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The introduction of targeted therapies represented one of the most signifi-

cant advances in the treatment of BRAFV600E melanoma. However, the

onset of acquired resistance remains a challenge. Previously, we showed in

mouse xenografts that vascular endothelial growth factor (VEGFA)

removal enhanced the antitumor effect of BRAF inhibition through the

recruitment of M1 macrophages. In this work, we explored the strategy of

VEGFA/BRAF inhibition in immunocompetent melanoma murine models.

In BRAF mutant D4M melanoma tumors, VEGFA/BRAF targeting

reshaped the tumor microenvironment, largely by stimulating infiltration of

M1 macrophages and CD8+ T cells, and sensitized tumors to immune

checkpoint blockade (ICB). Furthermore, we reported that the association

of VEGFA/BRAF targeting with anti-PD-1 antibody (triple therapy)

resulted in a durable response and enabled complete tumor eradication in

50% of the mice, establishing immunological memory. Neutralization and

CRISPR-Cas-mediated editing of granulocyte-macrophage colony-

stimulating factor (GM-CSF) abrogated antitumor response prompted by

triple therapy and identified GM-CSF as the cytokine instrumental in M1-

macrophage recruitment. Our data suggest that VEGFA/BRAF targeting

in melanoma induces the activation of innate and adaptive immunity and

prepares tumors for ICB. Our study contributes to understanding the

tumor biology of BRAFV600E melanoma and suggests VEGFA as thera-

peutic target.
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1. Introduction

Targeted therapies, such as BRAF (BRAFi) and MEK

(MEKi) inhibitors, represent one of the most signifi-

cant advances in the treatment of BRAFV600E mela-

nomas. However, despite the progress in the

management of combinatorial therapies, the develop-

ment of acquired resistance represents an urgent clini-

cal need. At the same time, immune checkpoint

blockade (ICB) is a promising approach independently

from the melanoma mutational landscape and provide

potential for durable response. Nevertheless, a fraction

of melanoma patients fails to respond to these inter-

ventions [1]. It has been demonstrated that the compo-

sition of tumor microenvironment (TME) may

influence response to ICB. For this reason, strategies

aimed to modulate the TME to sensitize refractories

tumors are under investigations to enhance the

response to ICB [2].

Targeting oncogenic BRAF makes melanoma more

immunogenic and promotes a more favorable TME by

normalizing tumor vasculature, enhancing melanoma

antigen presentation, and inducing cytotoxic CD8+

cells infiltration [3–6]. In BRAF mutant melanomas,

the combination of targeted and immunotherapy has

been tested in preclinical models [7], and clinical trials

are currently underway [8,9], suggesting that a combi-

nation of BRAFi, MEK inhibitor, and PD-1 blockade

may be feasible. However, additional options are

needed for specific subsets of patients.

Vascular endothelial growth factor A (VEGFA) is a

potent angiogenic factor involved in tumor progres-

sion. On the contrary, VEGFA is critical for promot-

ing immune suppressive activity, impairing leukocyte

diapedesis and hinders the immune T effector cell infil-

tration into the tumors [10]. Also, VEGFA hampers

tumor T-cell development [11] and correlates with PD-

1 expression of CD8+ cells [12]. In addition to direct

effects on T cells, VEGFA suppresses dendritic cell

functions and expands T regulatory cells and myeloid-

derived suppressor cells (MDSCs) [13–15].
Interestingly, VEGFA blockade has a positive

impact on the immune mechanism leading to the anti-

tumor response [16] and preclinical and clinical studies

support the possibility to exploit angiogenesis inhibi-

tors in association with immunotherapy [17–19].
In colorectal cancer, bevacizumab improved the

antigen-presenting capacity of dendritic cells [20]

revealing an additional mechanism for VEGFA-

removal on immune functions in the context of ICB.

Furthermore, high serum levels of VEGFA were asso-

ciated with decreased overall survival in advanced

melanomas [21], while low plasmatic VEGFA charac-

terized patients responding to immunotherapy [22].

Finally, the addition of bevacizumab to anti-PD-L1

antibody plus standard chemotherapy improved over-

all survival among patients with metastatic non-small-

cell lung carcinoma [23].

Previously, we reported that bevacizumab, the anti-

human VEGFA monoclonal antibody (anti-hVEGFA),

delayed the onset of acquired resistance to BRAFi in a

human melanoma tumor model developed in immuno-

deficient mice. Such anticancer effect was related to

the recruitment of M1-like macrophages and largely

limited by macrophage depletion [24].

Here, we sought to test the hypothesis that the anti-

tumor efficacy induced by the combinatorial use of

BRAFi and VEGFA removal, BRAF/VEGFA target-

ing, correlates with the ability to induce an immune-

stimulatory milieu in a mouse syngeneic melanoma

tumor model, derived from BRAF mutated murine

cells. We identified that BRAF/VEGFA targeting

induced a granulocyte-macrophages colony-stimulating

factor (GM-CSF)–mediated recruitment of M1 macro-

phages. Combinatorial BRAFi and VEGFA removal

reshapes the TME maximizing the anticancer effects of

ICB therapies, suggesting that VEGFA neutralization

represents a further option to improve targeted ther-

apy and immunotherapy in melanoma.

2. Materials and methods

2.1. Cell lines

BRAF mutant D4M (D4M.7A; RRID:CVCL_0P29)

mouse melanoma cells were generated from Tyr::CreER;

BrafCA;Ptenlox/lox mice [25] and were purchased by

Kerafast (Boston, MA, USA). BRAF mutant 5555

mouse melanoma cells were established from C57BL/

6_BRAF+/LSL-BRAFV600E;Tyr::CreERT2+/o [26]

and were kindly provided by R. Marais (Cancer

Research UKManchester Institute). D4M cells were cul-

tured in DMEM/F-12 advanced media (Sigma-Aldrich,

St. Louis, MO, USA) and supplemented with 5% FBS,

1% of penicillin/streptomycin (Sigma-Aldrich), and

2 mM glutamine (Sigma-Aldrich). 5555 cells were cul-

tured in DMEM (Sigma-Aldrich) and supplemented

with 10% FBS, 1% of penicillin/streptomycin (Sigma-

Aldrich), and 2 mM glutamine (Sigma-Aldrich). The cells

were grown according to standard protocols in a 37 °C
humidified, 5% CO2 incubator, and were tested regularly

for mycoplasma contamination. To authenticate cell

lines, cells were confirmed for BRAFV600E mutation by

PCR analyses and in vitro sensitivity to PLX4720.
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2.2. Animal studies

C57BL/6 were purchased from Charles River (Calco,

Como, Italy) and were acclimatized in the animal colony

for 1 week before experimentation. D4M (5 9 105) and

5555 (2 9 106) cells were resuspended in PBS and Matri-

gel and subcutaneously injected in 6–8-week-old C57BL/6

female mice. Tumor size was measured with a caliper, and

tumor volume was calculated by the modified ellipsoid

formula: [length 9 (width)2/2]. When tumors reached a

volume of approximately 250 mm3, mice were randomly

assigned to different treatment groups, which were main-

tained for 12 days or 8 weeks. Animals were housed in a

sterile environment, individually ventilated cages contain-

ing autoclaved bedding, food, and water. Animals were

kept under supervision by veterinary personnel during all

the experiments throughout the entire duration of the

experiments. Mice animals were not previously involved

in other experimental procedures and were monitored for

social behaviors, compromised motility, and sign of dis-

tress. The investigators did not operate in blind. All ani-

mal procedures were approved by Italian Ministry of

Health (protocol 21635.13) and were performed in accor-

dance with institutional guidelines and international law

and policies.

2.3. Mouse treatments

BRAFi (PLX4720) was purchased from Selleck Chemi-

cals (Houston, TX, USA), dissolved in DMSO at a final

concentration of 500 mM and stored in aliquots at 80 °C.
PLX4720 was administered by daily oral gavage at the

dosage of 60 mg�kg�1 (dissolved in a vehicle of 1% w/v

methylcellulose in sterile water). The anti-murine VEGFA

(anti-mVEGFA; B20) was provided by Genentech Inc.

(San Francisco, CA, USA) and administered intraperito-

neally three times a week (10 mg�kg�1, diluted with sterile

0.9% saline). The anti-mouse PD-1 (clone RMP1-14),

anti-mouse CD8a (clone YTS169.4), anti-GMCSF (clone

MP1-22E), anti-CSFR1 (clone AFS98), rat IgG2a (clone

2A3), and rat IgG2b (clone LTF-2) were purchased from

BioXcell (Lebanon, NH, USA). Antibodies were diluted

with sterile 0.9% saline Anti-PD-1 was administered

intraperitoneally three times a week (250 lg per mouse).

Anti-mouse CD8a was used for depletion of CD8+ T cells

in immunocompetent mice and was injected intraperito-

neally on the day of tumor inoculation (400 lg per

mouse) and every 3 days throughout the course of the

experiments (200 lg per mouse). Anti-mouse, GM-CSF,

was injected intraperitoneally on the day of tumor inocu-

lation and every 3 days throughout the course of the

experiments (250 lg per mouse). Anti-mouse CSFR1 was

injected intraperitoneally on the day of tumor inoculation

and every 3 days throughout the course of the experi-

ments (500 lg per mouse). Isotype controls were injected

according to the same schedule.

2.4. Gene expression data

Microarray gene expression data set were downloaded

from Gene Expression Omnibus dataset (GEO; https://

www.ncbi.nlm.nih.gov/geo/; accession number GSE

69754). Probes characterized by at least one experimental

condition with P < 0.05 were selected. Cross species

hybridizing probes were retrieved from [27] and filtered

out. For each gene, we retained the associated probe with

the largest mean expression value across all samples.

Ligand receptor database was generated as comprehen-

sive compendium of interactions by assembling two

resources: IUPAR (https://www.guidetopharmacology.

org) and ligand–receptor databases (https://dip.doe-mbi.

ucla.edu/dip/DLRP.cgi) for a total of 356 interactions.

2.5. Immunofluorescence analysis

Immunofluorescence was performed on frozen and fixed

tumor sections. The antibodies used were: anti-mouse

F4/80 (MCA497G; Bio-Rad Laboratories, Hercules,

CA, USA), GM-CSF (ab9741; Abcam, Cambridge,

UK), CD68 (ab125212; Abcam), phosho-p44/42 MAPK

(erk1/2) (4370; Cell Signaling Technology, Danvers,

MA, USA), and were revealed with the appropriate

fluorescence-conjugated secondary antibodies (Alexa

647 or 488). Images were analyzed by Leica SPEII

confocal microscope (Leica microsystem, Wetzlar,

Germany). Multiple independent fields (15–20 for sec-

tion) were randomly chosen and analyzed from at least

three tumors for each experimental condition. Image

quantification was performed using IMAGEJ software

(National Institutes of Health, Bethesda, MD, USA).

2.6. Quantitative real-time RT-PCR

Gene expression analysis by real-time quantitative RT-

PCR (qRT-PCR) were performed on F4/80+ cells mag-

netically sorted ex vivo with anti-F480 MicroBeads

Ultrapure (Miltenyi Biotec, Bergisch Gladbach,

Germany). The following primers were used: CCl5,

forward 50-GACAGCACATGCATCTCCCA-30 and

reverse 50-GTGTCCGAGCCATATGGTGA-30; Cd40,
forward 50-TTGTTGACAGCGGTCCATCT-30 and

reverse 50-TCTCAAGAGCTGTGCAGTGG-30; Cd86,
forward 50-CAGCACGGACTTGAACAACC-30 and

reverse 50-CTCCACGGAAACAGCATCTGA-30; Cxcl10,
forward 50-GAGAGACATCCCGAGCCAAC-30 and

reverse 50-GGGATCCCTTGAGTCCCAC-3; Cxcl9,
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forward 50-TGGAGTTCGAGGAACCCTAGT-30 and
reverse 50-TTGTAGTGGATCGTGCCTCG-30; Tbp,

forward 50-AGTGCCCAGCATCACTATTTCA-30 and
reverse 50-GCCCTGAGCATAAGGTGGAA-30; Tnfa,

forward 50- GTAGCCCACGTCGTAGCAAA-30 and

reverse 50- ACAAGGTACAACCCATCGGC-30; Nos2,

forward 50-CCTTGGTGAAGGGACTGAGC-30 and

reverse 50- CAACGTTCTCCGTTCTCTTGCT-30.
Total RNA was extracted from tumors using Maxwell�
RSC miRNA Tissue kit (AS1460; Promega, Madison,

WI, USA). Reverse transcription (RT) and qRT-PCR

were performed as previously described [28] For cDNA

synthesis, a High-Capacity cDNA Reverse Transcrip-

tion kit (Life Technologies, Carlsbad, CA, USA) was

used according to the manufacturer’s instructions. An

RNA quality check, including concentration and purity,

was performed with a Nanodrop ND-100 spectropho-

tometer Thermo Fisher Scientific, Waltham, MA,

USA). qRT-PCR was performed on a CFX96 (Bio-Rad

Laboratories) using SYBR-green PCR MasterMix (Life

Technologies). The PCR thermal profiles were 95 °C for

15 s and 60 °C for 60 s (40 cycles). Melting curve analy-

sis was performed for each PCR to confirm the specific-

ity of the amplifications. The housekeeping gene TBP

was used to normalize the expression data. Analyses of

sorted cells from tumor-bearing mice were performed

using independent experiments from four mouse repli-

cate for each treatment condition.

2.7. Tumor dissociation

Tumors were cut into small fragments (around 1 mm3)

and transferred to a tissue digestion C-tube (Miltenyi

Biotec) and dissociated enzymatically and mechanically

using a tumor dissociation kit (mouse; Miltenyi Biotec)

on a gentleMACS. Dissociator (Miltenyi Biotec).

Briefly, the “m-impTumor-02” program was run on

the dissociator, followed by a 40-min incubation at

37 °C.After a final run of the “m-impTumor-03,” a

single-cell suspension was obtained by filtering through

a 70-lm cell strainer (BD Biosciences, Franklin Lakes,

NJ, USA). Single-cell suspensions were centrifuge for

5 min at 300 g and washed with PBS.

2.8. Flow cytometry

Phenotype analysis was performed with staining per-

formed at 4 °C for 20 min with the following anti-

bodies: anti-mouse CD45 (clone 30-F11; Biolegend, San

Diego, CA, USA), anti-mouse F4/80 (clone BM8; Biole-

gend), anti-mouse CD11c (clone N418; Biolegend), anti-

mouse Ly6C (clone HK1.4; Thermo Fisher Scientific);

anti-CD11b (clone M1/70; Biolegend, San Diego, CA,

USA), anti-CD206 (clone C068C2; Biolegend), anti-

Ly6G (clone 1A8; Biolegend), anti-NK1.1 (clone

PK136; Biolegend), anti-CD314 (clone C7; Biolegend),

anti-CD4 (clone GK1.5; BD Pharmigen, San Jose, CA,

USA), anti CD8 (clone 53-6.7; BD Pharmigen); antiPD-

1 (clone 29F.1A12; Biolegend), anti-PD-L1 (clone

10F.9G2; Biolegend). Cells were detected using the

Cyan ADP flow cytometer (Beckman Coulter, Brea,

CA, USA) and data were analyzed with the Summit 4.3

software (Beckman Coulter). Quadrants were set based

on isotype control antibody, and cells were gated among

total DAPI� cells.

2.9. Gene editing

The knockout of the Csf2 gene in mouse cells was gener-

ated using the genome editing one vector system

(lentiCRISPR-v2) (Addgene #52961; Watertown, MA,

USA). sgRNAs were designed using the CRISPR tool

(http://crispr.mit.edu) to minimize potential off-target

effects. The following sgRNA sequences were used:

sgRNA4: CCCTCACTCACCAACGTGAC; sgRNA6:

GGCTGTAGACCACAATGCCC. Annealed sgRNA

oligonucleotides targeting mouse Csf2 were cloned into

Bsmbl lentiCRISPR-v2 plasmid, as previously described

[25]. To express the CRISPR–Cas9 system transiently, we

transfected cells with lentiCRISPR-v2 vector plasmid

(using the same guides as described above). Transfection

was carried out using Lipofectamine 3000 (Life Technolo-

gies) and Opti-MEM (Invitrogen), according to the manu-

facturer’s instructions. After 48 h, cells were incubated

with puromycin (Sigma-Aldrich) for 4 days and subse-

quently single-cell-diluted in 96-well plates. Approximately

40 clones for each guide were tested for the efficiency of

editing. We selected clones that lacked Csf2 and confirmed

the absence of Cas9 on the basis of immunofluorescence

analysis.

2.10. Statistics

All statistical analyses were performed using the GRAPH-

PAD PRISM 8.0 software (GraphPad Software, San Diego,

CA, USA). All experiments were conducted with at least

three replicates. To calculate statistical significance,

two-tailed Student’s t-test or one-way analysis of vari-

ance (ANOVA) followed by Tukey’s multiple compari-

sons test was used to determine the significance of

differences between the indicated groups. Kaplan–Meier

survival curves were compared between different treat-

ment groups using the log-rank (Mantel–Cox) test. Data

were expressed as mean � SEM. *P < 0.05,

**P < 0.01, and ***P < 0.001 were regarded as statisti-

cally significant.
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3. Results

3.1. Transcriptome analysis of A375 melanoma

tumors treated with BRAFi and anti-hVEGFA dual

therapy unveils the upregulation of M1-

macrophage chemoattractant GM-CSF

We previously reported that BRAFi in association

with anti-hVEGFA bevacizumab promotes the infiltra-

tion of M1-like macrophages, which show antitumor

activity in melanoma A375 xenograft model [24]. In

this study, we exploited the previous generated tran-

scriptomes of A375 xenografts treated with BRAFi,

bevacizumab, and their combination [24] focusing on

the comparative analysis of differentially expressed

human and murine mRNAs of ligand–receptor pairs

to identify intercellular signals between cancer and

stromal cells accountable for the observed modifica-

tions of TME after the therapeutic treatment. To high-

light the potential paracrine mechanism of interaction

between tumor cells and murine macrophages, we

focused on ligands expressed by melanoma cells for

which a cognate receptor was found expressed on stro-

mal cells (for a total of 80 ligands and 72 receptors).

We found five ligands differentially expressed only

after dual therapy and, among these, the most upregu-

lated ligand was GM-CSF (CSF2) (Fig. 1A and

Table S1). Its cognate receptors, Csfr2a expression on

stroma cells, were not modulated by any of the treat-

ments (Table S2). Interestingly, GM-CSF expressing
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Fig. 1. Ligand–receptor genes differentially expressed after treatment with BRAF inhibitor (BRAFi) associated with antihuman VEGFA

antibody (anti-hVEGFA) in A375 melanoma xenograft. (A) Log2-transformed, normalized expression value of granulocyte-macrophages

colony-stimulating factor (GM-CSF) quantified by microarray in control, BRAFi, anti-hVEGFA and BRAFi + anti-h-VEGFA A375 tumors. GM-

CSF ligand is detected in human dataset; n = 3. (B) Immunofluorescence staining for GM-CSF (red) and F4/80 (green) protein in A375 xeno-

graft treated with BRAFi in combination with anti-hVEGFA. (C) Quantification of GM-CSF expression determined by immunofluorescence

staining in A375 tumors treated as indicated. Bar graphs indicated the GM-CSF+ area/tumor area; n = 3. Scale bar, 40 lm. Data are pre-

sented as means � SEM. Significance was assessed by and Student’s t-test (A) and one-way ANOVA test followed post hoc pairwise anal-

ysis test (C); *P < 0.05, **P < 0.01.
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cells were evident in close proximity to tumor-

infiltrating F4/80+macrophages (Fig. 1B) and, in agree-

ment with gene expression data, GM-CSF protein sig-

nificantly increased only after dual therapy (Fig. 1C).

3.2. VEGFA blockade and BRAFi are synergic and

induces antitumor M1-macrophage infiltration in

D4M melanoma models

To better investigate the role of BRAFi and its associa-

tion with anti-VEGFA antibody and understand the

role exerted by recruited macrophages on shaping the

immune response, we extended the observations raised

in A375 model [24] in two immunocompetent melanoma

models exploited by BRAFV600E mouse 5555 and

D4M cells. In these syngeneic models, we explored the

antitumor efficacy of short-term administration

(12 days) of BRAFi (PLX4720), anti-mVEGFA (neu-

tralizing antibody anti-murine VEGFA; B20), and their

combination therapy (herein after referred as VEGFA/

BRAF targeting). In 5555 tumors, we observed that

single-agent BRAFi delayed tumor growth by 41%.

However, 5555 tumors were completely refractory to

anti-VEGFA therapy and the association with VEGFA

removal was not synergic (Fig. S1). In contrast, in D4M

tumors, we observed BRAFi and anti-mVEGFA anti-

body delayed tumor growth by around 45%, while their

association substantially induced a 91% reduction in

tumor volume as compared to untreated mice and a

~ 53% shrinkage of the initial tumor size (Fig. 2A).

These data suggested that 5555 tumors were not sensi-

tive to targeting VEGFA and we decided to proceed our

investigation on D4Mmodel.

First, we observed that microvessel area was signifi-

cantly reduced by anti-mVEGFA alone and by the

dual therapy. Moreover, BRAFi significantly decreased

the expression of HIF-1a in D4M tumors, and the

effect was maintained in combination with anti-m-

VEGFA treatment but not after anti-mVEGFA alone,

indicating that BRAF inhibition is critical for abrogat-

ing tumor hypoxia (Fig. S2). We then assessed whether

the combinatorial approach promoted the infiltration

of tumor-associated macrophages (TAMs) with a M1-

like phenotype. We observed that only the dual ther-

apy induced an increase in CD68+ macrophage infiltra-

tion compared with untreated mice, while BRAFi

treatment alone showed a modest but not significant

inhibitory effect. Anti-m-VEGFA monotherapy did

not affect macrophage infiltration (Fig. 2B). Flow

cytometry analysis for macrophage population con-

firmed the immunofluorescence results and showed a

significant increase in F4/80+ cells only after dual ther-

apy (Fig. 2C). To confirm the TAM polarization state

among the F4/80+ cell population, we analyzed by flow

cytometry the surface expression of CD11c, a marker

of M1-like polarization [25]. We observed that BRAFi

strongly led to the infiltration of CD11c+ M1-like mac-

rophages only when associated with anti-mVEGFA

and none of the treatments affected the infiltration of

macrophages that express the M2 marker CD206

(Fig. 2D). In addition, sorted F4/80+ macrophage-

infiltrating D4M tumors treated by VEGFA/BRAF

targeting showed increased transcripts of Tnfa, Cd86,

Cxcl10, Cd40, Nos2, Cxcl9, Ccl5, which are recognized

as markers of M1-profile. At the same time, F4/80+

cells exhibited low levels of arginase (Arg1), one the

marker associated with M2 polarization (Fig. 2E and

Table S3). Immunofluorescence staining indicated also

that macrophages infiltrating tumors co-expressed

MHC class II after dual therapy (Fig. 2F).

Tumors can also recruit MDSCs, which consist of

two groups of cells termed polymorphonuclear

Fig. 2. Vascular endothelial growth factor (VEGFA) targeting results in synergistic activity with BRAF inhibitor (BRAFi) in D4M syngeneic

melanoma model. (A) Mice bearing established D4M tumors were treated for 12 days with control (n = 12), BRAFi (PLX470; n = 13), anti-

murine VEGFA antibody (anti-mVEGFA, B20; n = 13) or BRAFi + anti-mVEGFA (n = 14). (B) Representative images and quantification of mac-

rophage infiltration determined by CD68 immunofluorescence staining in D4M melanoma tumors treated as indicated. Bar graphs indicated

the CD68+ area/tumor area, (control n = 5, BRAFi n = 4, anti-mVEGFA n = 3, BRAFi + anti-mVEGFA n = 4). Scale bar, 50 lm. (C) Flow cyto-

metry quantification of tumor infiltrating CD45+F4/80+ macrophages (control n = 7, BRAFi n = 4, anti-mVEGFA n = 3, BRAFi + anti-mVEGFA

n = 5). (D) Flow cytometry quantification of tumor infiltrating CD45+F4/80+CD11c+ M1 macrophages (control n = 4, BRAFi n = 3, anti-

mVEGFA n = 3, BRAFi + anti-mVEGFA n = 3) and CD45+F4/80+CD206+ M2 macrophages (control n = 4, BRAFi n = 4, anti-mVEGFA n = 3,

BRAFi + anti-mVEGFA n = 6). (E) Heatmap representation of Log2 fold change of markers associated to M1 and M2 polarization phenotype

detected by qRT-PCR in in isolated macrophages D4M melanoma tumors in (control n = 4, BRAFi n = 4, anti-mVEGFA n = 4 and

BRAFi + anti-mVEGFA n = 4). (F) Immunofluorescence staining for and F4/80 (green) and MHCII (red) protein in D4M tumors treated with

BRAFi in combination with anti-VEGFA, (n = 3) Scale bar, 50 lm. (G) Representative flow cytometry plot and quantification of tumor infiltrat-

ing CD45+CD11b+Ly6ChiLy6G� monocytic myeloid-derived suppressor cells (M-MDSC; control n = 8, BRAFi n = 5, anti-mVEGFA n = 7,

BRAFi + anti-mVEGFA n = 5) and CD45+CD11b+Ly6ClowLy6G+ PMN-MDSC polymorphonuclear myeloid-derived suppressor cells (PMN-

MDSC; control n = 8, BRAFi n = 5, anti-mVEGFA n = 7, BRAFi + anti-mVEGFA n = 5). Data are presented as means � SEM. Significance

was assessed by one-way ANOVA test followed post hoc pairwise analysis test (A–D and G), *P < 0.05, **P < 0.01 and ***P < 0.001 vs

control; ☨P < 0.05 versus BRAFi; ns, not significant.
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(PMN-MDSC) and monocytic (M-MDSC) MDSCs.

Accordingly, M-MDSC and PMN-MDSC can

be defined as CD45+CD11b+Ly6ChiLy6G� and

CD45+CD11b+Ly6ClowLy6G+, respectively [28]. We

observed that dual therapy induced a statistically sig-

nificant increment of tumor-infiltrating M-MDSCs

compared with the control group, while BRAFi and

anti-m-VEGFA single therapy did not alter the pres-

ence of M-MDSCs. Moreover, anti-mVEGFA mono-

therapy significantly increased the number of

infiltrating PMN-MDSCs but not when is associated

with BRAFi (Fig. 2G).
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3.3. GM-CSF and infiltrating TAMs are dynamic

biomarkers that correlate with response and

relapse to dual anti-mVEGFA and BRAFi therapy

We then evaluated the correlation between GM-CSF

expression and the recruited M1 macrophages in D4M

tumors. Consistent with findings in the A375, immuno-

fluorescence staining revealed a significant increase in

GM-CSF expression only after with the dual therapy

compared with untreated mice, confirming the possible

role of GM-CSF in recruitment of M1 macrophages

(Fig. 3A).

In order to explore the long-term therapeutic effects

of anti-mVEGFA, BRAFi and their combination, we

administered treatments over a period of 8 weeks.

After 12 days of treatment, we distinguished a

response phase, in which all treatments transiently

reduced or blocked tumor growth, followed by a

relapse phase, characterized by reinstatement of a

robust tumor growth. We observed that tumor relapse

progressively occurred after 27 and 36 days in mice

that, respectively, received anti-mVEGFA and BRAFi

monotherapy. Nevertheless, the dual therapy substan-

tially prolonged the progression-free survival, showing

a sustained tumor control. Despite the prolonged dis-

ease control, tumors treated with the dual therapy

started to regrowth after 57 days (Fig. 3B). Melanoma

tumors develop BRAFi resistance through a rewiring

of signaling network that circumvents the BRAF

blockade to achieve ERK activation. Here, we wanted

to identify whether MAPK pathway is associated also

with the acquisition of resistance to BRAF/VEGFA

targeting. Interestingly, relapsed tumors after BRAFi

or BRAFi + anti-mVEGFA showed similar responses

in terms of ERK reactivation as indicated by

phopsho-ERK immunofluorescence staining

(Fig. S3A).

We then hypothesized that GM-CSF expression and

TAMs infiltration could represent key players in driv-

ing antitumor responses by dual therapy. To evaluate

this correlation, we analyzed the number of infiltrating

CD45+F4/80+ cells and GM-CSF expression in D4M

tumors at response and at progression. As shown in

Fig. 3C, CD45+/F480+ cells were dramatically reduced

in melanomas treated by long-term dual regimen when

the disease relapsed. Interestingly, the amount of GM-

CSF and the recruitment of M-MDSC were dimin-

ished (Fig. 3D and Fig. S3B). On the opposite, the

effect was not associated with the recruitment of

PMN-MDCs or a shift of the macrophage polarization

phenotype, since PMN-MDSCs and M2 macrophages

are present in tumors in minor amount after 12 or

56 days of treatment (Fig. S3C,D).

3.4. Anti-PD-1 in association with BRAF/VEGFA

blockade elicits durable responses and leads to

tumor eradication

To investigate whether oncogenic BRAF targeting

associated with VEGFA removal similarly modulate

the adaptive immunity in D4M melanomas, we ana-

lyzed by flow cytometry the number of tumors infil-

trating T cells after 12 days of treatment.

Interestingly, we found that both BRAFi and dual

therapy significantly increased CD8+ T-cell tumor

infiltration, while anti-mVEGFA monotherapy did

not influence their recruitment (Fig. 4A). Of note,

none of the treatments affected the circulating frac-

tion of CD8+ T lymphocytes in mice-bearing D4M

tumors (Fig. S4A). To better define the profile of

infiltrating CD8+ lymphocytes, we evaluated the

expression of the programmed cell death protein 1

receptor (PD-1). As shown in Fig. 4B, PD-1 was

expressed by ~ 80% of intratumoral CD8+, and this

phenotype was not significantly modified by drug

treatments. In parallel to what observed for TAMs in

D4M tumors (Fig. 3C), we found that the number of

infiltrating CD8+ T cells dropped to levels compara-

ble to untreated tumors during the relapse phase of

the dual therapy (Fig. S4B).

Fig. 3. Antitumor activity induced by BRAF inhibitor (BRAFi) and anti-murine VEGFA antibody (anti-mVEGFA) combination therapy is corre-

lated with macrophages infiltration and granulocyte-macrophages colony-stimulating factor (GM-CSF) expression. (A) Representative images

and quantification of GM-CSF expression determined by immunofluorescence staining in D4M melanoma tumors treated as indicated. Bar

graphs indicated the GM-CSF+ area/tumor area, (control n = 3, BRAFi n = 3, anti-mVEGFA n = 4, BRAFi + anti-mVEGFA n = 3). Scale bar,

40 lm. (B) Mice bearing established D4M tumors were treated until tumors start to re-growth (progression) with control (n = 7), BRAFi

(PLX470; n = 7), anti-m-VEGFA (B20; n = 7) or BRAFi + anti-m-VEGFA (n = 8). Vertical broken line indicates the response phase (12 days of

treatments). (C) Flow cytometry quantification of infiltrating CD45+F4/80+ macrophages are evaluated in D4M melanoma tumors treated with

BRAFi + anti-m-VEGFA for 12 days (response phase; n = 5) or 57 days (progression phase; n = 4). (D) Representative images and quantifica-

tion of GM-CSF expression determined by immunofluorescence staining in D4M melanoma tumors treated with BRAFi + anti-m-VEGFA

combination for 12 days (response phase; n = 3) or 57 days (progression phase; n = 3). Bar graphs indicated the GM-CSF+ area/tumor area.

Scale bar, 40 lm. Data are presented as means � SEM. Significance was assessed by one-way ANOVA test followed post hoc pairwise

analysis test (A) and Student’s t-test (C, D), *P < 0.05.
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The combined inhibition of BRAF and VEGFA

reshapes the immunological landscape and therefore

this condition may be exploited to improve the

response to ICB. Mice-bearing D4M tumors were con-

comitantly treated with anti-PD-1 antibody in different

combinations with BRAFi and anti-m-VEGFA anti-

body for 12 days. Single anti-PD-1 antibody treatment

moderately, but significantly, reduced tumor growth as

compared to control antibody (Fig. 4C, left top panel).

Nevertheless, combination of anti-PD-1 antibody with

BRAFi or anti-mVEGFA induced a significant reduc-

tion in tumor growth as compared to single BRAFi or

anti-mVEGFA alone (Fig. 4C, right top panel and left

bottom panel). Combination of BRAFi and anti-

mVEGFA antibody showed the strongest efficacy in

association with PD-1 blockade (herein after referred

as “triple therapy”) and resulted in tumor size reduc-

tion of 85% after 12 day of short-term treatment.

Interestingly, only triple therapy resulted in complete

response (CR) in a subset of mice (2/14)-bearing D4M

melanomas (Fig. 4C, right bottom panel). We then

assessed the efficacy of the long-term treatments of the

different therapeutic combinations in D4M melano-

mas. We observed that anti-PD-1 antibody enhanced

the antitumor activity of anti-mVEGFA and BRAFi,

but the effect was temporarily limited. Long-term trea-

ted mice with anti-PD-1 antibody in combination with

anti-mVEGFA antibody or BRAFi relapsed after 4

and 7 weeks of treatment, respectively. On the con-

trary, after 7 weeks, the triple therapy still induced a

profound disease control with major tumor regression

(70% of tumor volume inhibition from starting tumor

size) (Fig. 4D). All the mice treated with triple regimen

responded to therapy. In particular, 10 of 21 mice

resulted in CR, six of 21 resulted in tumor volume

regression from starting size (durable response, DR),

and five of 21 responded but then progressed (short

response, SR) (Fig. S4C). Notably, the triple therapy

was well-tolerated, as mice did not show any weight

loss (Fig. S4D). In a second set of experiments in

mice-bearing D4M tumors, BRAFi and anti-mVEGFA

as single agents or in combination were maintained for

12 days and followed by anti-PD-1 antibody treat-

ment. The sequential use of anti-PD-1 antibody did

not improve tumor control and the tumors suddenly

started to regrowth (Fig. S4E).

Of notice, the triple therapy resulted in CR in 48%

mice (10 of 21) also after therapy suspension. The

long-term survivors lived up to 200 days since the ter-

mination of the therapy without any tumor mass

(Fig. 5A) suggesting that the treatment had been cura-

tive. Doublet combinations between BRAFi or anti-

mVEGFA with antiPD-1 elicited weaker therapeutic

response and resulted in CR only in 14.3% (1 of 7)

and 16.7% (1 of 6) mice, respectively. To assess immu-

nologic memory response, cured mice after triplet sus-

pension were then rechallenged on Day 96. D4M cells

were injected in the opposite flank of the first injection,

and na€ıve mice were challenged in parallel. We

observed that no tumor growth occurred in 100% (6

of 6) of rechallenged mice, as well as no recurrence of

the original tumor in the first side, demonstrating

immunologic memory response after the rechallenge.

In contrast, all na€ıve mice progressively developed

tumors (Fig. 5B).

3.5. Response to triple therapy is mediated by

CD8+ T cells and GM-CSF recruited M1-like

macrophages

The above results raise the question whether CD8+ T

cells and M1-like macrophage infiltration are critical

cellular players supporting the synergistic activity of

BRAFi, VEGFA removal and PD-1 blockade. To

address this aspect, we depleted CD8+ cells in D4M

melanomas. Mice with established tumors were then

treated with the triplet for 12 days. We confirmed

effective CD8+ cells suppression by analyzing circulat-

ing CD8+ cell population (Fig. S5A), and we reported

that CD8+ depletion significantly enhanced tumor

growth in untreated mice (Fig. S5B). Likewise, CD8+

cell depletion significantly impaired the antitumor

Fig. 4. Anti-PD-1 enhances the efficacy of BRAF inhibitor (BRAFi), anti-murine VEGFA antibody (anti-mVEGFA) and their combination BRAFi,

in D4M melanoma tumors. (A) Flow cytometry quantification of tumor infiltrating CD45+CD8+ T lymphocytes in D4M melanoma tumors in

(control n = 13, BRAFi n = 10, anti-mVEGFA n = 7, BRAFi + anti-mVEGFA n = 11). (B) Flow cytometry quantification of the fraction of PD-1

expression in tumor infiltrating CD8+ T lymphocytes in D4M melanoma tumors (control n = 5, BRAFi n = 4, anti-mVEGFA n = 3,

BRAFi + anti-mVEGFA n = 6). (C) Mice bearing established D4M tumors were treated with isotype control or anti-PD1 antibody (upper left

panel), with BRAFi + isotype control or BRAFi + anti-PD-1 antibody (upper right panel), with anti-m-VEGFA + isotype control or anti-m-

VEGFA + anti-PD-1 antibody (lower left panel), with BRAFi+ anti-mVEGFA + isotype control or BRAFi + anti-m-VEGFA + anti-PD-1 antibody

(lower right panel); (n = 7). (D) Mice bearing established D4M tumors were treated for 7 weeks with control (n = 7), anti-PD-1 (n = 7)

BRAFi + anti-PD-1 (n = 6), anti-mVEGFA + anti-PD-1 (n = 7) and BRAFi + anti-mVEGFA + anti-PD-1 (n = 8). Data are presented as

means � SEM. Significance was assessed by one-way ANOVA test followed post hoc pairwise analysis test (A, B) and Student’s t-test (C),

**P < 0.01, ***P < 0.001; ns, not significant.
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activity upon triplet (Fig. 6A). According to previous

data envisaging a role of GM-CSF in recruiting M1-

like macrophages, we pretreated mice with neutralizing

anti-GM-CSF antibody before starting the triple regi-

men. We observed that GM-CSF blockade signifi-

cantly enhanced tumor growth in untreated mice

(Fig. S5C) and impaired the antitumor activity upon

triple treatment with 11% vs 90% of tumor volume

inhibition in presence of GM-CSF neutralizing anti-

body or isotype-matched immunoglobulins, respec-

tively (Fig. 6B). Conversely, an antibody neutralizing

mouse colony-stimulating factor-1 receptor (CSFR1),

which is mainly expressed by M2-like macrophages,

did not interfere with the tumor growth both in

untreated or in triple combination therapy-treated

mice (Fig. 6C and Fig. S5D).

Furthermore, we sought to understand the function

of GM-CSF produced by melanoma cells. To achieve

this goal, we exploited genome editing with the

CRISPR-Cas9 system to inactivate GM-CSF encoding

gene, Csf2, in D4M cells. Because the expression of an

exogenous Cas9 protein from Streptococcus pyogenes
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Fig. 5. BRAF inhibitor (BRAFi) in association with anti-murine VEGFA antibody (anti-mVEGFA) and anti PD-1 antibody (triple combination ther-

apy) cures a large population of mice bearing D4M melanoma tumors and establishes protective memory in D4M tumor models. (A) Survival

over time for mice bearing established D4M tumors. Tumor cell were subcutaneously inoculated in the right flank and treated 9 days after

with BRAFi, anti-m-VEGFA, anti-PD-1 or the indicated double or triple combination: control (n = 7), BRAFi (n = 7), anti-mVEGFA (n = 7),

BRAFi + anti-mVEGFA (n = 7) anti-PD-1 (n = 7) BRAFi + anti-PD-1 (n = 7), anti-mVEGFA + anti-PD-1 (n = 6), BRAFi + anti-mVEGFA + anti-

PD-1 (n = 21). (B) Timeline of treatment (on the left) and survival over time for mice rechallenged with D4M tumor cells subcutaneous inocu-

lation in the left flank (n = 6) (on the right). Significance was assessed by long-rank (Mantel–Cox) test (A). *P < 0.05.
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might affect cell growth in syngeneic mouse models by

triggering immune-mediated response [29], we gener-

ated Csf2-knockout cell lines in which Cas9 was tran-

siently expressed, as revealed by immunofluorescence

staining (Fig. 6D and Fig. S5E). The knockout cell

lines (clone B9 and E7) grew similarly to the empty

vector controls (Fig. S5F,G). However, tumors derived

from Csf2-knockout B9 and E7 clones and treated for

12 days with the triple therapy showed a significant

reduction in responsiveness to the therapy. As shown

in Fig. 6E,F, triple therapeutic regimen reduced,

respectively, of 92%, 4%, and 40% the tumor size of

induced by empty-vector control, B9 and E7 clones.

4. Discussion

Tumor-associated macrophages play complex immuno-

logical roles in the TME, which vary with their activa-

tion state. Although M1/M2 macrophage polarization

status is a simplification and cancer shows a broad

variability in macrophages, their anti- and pro-tumoral

functions are paradigmatically connected to the classi-

cally activated (M1-like) and alternatively activated

(M2-like) phenotype, respectively [29,30]. Conse-

quently, they have emerged as therapeutic targets in

cancer therapy. Until today, macrophage-targeting

strategies mainly involve M2 TAM depletion or re-

education of the protumor M2 phenotype to M1-like

phenotype, crucial in inducing tumor regression [31].

However, increasing evidences indicate that M1-like

macrophages recruitment can limit tumor progression

and support anticancer therapies. Our group, recently

showed that the simultaneous BRAF/VEGFA target-

ing, induced the tumor infiltration of M1 macro-

phages, with a mandatory role in determining the

delay of acquired resistance to BRAFi in a A375 mela-

noma model [24]. Here, we reported that BRAF/

VEGFA targeting influenced monocyte-derived macro-

phages infiltration through a cancer-derived signal.

For this, we used a new tool for the analyses of

ligand–receptor interaction in the old A375 xenograft

microarray dataset. We analyzed the human-specific

and mouse-specific mRNAs differentially expressed

after BRAF/VEGFA targeting in order to identify

intercellular signals between cancer and stromal cells.

This analysis identified a cytokine directly correlate

with the recruitment in tumor of M1 macrophages, the

GM-CSF. In according to this, it has been demon-

strated that GM-CSF is a multipotent cytokine

involved in monocyte recruitment and macrophage

maturation and differentiation, regulating function as

proliferation, phagocytosis, and antigen presentation

[31]. However, conventional xenograft models have an

immunocompromised status that is defective for adap-

tive immunity. Therefore, we exploited a syngeneic

model to asses BRAF/VEGFA targeting in an immu-

nocompetent model. In D4M tumors, we showed that

the presence of T cells in TME does not hamper the

recruitment of M1 macrophages and the synergistic

antitumor activity induced by BRAF/VEGFA target-

ing. We showed that BRAF/VEGFA targeting

increased the expression of costimulatory molecules,

such as Cd40 and Cd86, in macrophages isolated from

tumors. At the same time, macrophages that infiltrates

in tumors after BRAF/VEGFA targeting show high

expression of MHCII. MHCII expression in antigen

presenting cells is a key regulator of adaptive immune

response and, in agreement with our results, it has

been shown that GM-CSF treatment increased the

expression of critical antigen-presenting molecules such

as HLA-DR and CD86 in monocytes [32].

BRAF/VEGFA targeting increased also the infiltra-

tion of immature myeloid cells of monocyte origin, M-

MDSC, which can further mature and differentiate

into M1 macrophages in the presence of GM-CSF

[33]. By contrast, anti-VEGFA treatment alone medi-

ated the recruitment of PMN-MDSC. These data are

in accordance with a published work that indicate that

this cell population is associated with refractoriness to

anti-VEGFA therapy [34]. Nevertheless, we observed

that the concomitant BRAF inhibition counteracts the

PMN-MDSC tumor infiltration induced by anti-m-

VEGFA treatment.

We observed that the enhanced antitumor activity

associated with the BRAF/VEGF targeting did not

correlate with an increased inhibition of tumor angio-

genesis. However, this report agrees with our previous

works in which we confirmed that BRAFi abolished

tumor tissue hypoxia in D4M tumors, also when coad-

ministered with anti-VEGFA [3,24]. The restoration

of the tissue oxygenation suggests the normalization of

vessel functionality favoring the patrolling function of

immune cells, as previously reported [10,35].

The synergistic antitumor effect observed to BRAF/

VEGFA targeting was transient. However, tumor

recurrence was associated by a drop of M1 macro-

phages infiltration and GM-CSF levels. Similarly, also

the activation of the adaptive immune response was

temporary. We observed that BRAFi induced the

recruitment of CD8+ lymphocytes, even when associ-

ated with anti-mVEGFA antibody. This is consistent

with a previous work reporting that CD8+ cells

increased following BRAFi but they disappeared at

disease progression [5]. However, infiltrating CD8+

lymphocytes, driven in D4M tumors by BRAFi,

showed an exhausted phenotype characterized by a
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high level of PD-1 expression [36]. This observation

suggests that the induction of PD-1 on tumor-

infiltrating lymphocytes undermines their ability to

mount an effective antitumor response and provides a

plausible explanation for tumor growth despite the

presence of infiltrating CD8+ cells.

Since innate immune cells can contribute to tumor

suppression boosting a strong adaptive immune
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response, we hypothesized that infiltration on M1 mac-

rophages in the TME by BRAF/VEGFA targeting

would enhance the efficacy of the ICB, which primar-

ily unleashes anticancer T-cell response. In metastatic

melanomas carrying BRAF, the combination of

BRAFi with MEK inhibitor and immunotherapy rep-

resents a further step forward and a pilot clinical study

suggests its clinical efficacy [8]. This study showed that

a subset of patients (60%) had a long duration of

response without evidence of acquired resistance to the

oncogene-targeted therapy at 2 years, but 40% of the

patients relapsed, suggesting the need of a better selec-

tion of patients who are more likely to benefit from

targeted therapies combined with immunotherapy.

Here, we demonstrated, in D4M tumors, VEGFA/

BRAF targeting sensitized tumors to respond to anti-

PD1 therapy. Triple therapy induced a profound anti-

tumor effect in all mice treated, without evidence of

toxic effects. Notably, 50% of mice showed a complete

tumor regression, even after therapy suspension and

rechallenge with a second tumor injection, proving the

activation of immunological memory. Clinical trials to

determine the optimal schedule choice are ongoing

(NC02224781). Nevertheless, we observed the sequen-

tial use of anti-PD-1 antibody, after 2 weeks of

BRAF/VEGFA targeting, failed to improve tumor

control and the tumors rapidly relapsed. This may

indicate that control of tumor growth is dominated by

targeted therapies and that a constant influence of the

BRAF/VEGFA targeting on TME should be required

to exploit the best efficacy of anti-PD-1 treatment. In

according with our results, immune cell depletion stud-

ies combined with immunophenotypic analysis demon-

strated that M1-like TAM are required for synergistic

curative activity of ICB associated with oncolytic

viruses in glioblastoma [37]. Similarly, in hepatocellu-

lar carcinoma, Listeria-based vaccine promotes M0

and M2 differentiation in M1-TAM, which increased

tumor PD-L1 and improved the anti-PD-1 therapy

[38]. Correlative studies conducted in cancer mouse

models indicate that TLR7 agonist increases the ratio

M1/M2 and dictates the improvement of the response

to ICB [39]. Finally, PI3K inhibitors exploited in can-

cer treatment have been demonstrated to promote

changes from M2 to M1 phenotype, synergizing with

checkpoint inhibitors [40]. In D4M model, BRAFi

alone was unable to recruit M1-like macrophages and

fully support ICB because only the removal of

VEGFA allowed GM-CSF expression, macrophage

infiltration, and the improvement of immunotherapy

effectiveness.

Finally, to validate the key role of the cooperation

between GM-CSF-recruited M1 macrophages and acti-

vated CD8+ lymphocytes in orchestrating the eradica-

tion of tumors, we performed loss-of-function

strategies in D4M model. We observed that the neu-

tralization of GM-CSF and CD8+ cell depletion inhib-

ited similarly the efficacy of triple treatment. At the

same way, triple therapy showed also poor effective-

ness in tumors induced by Csf2 null D4M cells. The

role of GM-CSF in addressing a therapeutic strategy

in melanomas is supported by the clinical use of an

oncolytic herpes virus vector encoding GM-CSF. This

vector reshapes the TME, increases CD8+ cell recruit-

ment and tumor PD-L1 expression, and induce a clini-

cal response after subsequent ICB [41]. In agreement

with TCGA data that indicates that 8% of mutated

BRAFV600E human melanoma showed the overex-

pression of the VEGFA transcript, our work suggests

that an improvement patient’s molecular stratification

taking into account the expression of VEGFA, might

open new therapeutic regimens based on targeting

VEGFA in advanced metastatic melanomas.

5. Conclusions

Our studies in melanoma tumors suggested that

BRAF/VEGFA targeting reshaped the TME, leading

Fig. 6. Granulocyte-macrophages colony-stimulating factor neutralization and genetic knock-down demonstrates that tumor-derived GM-CSF

regulates tumor clearing mechanism. (A) Mice bearing established D4M tumors were treated with BRAFi, anti-mVEGFA and anti-PD-1 com-

bination for 12 days with either a neutralizing anti-CD8 antibody (n = 4) or isotype control antibody (n = 7), ***P < 0.001 versus control. (B)

Mice bearing established D4M tumors were treated with BRAFi, anti-mVEGFA and anti-PD-1 combination for 12 days with either a neutraliz-

ing anti-GM-CSF antibody (n = 4) or isotype control antibody (n = 7), **P < 0.01 versus control. (C) Mice bearing established D4M tumors

were treated for with BRAFi, anti-mVEGFA and anti-PD-1 combination for 12 days with either a neutralizing colony-stimulating factor-1

receptor antibody (anti-CSFR1) (n = 8) or isotype control antibody (n = 7). (D) Representative images of GM-CSF expression determined by

immunofluorescence staining in a positive control, empty vector and GM-CSF encoding gene, Csf2 ko (clone B9 and clone E7) and D4M

cells (n = 10). Scale bar, 40 lm. (E) C57BL/6 mice were implanted subcutaneously with either Csf2 ko D4M cells, clone B9 (n = 6), or

empty vector cells (n = 7). Mice bearing established D4M tumors were treated with BRAFi, anti-mVEGFA and anti-PD-1 combination for

12 days. (F) C57BL/6 mice were implanted subcutaneously with either Csf2 ko D4M cells, clone E7 (n = 6), or empty vector cells (n = 6).

Mice bearing established D4M tumors were treated with BRAFi, anti-mVEGFA and anti-PD-1 combination for 12 days. Data are presented

as means � SEM. Significance was assessed by Student’s t-test (A–C and E–F). *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant.
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to an improvement of anti-PD-1 effectiveness and

inducing an immunologic memory response able to

reject a second tumor. Our results imply that the effi-

cacy of anti-PD-1 therapy depends mainly on the pres-

ence of M1-like macrophages induced by GM-CSF.

In summary, we have demonstrated that a rational

combination of two targeted therapy (BRAFi and

anti-mVEGFA) and an immunomodulatory agent

(anti-PD-1) in melanoma can lead to a CR in a large

fraction of mice bearing melanomas not responding to

BRAFi/anti-PD-1 combination therapy.
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online in the Supporting Information section at the end
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Fig. S1. Syngeneic 5555 melanoma tumors are refrac-

tory to anti-mVEGFA antibody and BRAF/VEGFA

targeting does not result in synergistic antitumor

activity.

Fig. S2. Synergistic antitumor activity induced by

BRAF/VEGFA targeting is not correlated with an

augmented inhibition of tumor angiogenesis in D4M

syngeneic melanoma model.

Fig. S3. BRAF/VEGFA targeting delays the onset to

acquired resistance to BRAFi in D4M syngeneic mela-

noma model.

Fig. S4. Anti-PD-1 enhances the efficacy of BRAFi,

anti-m-VEGFA, and their combination in D4M synge-

neic melanoma model.

Fig. S5. GM-CSF neutralization and genetic knock-

down demonstrates that tumor-derived GM-CSF regu-

lates tumor-clearing mechanism in D4M syngeneic

melanoma model.

Table S1. Differential expression of ligand upon treat-

ments including p value, BH adjusted, and log2ratio

comparing each condition against the controls.

Table S2. Differential expression of receptor upon

treatments including p value, BH adjusted, and log2ra-

tio comparing each condition against the controls.

Table S3. Log2 Fold Change Real-Time PCR analysis

of macrophages polarization.
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