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Abstract

Bromodomain and extra terminal inhibitors (BETi) delay tumor growth, in part, through tumor cell 

intrinsic alterations and initiation of anti-tumor CD8+ T cell responses. By contrast, BETi effects 

on pro-tumoral immune responses remain unclear. Here, we show that the next generation BETi, 

PLX51107, delayed tumor growth to differing degrees in Braf V600E melanoma syngeneic mouse 

models. These differential responses were associated with the influx of tumor-associated 

macrophages during BETi treatment. Tumors that were poorly responsive to PLX51107 showed 

increased influx of colony stimulating factor-1 receptor (CSF-1R)-positive tumor-associated 

macrophages. We depleted CSF-1R+ tumor-associated macrophages with the CSF-1R inhibitor, 

PLX3397, in combination with PLX51107. Treatment with PLX3397 enhanced the efficacy of 

PLX51107 in poorly responsive Braf V600E syngeneic melanomas in vivo. These findings suggest 

that tumor-associated macrophage accumulation limits BETi efficacy and that co-treatment with 

PLX3397 can improve response to PLX51107, offering a potential novel combination therapy for 

metastatic melanoma patients.
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Melanoma is the most lethal form of skin cancer. Despite recent therapeutic success with 

targeted inhibitors and immunotherapies, there is a need for new systemic therapies that 

target both the tumor and other cells/factors within the tumor microenvironment. Epigenetic 
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modifiers, such as bromodomain and extra terminal inhibitors (BETi), induce cell death and 

cell cycle arrest in non-solid malignancies and solid tumors (Filippakopoulos & Knapp, 

2014; Gallagher et al., 2015; Jung et al., 2015; Paoluzzi et al., 2016; Segura et al., 2013). 

BETi also have profound effects on both pro and anti-inflammatory responses to infections 

and autoimmunity (Chen et al., 2016; Klein et al., 2016; Sun et al., 2015). Recently, BETi 

have been shown to block tumor growth by inducing anti-tumor immune responses. 

Specifically, we and others have shown that BETi lowered tumoral PD-L1 expression, 

improving the function of tumor-infiltrating CD8+ T cells and inducing CD8-mediated 

tumor growth delay (Erkes et al., 2019; Hogg et al., 2017; Nikbakht et al., 2019; Zhu et al., 

2016). Despite the clear effect of BETi on CD8+ T cells, their action on other tumor-

infiltrating immune populations remains unclear.

The tumor immune microenvironment is a complex assortment of immune cells that act in 

an anti- or pro-tumoral capacity; in particular, tumor-associated macrophages (TAM) can 

play dual roles (Gabrilovich et al., 2012). During tumor initiation, TAM tend to be pro-

inflammatory, stimulating CD8+ T cell responses by presenting antigen and releasing anti-

tumor cytokines. As tumors grow, TAM shift to an immune-suppressive, pro-tumoral 

phenotype. These TAM release immune suppressive cytokines such as IL-10, induce T-

regulatory influx via CCL22 release, and support angiogenesis by producing VEGF 

(Gabrilovich et al., 2012). Thus, targeting TAM can have beneficial therapeutic effects for 

cancer patients.

Melanoma has overexpressed BRD/BET proteins (Echevarría‐Vargas et al., 2018; Segura et 

al., 2013) and targeting these proteins with BETi alters tumor growth mechanisms and T cell 

responses in melanoma (Dar et al., 2015; Erkes et al., 2019; Gallagher et al., 2014a; 

Gallagher et al., 2014b; Gallagher et al., 2015; Nikbakht et al., 2019; Paoluzzi et al., 2016). 

BETi act by blocking the function of bromodomain proteins (BRDs), thereby altering a 

subset of genes driven from super-enhancers (Loven et al., 2013; Shi & Vakoc, 2014). 

Macrophages rely on BRDs for NF-κB directed production of nitric oxide and IL-6 

(Filippakopoulos & Knapp, 2014). Additionally, BETi alter the differentiation, function, and 

recruitment of macrophages (Bandukwala et al., 2012; Belkina et al., 2013; Filippakopoulos 

& Knapp, 2014; Klein et al., 2016; Qiao & Ivashkiv, 2015; Wienerroither et al., 2014). 

Despite the critical role for BRDs in macrophage function, the impact of BETi on TAM is 

currently understudied (Groot & Pienta, 2018).

Here, we tested the next generation BETi, PLX51107, in immune-competent Braf V600E 

melanoma models and analyzed its effects on TAM. PLX51107 differentially altered the 

growth of mouse Braf V600E melanoma tumors; effects that were associated with the influx 

of TAM. PLX3397, a colony stimulating factor-1 receptor (CSF-1R) inhibitor, reduced TAM 

accumulation and improved the efficacy of BETi in poorly responsive tumors. Together, this 

work demonstrates that PLX51107 efficacy in melanoma can be improved by PLX3397 

treatment.

Braf mutant mouse melanoma cell lines were utilized in this study. D4M3.A cells were 

donated by Dr. Constance E. Brinckerhoff (Dartmouth University, 2016) and grown in 

DMEM/F12 containing 5% FBS, 1% PenStrep, and 1% L-Glutamine. YUMM1.7 cells were 
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donated by Dr. Marcus Bosenberg (Yale University, 2014) were maintained in DMEM F-12 

50/50 supplemented with 10% FBS, 1% PenStrep, and 1% non-essential amino acids. To 

authenticate cell lines and determine that they were pathogen-free, cells were confirmed for 

Braf V600E mutation and IMPACT III PCR pathogen tested (IDEXX).

Animal experiments were performed at Thomas Jefferson University in a facility accredited 

by AAALAC after IACUC approval. Male C57BL/6 mice (Jackson, 6–10 weeks) were used 

for all studies. Tumors were implanted intradermally in 100 μL HBSS. Tumor volumes were 

tracked with caliper measurements: volume = (length × width2)*0.52. When the volume 

reached ~50 mm3, animals were fed either the appropriate drug-laced chow. For all chow 

experiments, mice were supplemented with ClearH2O DietGel® Recovery or intraperitoneal 

PBS injections to combat weight loss and dehydration. PLX51107 (80 and 90 ppm) and 

PLX3397 (for macrophage depletion, 275 ppm) were provided by Plexxikon Inc. Chow was 

purchased from Research Diets. Mice were switched from 90 ppm of PLX51107 + 275 ppm 

of PLX3397 to 80 ppm of PLX51107 + 275 ppm of PLX3397 if they lost more than 15% 

weight. The structures for PLX51107 and PLX3397 have previously been published (Ao et 

al., 2017; Ozer et al., 2018).

Tumor growth statistics were analyzed using the fixed effects in the linear mixed effects 

(LME) model included the treatment group as well as the interaction between treatment 

groups. Time-dependent trends were modeled as cubic polynomials. The random animal 

effects included only intercept, linear and quadratic coefficients. The residuals were 

evaluated to validate the assumptions of the models. Based on the fitted LME model, the 

overall comparisons of treatment groups were performed in terms of the growth rates (null 

hypotheses = controls are equal to the treatment groups).

To analyze tumor-infiltrating lymphocytes by flow cytometry, tumors were dissected and 

processed into single cell suspensions. Cells were stained with a fixable live/dead stain 

followed by surface antibody staining, as previously described (Erkes et al., 2019). Cells 

were surface stained with the following antibodies clones from Biolegend: CD45.2 (104), 

CD11c (N418), CD11b (M1/70), CD103 (2E7), F4/80 (BM8), CD3 (17A2), CD19 (6D5), 

CD206 (C068C2) I-A/I-E (M5/114.15.1), CD8α (53–6.7) and CSF-1R (AFS98). The BD 

Fortessa platform was used to analyze all samples. FlowJo was used to quantify flow 

cytometry data.

To measure blood plasma levels of PLX51107 and PLX3397, mice were bled retro-orbitally 

and plasma separated by centrifugation at 1000 RCF for 10 minutes and stored at −80°C. 

Analyses of PLX51107 and/or PLX3397 levels in plasma samples were carried out by 

Integrated Analytical Solutions (Berkeley, CA) using LC-MS/MS.

The impact of PLX51107 on cutaneous melanoma tumor growth and tumor infiltrating 

leukocytes was established in two syngeneic Braf V600E mouse melanoma models - 

D4M3.A and YUMM1.7 cells (Jenkins et al., 2014; Meeth et al., 2016). After intradermal 

cell implantation, tumors were grown to ~50 mm3 and then mice were fed either control or 

PLX51107-laced chow. D4M3.A tumors displayed robust tumor growth delay with 

PLX51107 treatment, as previously described (Erkes et al., 2019) but in contrast YUMM1.7 
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tumors exhibited only a modest growth delay (Fig. 1A). Accordingly, PLX51107 prolonged 

animal survival by ~20 days, but only ~5 days in mice bearing D4M3.A and YUMM1.7 

tumors, respectively (Fig. 1B). These data imply that BETi differentially slows the growth of 

cutaneous melanoma tumors in immune competent models.

To determine possible causes of the differential BETi responses, we tested the impact of 

PLX51107 on phenotypically pro-tumoral TAM. Comparing day four on PLX51107 

treatment to sacrifice, TAM significantly increased in poorly responsive YUMM1.7 tumors 

but not in highly responsive D4M3.A tumors (Fig. 2A and Supp. Fig. 1). Specifically, pro-

tumoral TAM (CD206+ or MHC-IIlo) significantly accumulated in poorly responsive 

YUMM1.7 tumors during PLX51107 treatment; however, there was no significant difference 

in accumulation between day four and sacrifice in D4M3.A tumors (Fig. 2B and Supp. Fig. 

1). Of note, TAM increased in the D4M3.A model after the addition of PLX51107, both in 

day four and at sacrifice harvested tumors. By contrast, TAMs increased over time with 

tumor growth in YUMM1.7 tumors in a PLX51107-independent manner (Fig. 2A and B). 

These data imply that the growth-associated influx of pro-tumoral TAM into YUMM1.7 

tumors could be linked to their poor response to the BETi, PLX51107.

BETi efficacy is CD8+ T cell-dependent (Erkes et al., 2019; Hogg et al., 2017; Zhu et al., 

2016), and in melanoma, T cells induce CSF-1 expression and subsequent TAM infiltration 

and resistance to therapy (Neubert et al., 2018). Thus, in an attempt to improve PLX51107 

responsiveness, we focused on targeting CSF-1R+ TAM accumulation. CSF-1R expression 

on macrophages promotes their differentiation and accumulation into tissue and targeting 

CSF-1R+ TAM has demonstrated therapeutic efficacy in mouse melanoma models (Lenzo et 

al., 2012; Mok et al., 2014; Sluijter et al., 2014). YUMM1.7 cell lines expressed higher 

mRNA levels of molecules involved in macrophage infiltration into tissue (Erkes et al., 

2017; Mantovani et al., 2017; Xuan et al., 2015) than D4M3.A cell lines (Supp. Fig. 2), 

suggesting that YUMM1.7 tumors may be more prone to macrophage infiltration. Indeed, 

we observed that poorly responsive YUMM1.7 tumors accumulated CSF-1R+ TAM 

(comparing sacrifice to day four), whereas highly responsive D4M3.A tumors did not (Fig. 

3A).

To target this CSF-1R+ TAM accumulation, we used a CSF-1R inhibitor, PLX3397, in 

combination with PLX51107 (Mantovani et al., 2017; Sluijter et al., 2014). Time course 

studies established that PLX51107 was present at ~1–2 μg/mL and PLX3397 was present at 

~20–60 μg/mL in the blood plasma of treated mice (Supp. Fig. 3A). PLX51107 significantly 

increased CD8+ T cells in D4M3.A tumors during treatment, as previously demonstrated 

(Erkes et al., 2019), but did not alter the influx of CD8+ T cells in YUMM1.7 tumors (Supp. 

Fig.3B). We previously showed that expression of PD-L1, a therapeutic target of BETi (Zhu 

et al., 2016), was decreased by PLX51107 treatment in D4M3.A tumors (Erkes et al., 2019), 

suggesting that BET inhibition is achieved in vivo. To ensure PLX3397 acted as intended, 

we tested for the depletion of macrophages. PLX3397 alone or in combination with 

PLX51107 decreased CSF-1R+ macrophages in the blood and tumors (Fig. 3B–C and Supp. 

Fig. 3C–D). As before, D4M3.A tumor-bearing animals were highly responsive to 

PLX51107, but co-treatment with PLX3397 showed no added growth or survival advantage 

(Fig. 3D and Supp. Fig. 3F), indicating the CSF-1R+ TAMs are not modulating the response 
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to PLX51107 in this tumor model. In contrast, the addition of PLX3397 significantly 

improved survival and delayed tumor growth in poorly responsive YUMM1.7 tumor-bearing 

mice (Fig. 3D and Supp. Fig. 3F). Polymorphonuclear (PMN)-MDSCs have previously been 

shown to limit CSF-1R efficacy (Kumar et al., 2017) and effects of PLX3397 co-treatment 

were associated with a decrease in PMN-MDSCs in YUMM1.7, but did not have significant 

effects in D4M3.A tumors (Supp. Fig. 3F). Tumor-bearing mice experienced only minor 

weight loss during treatments (Supp. Fig. 3G). Collectively, these data demonstrate that 

PLX3397 improved the efficacy PLX51107 in poorly responsive YUMM1.7 tumors.

Receptor tyrosine kinase expression, such as CSF-1R, on melanoma cells can contribute to 

growth (Easty et al., 2011). To determine whether PLX3397 has a direct effect on tumor 

cells, we evaluated CSF-1R expression in untreated tumors. We observed low to moderate 

expression of CSF-1R on non-immune cells (Supp. Fig. 4A). Furthermore, in vitro treatment 

of D4M3.A and YUMM1.7 cells lines did not significantly alter cell growth at multiple 

concentrations tested (Supp. Fig. 4B). Together, these data suggest that the effects of 

PLX3397 were unlikely to be mediated by direct effects on the tumor cells.

Our study demonstrates that PLX3397 enhances the efficacy of PLX51107 in poorly 

responsive tumors. We established this novel combination by identifying the accumulation 

of immune-inhibitory and CSF-1R+ TAM in tumors poorly responsive to PLX51107 and 

attempting to deplete them with PLX3397. Our data demonstrated that PLX3397 depleted 

CSF-1R+ TAM and improved BETi efficacy in poorly responsive tumors. Thus, tumors that 

recruit CSF-1R+ TAM during BETi may be a target for PLX3397 combination treatment. 

We note that PLX3397 inhibits other tyrosine kinases besides CSF-1R, such as cKIT, FLT3 

and PDGFR-ß, that may also contribute to the regulation melanoma growth (Cannarile et al., 

2017). PLX51107 can inhibit cancer cell growth in vitro; however, in vivo we observe 

additional effects on the tumor immune microenvironment (Erkes et al., 2019). Further 

investigation is required to thoroughly understand the effects of PLX51107 on diverse 

immune cell types within the tumor. PLX3397 improved the efficacy of PLX51107 poorly 

responsive tumors and has demonstrated clinical efficacy (Mantovani et al., 2017), 

highlighting an opportunity for further studies combining BETi with PLX3397 in a clinical 

setting.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Tumor-associated macrophages affect melanoma tumor progression by supporting tumor 

growth and the dampening of anti-tumor immune responses; thus, understanding the role 

of macrophages in the context of anti-tumor therapies is important. Previous studies by 

our group and others have shown that BET inhibitors are a potential therapy for 

melanoma; yet it is still unclear if macrophages are modulated during treatment. Here, we 

determined that macrophage influx is associated with BET inhibitor responsiveness and 

that depleting macrophages with PLX3397 improves BET inhibitor efficacy. Our study 

describes a new clinically relevant drug combination that could offer a new treatment 

strategy for metastatic melanoma.
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Figure 1: BETi treatment differentially delays the growth of Braf V600E melanoma.
Male C57BL/6 mice were intradermally implanted with one of two different mouse Braf 

V600E melanoma cell lines, D4M3.A (3 × 105 cells) or YUMM1.7 (2.5 × 105 cells). These 

tumors were grown to ~50 mm3 after which animals were given control (AIN-76A) or 

PLX51107 (90 ppm PLX51107 AIN-76A)-laced chow. D4M3.A: control n=3, PLX51107 

n=4. YUMM1.7: control n=9, PLX51107 n=9. A) Tumor growth is represented as change of 

volume (mm3) over time from the start treatment. Significance ***p<0.001, ****p>0.0001. 

B) Kaplan Meier survival curves of mice bearing D4M3.A or YUMM1.7. Mice were 

considered ‘dead’ when tumors progressed beyond 400 mm3. Significance was determined 

using a log-rank test, *p<0.05, **p<0.01.
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Figure 2: Accumulation of TAM during BETi.
Mice were implanted with 3 × 105 D4M3.A cells or 2.5 × 105 YUMM1.7 cells as in Figure 

1 and TAM were phenotyped during PLX51107 treatment. A) Percent TAM in tumors at day 

4 and sacrifice (Sac) on- and off-treatment. B) Pro-tumoral phenotype (CD206+ or MHC-

IIlo) of TAM in tumors. Significance was assessed by unpaired t-test *p<0.05, **p<0.01.
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Figure 3: CSF-1R inhibition improves BETi efficacy in poorly responsive tumors.
Mice were implanted with 3 × 105 D4M3.A cells or 2.5 × 105 YUMM1.7 cells as in Figure 

1 and TAM were phenotyped. A) CSF-1R+ TAM in untreated tumors at day 4 and sacrifice. 

Significance was assessed by unpaired t-test *p<0.05, ***p<0.001. B-D) Mice were 

implanted with D4M3.A or YUMM1.7 cells and when tumors reached ~50 mm3, mice were 

given AIN-76A control, PLX51107 (90 ppm), PLX3397 (275 ppm), or PLX51107 (90 ppm) 

plus PLX3397 (275 ppm)-laced chow. Animals with >15% weight loss on PLX51107 plus 

PLX3397 were switched to 80 ppm of PLX51107 plus 275 ppm of PLX3397. B) 
Representative FACS plot of macrophages (CD11b+, F4/80+) in the blood of YUMM1.7 

tumor-bearing animals 10 days after beginning treatment. C) TAM accumulation levels in 

D4M3.A or YUMM1.7 tumors at sacrifice. Significance was assessed by unpaired t-test 

comparing PLX51107 to PLX51107 plus PLX3397 *p<0.05, ***p<0.001. D) Kaplan Meier 

survival curves of mice bearing D4M3.A (control n=4, PLX3397 n=8, PLX51107 n=6, and 

PLX3397 plus PLX51107 n=8) or YUMM1.7 (control n=4, PLX3397 n=4, PLX51107 n=9, 

and PLX3397 plus PLX51107 n=9) tumors. Mice were considered ‘dead’ when tumors 

progressed beyond 400 mm3. Significance was determined using a log-rank test, **p<0.01.
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