111:5457–66.

25. Li X, Loberg R, Liao J, Ying C, Snyder LA, Pienta KJ, et al. A destructive
cascademediated byCCL2 facilitates prostate cancer growth in bone.
Cancer Res 2009;69:1685–92.

26. Kozin SV, Kamoun WS, Huang Y, Dawson MR, Jain RK, Duda DG.
Recruitment of myeloid but not endothelial precursor cells facil-
itates tumor regrowth after local irradiation. Cancer Res 2010;70:
5679–85.

27. Kioi M, Vogel H, Schultz G, Hoffman RM, Harsh GR, Brown JM.
Inhibition of vasculogenesis, but not angiogenesis, prevents the recur-
rence of glioblastoma after irradiation in mice. J Clin Invest 2010;
120:694–705.

CSF-1R Blockade Improves Immunotherapy

www.aacrjournals.org Cancer Res; 74(1) January 1, 2014

30

http://cancerres.aacrjournals.org/


	  31 

CHAPTER 4 

Inhibition of CSF-1R Improves Antitumor Efficacy of BRAF Inhibition 

(this chapter is adopted from manuscript Mok S, Tsoi J, Koya RC, Hu-Lieskovan S, West B, 
Bollag G, Graeber T, Ribas A. Inhibition of CSF-1R Improves Antitumor Efficacy of BRAF 
Inhibition.) 
Submitted to BMC Cancer, currently under review 

Abstract 

Malignant melanoma is an aggressive tumor type that often develops drug resistance to 

targeted therapeutics. Production of colony stimulating factor 1 (CSF-1) in tumors recruits 

myeloid cells, such as M2-polarized macrophages and myeloid derived suppressor cells 

(MDSC), leading to an immune suppressive tumor milieu. In this study, we used a syngeneic 

mouse model of BRAFV600E-driven melanoma, SM1, which secretes CSF-1, to evaluate the 

ability of CSF-1 receptor (CSF-1R) inhibitor PLX3397 to improve the antitumor efficacy of the 

oncogenic BRAF inhibitor vemurafenib. We found that combined treatment resulted in superior 

antitumor responses compared with either therapy alone. In mice receiving treatment with 

PLX3397, a dramatic reduction of tumor-infiltrating myeloid cells (TIM) was observed. In this 

model we could not detect a direct effect of TIMs or pro-survival cytokines produced by TIMs 

that could confer resistance to vemurafenib. However, the macrophage inhibitory effects of 

PLX3397 treatment and paradoxical activation of immune cells with wild type BRAF mediated 

by vemurafenib resulted in more tumor-infiltrating lymphocytes (TIL). Depletion of CD8+ T-cells 

abrogated the antitumor response to the combination therapy. Furthermore, TILs isolated from 

SM1 tumors treated with PLX3397 and vemurafenib displayed higher immune potentiating 

activity. Taken together, combining BRAF-targeted therapy with CSF-1R blockade results in 

increased CD8 T-cell responses in the SM1 melanoma model, supporting the ongoing testing of 

this therapeutic combination in patients with BRAFV600 mutant metastatic melanoma. 
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Introduction 

Targeted therapies like vemurafenib (formerly PLX4032) that block oncogenic BRAF result in 

high response rates and improved overall survival in patients with melanoma. However, 

consistent with other oncogene-targeted therapies the response has limited durability and 

tumors eventually relapse [1-4].  

Immunosuppressive tumor microenvironments mediated by growth factor and receptor tyrosine 

kinases (RTK) have been of particular interest because tumor cells manipulate the surrounding 

milieu by producing cytokines that suppress cytolytic T-cells and recruit immunosuppressive 

cells [5-7]. Colony stimulating factor 1 (CSF-1) is one of the cytokines that is secreted by several 

cancer types like melanoma [8, 9]. It increases the proliferation and differentiation of 

immunosuppressive myeloid cells, such as M2 polarized macrophages and myeloid derived 

suppressor cells (MDSC) by binding to the CSF-1 receptor (CSF-1R) on the cell surface [5, 10, 

11]. Therefore, the immunosuppressive tumor milieu mediated by CSF-1 helps the tumor cells 

to escape immune responses and metastasize.  

In prior studies, we developed a cell line, SM1, from transgenic mice with melanocyte-restricted 

expression of the BRAFV600E mutation. It is a murine melanoma model syngeneic to 

immunocompetent mice. Besides carrying the BRAFV600E oncogene, SM1 has multiple genomic 

aberrations and overall similarity to a panel of 108 human melanoma cell lines based on copy 

number alteration profiling. In this model, adoptive cell transfer (ACT) of melanoma-targeted T-

cells induces antitumor responses that are augmented by the BRAF inhibitor vemurafenib. We 

found that vemurafenib induced paradoxical activation on the TILs with increased cytotoxic 

activity and IFN-γ production [12], provides a potential explanation as to why host immunity is a 

key component of the antitumor activity of BRAF inhibitors [13]. However, the SM1 model is 
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such an aggressive model that control mice with established tumors need to be sacrificed within 

two to three weeks. Accordingly, tumors could not be fully eradicated even when 

immunotherapy was combined with vemurafenib. In addition, our previous work demonstrated 

that SM1 cell secreted cytokines like CSF-1 (that binds to CSF-1R on myeloid cells), promote 

the differentiation of myeloid cells into immunosuppressive M2-polarized macrophages and 

promote the recruitment of such cells to tumors. On the therapeutic front, we reported that 

PLX3397, a potent tyrosine kinase inhibitor that targets CSF-1R, inhibits the 

immunosuppressive tumor milieu and facilitates immune responses, resulting in better T-cell 

antitumor functions [14].  

In this report, we demonstrate that the combination of vemurafenib and PLX3397 mediates 

superior antitumor response compared with either single treatment alone. With PLX3397, we 

blocked the recruitment of TIMs and increased the number of TILs.  We observed that full 

antitumor efficacy of vemurafenib required an intact immune system. Taken together, our data 

support a model in which inhibition of CSF-1/CSF-1R signaling can further augment the 

antitumor effect of BRAF targeted therapy. Based on our results in the SM1 model, we provide 

support for the therapeutic combination of BRAF and CSF-1R inhibition which is currently being 

tested in patients with BRAFV600 mutant metastatic melanoma (trial NCT01826448). 
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Methods 

Mice, cell Lines and reagents. C57BL/6 mice and NOD/SCID/γ chainnull (NSG) mice (NOD.Cg-

PrkdcscidIl2rgtm1Wjl/SzJ, Jackson Laboratory, Bar Harbor, ME) were bred and kept under defined-

flora pathogen-free conditions at the AALAC-approved animal facility of the Division of 

Experimental Radiation Oncology, UCLA, and used under the UCLA Animal Research 

Committee protocol #2004-159. The SM1 murine melanoma was generated from a 

spontaneously arising tumor in BRAFV600E mutant transgenic mice as previously described [15]. 

SM1 was maintained in RPMI (Mediatech, Herndon, VA) with 10% FCS (Omega Scientific), 2 

mM L-glutamine (Invitrogen, Carlsbad, CA) and 1% penicillin, streptomycin and amphotericin. 

Immortalized macrophages I-11.15 was obtated from ATCC and it was maintained as previously 

described [16]. PLX3397 and vemurafenib were obtained under a materials transfer agreement 

(MTA) with Plexxikon Inc. (Berkeley, CA). PLX3397 was dissolved in dimethyl sulfoxide (DMSO, 

Fisher Scientific, Morristown, NJ) for in vitro use. For in vivo studies, PLX3397 was dissolved in 

DMSO, and then a suspension made by dilution into an aqueous mixture of 0.5% hydroxypropyl 

methyl cellulose (HPMC) and 1% polysorbate (PS80) (Sigma-Aldrich). 100 µL of the suspended 

drug was administered by daily oral gavage into mice at 50 mg/kg when tumors reached 5 mm 

in diameter. Vemurafenib was dissolved in DMSO, and used for in vitro studies as previously 

described [17]. For in vivo studies, it was dissolved in DMSO, followed by PBS (100 µL), which 

was then injected daily intraperitoneally (i.p) into mice at a dose of 100 mg/kg. For antibody-

mediated depletion studies, 250 µg of anti-CD8 antibody, or isotype control antibody (BioXCell, 

West Lebanon, NH) was injected i.p. every 3 days. 

Cell viability assays. SM1 cells (5 x 103 cells/well) were seeded on 96-well flat-bottom plates 

with 100 µL of 10% FCS media and incubated for 24 hours. Vemurafenib or DMSO vehicle 

control with graded dilutions of hepatocyte growth factor (HGF) or tumor necrosis factor-α (TNF-
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α) (PeproTech), in culture medium, were added to each well in triplicate and analyzed by using 

tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium (MTS)-based colorimetric cell proliferation assay (Promega, 

Madison, WI).  

Bioluminescence assay. SM1 cells were lentivirally transduced to express firefly luciferase 

and used for co-culturing with macrophages. Bioluminescence assay was carried out with 

DTX880 Multimode Detector (Beckman Coulter). 

Flow cytometry analysis and cell sorting. SM1 tumors were harvested from mice and further 

digested with collagenase (Sigma-Aldrich). Cells obtained form digested SM1 tumors were 

stained with antibodies to CD3, CD8 (BD Biosciences) for TILs or antibodies to F4/80, CD11b 

for TIMs and analyzed with a LSR-II or FACSCalibur flow cytometers (BD Biosciences), 

followed by Flow-Jo software (Tree-Star, Ashland, OR) analysis as previously described [12, 

14]. 

Immunofluorescence imaging. Staining was performed as previously described [15]. Briefly, 

sections of OCT (Sakura Finetek, Torrance, CA) cryopreserved tissues were blocked in donkey 

serum/ PBS and incubated with primary antibodies to F4/80 (Abcam) or CD8 (BD Biosciences), 

followed by secondary donkey anti-rat antibodies conjugated to DyLight488 (Jackson 

Immunoresearch Laboratories, West Grove, PA). Negative controls consisted of isotype 

matched rabbit or rat IgG in lieu of the primary antibodies listed above. DAPI (4,6-diamidino-2-

phenylindole) was used for the visualization of nuclei. Immunofluorescence images were taken 

in a fluorescence microscope (Axioplan-2; Carl Zeiss Microimaging, Thornwood, NY). 
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Intratumoral myeloid cell isolation. SM1 tumors previously established in C57BL/6 mice were 

harvested and further digested with collagenase (R&D System). Intratumoral myeloid cell were 

isolated from digested tumor using CD11b+ cell isolation kit (Miltenyi). 

Microarray data generation and analysis. Total RNAs were extracted using the RNeasy 

MicroKit (Qiagen) from SM1 tumors, FACS-sorted macrophages, and T-cells. Yield of RNA was 

amplified using RNA Amplification System (NuGEN). cDNAs were generated, fragmented, 

biotinylated, and hybridized to the GeneChip Mouse 430 V2 Arrays (Affymetrix). The arrays 

were washed and stained on a GeneChip Fluidics Station 450 (Affymetrix); scanning was 

carried out with the GeneChip Scanner 3000 7G; and image analysis with the Affymetrix 

GeneChip Command Console Scan Control. Microarray analyses were performed in the R 

statistical programming environment and using Bioconductor suite of packages [18]. Expression 

data were normalized, background-corrected, and summarized using the Robust Multi-Array 

Average (RMA) algorithm implemented in the R ‘affy’ package [19]. Two to three replicates were 

prepared per treatment group. Expression level of each gene was averaged among samples 

and used for further analysis. Differential expression was computed using the R ‘limma’ 

package [20]. Hierarchical clustering was performed using the Euclidean distance as the 

similarity metric with average linkage clustering. Clustering results were visualized by heat maps 

generated using the R ‘NMF’ package [21].  

Rank-Rank Hypergeometric Overlap (RRHO) analysis. Gene expression profiles of 

monocytes and T-cells were obtained from a reference immune cell signature database, the 

Differentiation Map Portal (DMAP) [22]. Human gene annotations were converted to mouse 

gene annotations using the NCBI HomoloGene database. Gene-expression profiles from the 

two data sets were compared by ranking genes measured in the two experiments according to 

their signed log10 p-value of differential expression between class A and class B. RRHO heat 
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maps that graphically and statistically visualize correlations between two expression profiles 

were generated at http://systems.crump.ucla.edu/rankrank/ [23]. 

 

Gene ontology enrichment analysis. Gene ontology enrichment analysis was performed on 

genes with a log2 fold change greater than 2.0 in the combo treated groups using the 

GOTermFinder tool from http://go.princeton.edu/cgi-bin/GOTermFinder [24]. Top significantly 

enriched terms as determined by Bonferroni corrected p-values were reported. 

 

Statistical analysis. Data were analyzed with GraphPad Prism (version 5) software (GraphPad 

Software, La Jolla, CA). A Mann-Whitney test or ANOVA with Bonferroni post-test was used to 

analyze experimental data. Survival curves were generated by actuarial Kaplan–Meier method 

and analyzed with the Jump-In software (SAS) with log-rank test for comparisons from the time 

of tumor challenge to when mice were sacrificed due to tumors reaching 14 mm in maximum 

diameter, or the end of the study period had been reached. 
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Results 

Combined therapy with PLX3397 

and vemurafenib improves 

antitumor responses against SM1 

tumors. C57BL/6 mice with 

established subcutaneous SM1 

tumors were treated with PLX3397 

and vemurafenib daily when the 

tumor diameter reached ~5 mm (Fig. 

1a). The combined therapy of 

PLX3397 and vemurafenib 

demonstrated superior antitumor effects compared to either therapy alone in duplicate 

experiments and improved overall survival (Fig. 1b and 1c). Mice in either of the single or 

combined treatment groups had high drug tolerability as there was no significant weight loss 

(data no shown).  

Decrease in tumor infiltrating macrophages by PLX3397 and vemurafenib. To test whether 

PLX3397 and vemurafenib changed the number of TIMs, such as macrophages, we analyzed 

their presence in tumors by immunofluorescence. The results corresponded to our previous 

findings that there was a dramatic decrease in the quantity of F4/80(+) macrophages in both the 

PLX3397 single agent group and the combined group compared to vehicle control [14]. 

Vemurafenib slightly decreased the number of macrophages in the tumor (Fig. 2a), in 

agreement with previous reports [13, 25, 26].  
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Figure 1. Combined antitumor activity of PLX3397 and vemurafenib in 
murine melanoma SM1 model. a) Schematic of PLX3397 and vemurafenib 
treatments in C57BL/6 mice with previously established SM1 tumors. b) Tumor 
growth curves of established SM1 in C57BL/6 mice through day 28 post-tumor 
implantation. c) Kaplan–Meier actuarial plot of time to mouse sacrifice due to 
large tumor burden or to study termination when tumor size was less than 14 
mm in maximum diameter, combining results from SM1 tumors treated with 
PLX3397 and vemurafenib in replicate experiments. 
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Effects of 

macrophages on SM1 

cells. It has been 

reported that some cell 

types in the tumor 

microenvironment, such 

as stromal cells, can 

secrete growth factors 

like hepatocyte growth 

factor (HGF) or tumor 

necrosis factor-α (TNF-

α) resulting in 

resistance to BRAF 

inhibition [27-29]. A 

potential mechanism to 

explain the improved 

antitumor activity of 

combining PLX3397 with vemurafenib is that PLX3397 depletes macrophages that secrete pro-

survival growth factors and increases the sensitivity of SM1 tumor cells to vemurafenib. To test 

this hypothesis, SM1 cells were transduced to express firefly luciferase and co-cultured with 

intratumoral myeloid cells obtained from mice. We tested whether the presence of TIMs 

increased proliferation of SM1 likely by producing secreted factors that would foster melanoma 

cell growth. However, the co-cultured myeloid cells did not directly increase SM1 proliferation 

(Fig. 2b). Furthermore, in this context PLX3397 did not increase sensitivity of SM1 cells to 

vemurafenib (Fig. 2c). We next repeated this experiment using an immortalized macrophage 

cell line, I-11.15, in which cell growth is dependent on CSF-1. Again, I-11.15 did not increase 
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Figure 2. Changes in 
intratumoral macrophages in 
responses to PLX3397 and 
vemurafenib. a) C57BL/6 mice 
with SM1 tumors were treated 
with PLX3397 and vemurafenib 
for 5 days. Tissue 
immunofluorescence 
microscopy of tumor sections 
was used to assess prolonged 
effects of the drug on 
macrophages. Representative 
H&E (left) and 
immunofluorescence for 
macrophages stained with anti-
F4/80-FITC (green, right), and 
nuclei stained with DAPI (blue, 
right). b) Effect of macrophages 
on SM1 cells. Bar-graph 
representation of 
bioluminescence activity of 
SM1 cells. SM1 cells were 
transduced with a lentivirus-
firefly luciferase and co-cultured 
with and without intratuoral 
myeloid cells isolated from SM1 
tumors (1:3 ratio) for 72 hours. 
c) SM1 cells co-cultured with
myeloid cells (1:3 ratio) were 
treated with 1 µM PLX3397, 15 
µM vemurafenib, or in 
combination for 72 hours. d) 
SM1 cells expressing firefly 
luciferase were co-cultured with 
I-11.15 (1:3 ratio) and e) treated 
with 1 µM PLX3397, 15 µM 
vemurafenib, or in combination 
for 72 hours. f) Effect of growth 
factors on SM1 to vemurafenib. 
SM1 cells were exposed to 15 
µM vemurafenib with HGF or 
TNF-α (25 or 50 ng/mL). Cell 
viability assay (MTS) was 
performed after 72 hours. 
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proliferation of SM1 nor protect it from the killing of vemurafenib (Fig. 2d and e). In order to 

further test if secreted growth factors mediate resistance to BRAF inhibition, SM1 cells were 

cultured with HGF or TNF-α and vemurafenib and used an MTS-based assay to determine cell 

viability. Neither of the cytokines mediated resistance to vemurafenib (Fig. 2f). From these 

studies, we concluded that the direct effect of TIMs or pro-survival cytokines produced by TIMs 

not confer resistance to vemurafenib. 

PLX3397 increases the expansion of intratumoral 

lymphocytes. The amount of TILs in SM1 tumors 

was first analyzed by immunofluorescence of tumor 

sections. CD8(+) TILs were present at a low level in 

tumors in vehicle and vemurafenib single treatment 

groups. In the PLX3397 and combined treatment 

groups, the number of CD8(+) TILs were higher (Fig. 

3a). To better enumerate the magnitude and 

distribution of TILs in vivo, we analyzed their 

presence in tumors by flow cytometry. Confirming the 

immunofluorescence data, there was an increase in 

the quantity of CD3(+) TILs following treatment with 

PLX3397 (Fig. 3b and c).  

The antitumor activity of PLX3397+vemurafenib is T-cell-dependent. Since PLX3397 

treatment increased the number of TILs compared with vehicle control (Fig. 3a, b, and c), we 

tested the role of immune cells in the antitumor activity of PLX3397 and vemurafenib. 

Immunodeficient NSG mice were implanted with SM1 tumors and treated with PLX3397 and 
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Figure 3. Changes in tumor infiltrating lymphocytes in 
responses to PLX3397 and vemurafenib. a) C57BL/6 
mice with SM1 tumors were treated with PLX3397 and 
vemurafenib for 5 days. Tissue immunofluorescence 
microscopy of tumor sections was used to determine 
effect of the drugs on lymphocytes. Representative H&E 
(left) and immunofluorescence for lymphocytes stained 
with anti-CD8-FITC (green, right), and nuclei stained with 
DAPI (blue, right). b) Cells stained for CD3 were used for 
FACS analysis. Bar-graph representation of percentage of 
CD3+ T-cells in tumors. c) Representative FACS plots 
demonstrating percentages of CD3+ T-cells in tumor 
tissue. 
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vemurafenib. In these immunodeficient mice, there 

was no antitumor activity of PLX3397 compared to 

mice receiving vehicle control. Furthermore, the 

tumor growth curve of combined treatment group 

overlapped with vemurafenib alone group (Fig. 4a). It 

was also surprising that tumor growth of SM1 tumors 

in vemurafenib alone group in NSG mice was much 

faster than that in C57BL/6 mice supporting the 

possibility that the full antitumor effect of vemurafenib 

requires an intact immune system (Fig. 1b and 4a). In 

order to further determine if the antitumor activity of 

the combined treatment group was mediated by endogenous cytotoxic CD8 T-cells, we depleted 

CD8+ cells with anti-CD8 antibody therapy in C57BL/6 mice with implanted SM1 tumors 

receiving PLX3397 and vemurafenib. The depletion of CD8+ cells abrogated the antitumor 

activity of the combined treatment group (Fig. 4b). Collectively, these studies highlight the role 

of CD8+ T-cells as effectors of the antitumor activity of PLX3397 and vemurafenib in the SM1 

murine melanoma model. 

PLX3397 and vemurafenib increase functional activation of intratumoral lymphocytes 

and suppress myeloid cells. In two prior reports [12, 14], we have demonstrated that 

vemurafenib increased cytotoxicity and the cytokine producing function of T-cells, while 

PLX3397 enhanced T-cells infiltration into tumors and enhanced cytokine production. In order to 

better understand the impact of PLX3397 and vemurafenib on T-cell activation and macrophage 

suppression, we compared the gene expression profile of the full SM1 tumors following 

treatments with PLX3397, vemurafenib, or combination treatment for 5 days. Using gene 
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Figure 4. Lack of superior antitumor activity of 
PLX3397 and vemurafenib in immunodeficient mice 
or with CD8+ T-cell depletion. a) Tumor growth 
curves of established SM1 tumors in NSG mice treated 
with PLX3397 and vemurafenib. b) SM1 tumor-bearing 
mice treated with PLX3397 and vemurafenib received 
anti-CD8 depleting antibody.  
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signature overlap analysis (Rank-Rank 

Hypergeometric Overlap (RRHO)) and a 

reference immune cell signature database 

(Differentiation Map, DMAP), we analyzed 

the presence of T-cell and monocytes 

gene signatures in each tumor treatment 

group compared with vehicle control [22, 

23]. The signature comparison analysis 

identified that the drug-treated tumors 

expressed up-regulated T-cell signatures, 

while the vehicle-treated tumors 

expressed monocyte signatures (Fig. 5a, 

b, and c). These findings suggested that 

PLX3397 and/or vemurafenib treated 

groups had increased T-cells and 

decreased monocyte cell presence or 

activity in the tumor. Of note, there was no 

significant difference in this signature 

analysis between the single drug 

treatment groups and the combined drug treatment group. 

In order to specifically determine the expression level of genes in tumor-associated 

macrophages and T-cells, F4/80(+) CD11b(+) macrophages and CD3(+) CD8(+) T-cells were 

FACS sorted from SM1 tumors. Tumors were either treated with vehicle, or PLX3397 and/or 

vemurafenib for 5 days. RNA was extracted and used for microarray gene expression analysis. 

Since IFN-γ provides a general assessment of T-cell immune activation, the gene expression of 
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Figure 5. In vivo T-cell activation and suppression of 
macrophages mediated by PLX3397 and vemurafenib. Gene 
expression signature overlap maps were used to compare the 
similarity of drug-treated full tumor gene expression profiles with a 
panel of T-cell and monocyte (Mono) gene signatures from a 
reference immune cell signature database (the Rank-Rank 
Hypergeometric Overlap (RRHO) algorithm and the Differentiation 
Map (DMAP) database), a) PLX3397 treatment vs vehicle control 
(VC); b) vemurafenib (PLX4032) vs vehicle; c) combined drug 
treatment (Combo) vs vehicle. d) Gene expression heat map for 
macrophage signature genes in F4/80(+) CD11b(+) macrophages 
FACS-sorted from SM1 tumors treated with PLX3397 or vemurafenib 
for 5 days. e) Gene expression heat map for T-cell signature genes in 
CD3(+) CD8(+) T-cells from SM1 tumors. Color scale, log2-
transformed fold change expression (red, high; green, low) for each 
gene (row) normalized to the value for the vehicle control-treated 
tumors.  
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IFN-γ was used as a quality control for this study (Supplementary Fig. S1c). We found that M2-

polarized macrophage-related genes reported previously [30, 31], such as Arg1, IL-10, CD163, 

and MSR1 were down-regulated in each of the drug-treatment groups (Fig. 5d). In contrast, 

genes like IFN-γ, Irg1, and Gbp1 that are associated with type I interferon response were up-

regulated in macrophages in both PLX3397 and vemurafenib treatment groups (Supplementary 

Fig. S1a; Supplementary Table 1) [32]. Using gene ontology-based enrichment analysis, we 

found that the genes most substantially down-regulated in macrophages were associated with 

angiogenesis and vasculature development (Supplementary Fig. S1b; Supplementary Table 2). 

We also observed that both PLX3397, vemurafenib and the combined treatment led to a better 

T-cell activation signature. For example, T-cell activation-associated genes like IFN-γ, Gzmb, 

Pdcd1 were up-regulated in T-cells by the drug treatments (Fig. 5e; Supplementary Fig. S1c) 

[33, 34]. Collectively, our data suggested that PLX3397 and vemurafenib not only down-

regulated M2-polarized macrophage associated genes, but also induced a skewing toward M1-

type macrophages resulting in better T-cell activation.  
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Discussion 

 

The high initial antitumor activity of BRAF inhibitors is limited by the short durability of 

responses. Engaging an immune response may merge the benefits of the high response rates 

with BRAF inhibitors and the long response durability with immunotherapy [35]. Our data 

supporting the combination of CSF-1R inhibition with vemurafenib provides a strong rationale to 

translate combined targeted therapy and inhibition of myeloid cells for patients with BRAFV600 

mutant metastatic melanoma. The scientific rationale for this combination is based on our 

results from two previous reports [12, 14] using a murine melanoma model SM1 that has the 

BRAFV600E mutation. Besides causing apoptosis and cell cycle arrest on melanoma cells, 

vemurafenib has been shown to have a paradoxical effect of activating the MAPK pathway 

through the transactivation of CRAF by a partially blocked wild-type CRAF-BRAF dimer, 

resulted in more activated T-cells with better cytotoxic activity and intratumoral cytokine 

secretion from TILs [12, 36, 37]. At the same time, PLX3397 has been demonstrated to increase 

the number of TILs with enhanced IFN-γ secreting function [14]. Here we found that the 

combination of both pharmacologic interventions augments the antitumor effect.  

 

We explored the potential mechanisms by which PLX3397 improves the antitumor effect of 

vemurafenib in the SM1 melanoma tumor model. Our studies showed that PLX3397 

dramatically depleted macrophages in the tumor microenvironment and vemurafenib slightly 

decreased the number of macrophages, likely due to down-regulation of secreted cytokines like 

CCL2 that could recruit immunosuppressive cells [13]. Further, we noted an increase in number 

of TILs in tumors treated with PLX3397. In support for a role for T cells in the observed anti-

tumor effect, elimination of CD8+ T-cells in mice abrogated the superior antitumor effect of the 

combined therapy. Furthermore, TILs from either PLX3397 or vemurafenib treatment groups 

had higher functional activation with increased ability to release the immune-stimulating cytokine 
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IFN-γ. The immune-activating effects mediated by vemurafenib can be explained by the 

paradoxical activation of MAPK pathway in T-cells that are wildtype for BRAF, while the immune 

response mediated by PLX3937 is explained by the depletion of an immunosuppressive 

environment. Therefore, the major beneficial effects of combining PLX3397 and vemurafenib in 

SM1 derive from increasing the infiltration of functionally activated T-cells into tumor in addition 

to the direct antitumor effect of vemurafenib on the BRAFV600E mutant tumor. 

 

Myeloid and other cells of the tumor microenviroment can produce factors that confer resistance 

to targeted therapies. This is of particular importance when using BRAF inhibitors, since it has 

been shown that stromal cells secreting HGF or TNF-α can reactivate the MAPK and PI(3)K-

AKT signaling pathways and cause resistance to RAF inhibition [27-29]. However, in our studies 

we could not readily demonstrate any protective effects of myeloid cell co-culture on SM1 cells 

sensitivity to vemurafenib. We also directly tested the protective effects of growth factor ligands 

by adding the cytokines to SM1 cells exposed to vemurafenib. However, these growth factors 

did not decrease the SM1 cell sensitivity to BRAF inhibitors. Thus, the previously observed 

growth factor-mediated effect on tumor cell vemurafenib sensitivity may be tumor model 

dependent.  

 

SM1 is a cell line that is relatively resistant to vemurafenib (IC50≈15µM) in vitro and accordingly 

it forms tumors that are hard to eradicate in in vivo mouse models. Although there is rapid 

antitumor response with vemurafenib, tumors nonetheless progress over time and mice have to 

be sacrificed within two to three weeks. The relative vemurafenib resistance of SM1 cells may 

be tied to the multiple genomic alterations present in these cells, such as deletion of CDKN2A 

and amplification of BRAFV600E and MITF [12]. Hyper-activation of BRAFV600E has been shown to 

be a mechanism of resistance to BRAF inhibitors [38]. As additional murine melanoma 
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BRAFV600E cell lines are developed, the effects of vemurafenib combined with other therapeutic 

agents such as CSF-1R inhibitors may lead to stronger synergistic antitumor responses.  

Combination therapy with the CSF-1R inhibitor PLX3397 and the oncogenic BRAF inhibitor 

vemurafenib results in superior antitumor effects than single agent treatment in a murine model 

of melanoma. The antitumor activity is mediated by both i) the inhibition of the 

immunosuppressive tumor microenvironment so that more lymphocytes infiltrate into the tumor, 

and ii) enhanced functionality of the infiltrating lymphocytes. These data provide strong rationale 

for the continued clinical testing of PLX3397 with vemurafenib in patients with melanoma (as in 

trial NCT01826448). 
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