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Abstract 21 

Immune checkpoint inhibitors (ICB) have significantly prolonged patient survival across multiple 22 

tumor types, particularly in melanoma. Interestingly, gender specific differences in response to 23 

ICB have been observed with males getting more benefit than females, although the 24 

mechanism(s) underlying this difference are unknown. Mining published transcriptomic datasets, 25 

we determined that response to ICBs is influenced by the functionality of intratumoral 26 

macrophages. This puts into context our observation that estrogens (E2) working through the 27 

estrogen receptor (ERα) stimulate melanoma growth in murine models by skewing macrophage 28 

polarization towards an immune-suppressive state that promotes CD8+ T cell 29 

dysfunction/exhaustion and ICB resistance. This activity was not evident in mice harboring a 30 

macrophage specific depletion of ERα confirming a direct role for estrogen signaling within 31 

myeloid cells in establishing an immunosuppressed state. Inhibition of ERα using fulvestrant, a 32 

selective estrogen receptor downregulator (SERD) decreases tumor growth, stimulates adaptive 33 

immunity and increases the antitumor efficacy of ICBs. Further, a gene signature that reads on 34 

ER activity in macrophages predicted survival in ICB treated melanoma patients. These results 35 

highlight the importance of E2/ER as a regulator of intratumoral macrophage polarization; an 36 

activity that can be therapeutically targeted to reverse immune suppression and increase ICB 37 

efficacy. 38 

 39 

  40 
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Introduction 41 

Metastatic melanoma is one of the most aggressive, morbid cancers with a median survival of 6-42 

9 months (1). Whereas the development of MAPK-pathway inhibitors and antibodies directed 43 

against immune checkpoints have significantly improved outcome in this disease, de novo and 44 

acquired resistance to these therapies remains a major impediment to achieving durable clinical 45 

responses in most patients (2-5). Further, although complete responses to combination immune 46 

checkpoint blockade (ICB) therapies (α-CTLA4+α-PD1) occurs in ~20% of patients (6), the 47 

general toxicity and immune related adverse events seen in the majority of individuals receiving 48 

existing combination therapies significantly limits their clinical use (7). Thus, strategies that 49 

increase the efficacy and/or reduce the toxicities associated with ICB would likely expand the 50 

clinical utility of existing drugs and ultimately improve long-term outcomes in this disease.  51 

The classification of melanoma as a hormone-sensitive neoplasm remains controversial and the 52 

importance of hormone associated risk factors, such as pregnancy, menopausal status, hormone 53 

therapies and the use of oral contraceptives, on the pathobiology of this disease remains unclear 54 

(8-12). While the potential effects of sex steroids on melanoma risk needs to be assessed in large 55 

clinical studies, there already exists compelling evidence that the incidence of secondary 56 

melanoma is significantly lower in anti-estrogen treated breast cancer patients than in the general 57 

population (13). Further, the results of a recently published meta-analysis revealed that the 58 

degree of benefit from ICB in melanoma, and in patients with non-small cell lung cancer, is lower 59 

in women than in men (14). Considering these observations, we hypothesize that there are sex 60 

hormone-dependent baseline differences in the immune system that contribute to gender specific 61 

differences in tumor immunity and ICB efficacy. Under normal physiological conditions and in 62 

some disease contexts it has been demonstrated that female sex steroids that target the estrogen 63 

receptor (ER) affect the differentiation and function of both the humoral and adaptive immune 64 

systems (15). However, the extent to which estrogen action/signaling in the tumor-immune 65 
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microenvironment impacts the growth of melanoma and if and how this signaling axis can be 66 

exploited for therapeutic benefit has not been established. 67 

Estrogens mediate their physiological actions in cells through the classical nuclear ERs (ERα and 68 

ERβ) and through the non-classical G-protein coupled receptor GPER1 (also referred to as 69 

GPR30). A recent study by Natale et al highlighted a tumor cell-intrinsic role for GPER1 in 70 

regulating melanocyte differentiation, thereby preventing melanoma cell proliferation. Further, a 71 

synergistic anti-tumor response was observed when GPER agonists were combined with immune 72 

checkpoint inhibitors (16). While anecdotal evidence exists regarding the expression of nuclear 73 

ERs in melanoma cancer cells, the extent to which these receptors play a role in tumor 74 

progression remains to be determined (17). ERs have also been shown to be expressed in several 75 

different cell types within the tumor microenvironment and likely play a role in determining tumor 76 

response to ER modulators. Indeed, 17β-estradiol (E2) working through ERα expressed in 77 

endothelial cells in the tumor microenvironment has been shown to induce tumor growth by 78 

improving tumor angiogenesis and protecting tumor cells against hypoxia and necrosis (18). 79 

Further, ER actions have been studied in different immune cell types in different diseases (19-80 

21), but the extent to which ER influences immune cell biology within the tumor microenvironment 81 

has not been examined in detail. Recently, it has been demonstrated in ovarian cancer that E2 82 

can create an immune suppressive tumor microenvironment (TME) by promoting the mobilization 83 

of myeloid-derived suppressor cells (MDSC) from bone which function to suppress tumor 84 

immunity and increase tumor growth (22). While this study demonstrates that ER function is 85 

important for MDSC mobilization, the tumor microenvironment is infiltrated with multiple other 86 

myeloid cell types such as dendritic cells (DCs), monocytes, and tumor associated macrophages 87 

all of which impact tumor immunity (23). Notably, ERs have been shown to play a critical role in 88 

development and functionality of these myeloid cell types (24, 25). However, the extent to which 89 
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ER function regulates myeloid cell-T cell crosstalk within the TME and how it affects ICB 90 

responses are not known. 91 

In this study we have explored how E2 modulates immune cell function and repertoire within the 92 

melanoma TME and how this influences tumor growth in established murine models of this 93 

disease. Specifically, we have determined that a primary action of E2 is to facilitate the 94 

polarization of macrophages towards an immune-suppressive state in the tumor 95 

microenvironment, characterized by an enhanced ability to promote tumor growth and, in an 96 

indirect manner, suppress cytotoxic T cell responses. Further, we provide evidence that 97 

pharmacological inhibition of E2 signaling, using the Selective Estrogen Receptor Downregulator 98 

(SERD)/antagonist fulvestrant, reverses E2 enhanced melanoma tumor growth by stimulating the 99 

establishment and maintenance of a pro-immunogenic TME characterized by increased presence 100 

of activated CD8+ T cells. Importantly, in preclinical models of melanoma, fulvestrant treatment 101 

increases the efficacy of α-PD1 and α-CTLA4, providing the rationale for a clinical trial that will 102 

soon be initiated to evaluate the utility of combining contemporary SERDs with standard of care 103 

immunotherapies to maximize therapeutic response in melanoma patients. 104 

105 
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Results 106 

Decreased M1/M2 tumor associated macrophage (TAM) ratio compromises the benefit of 107 

ICB therapy in melanoma patients 108 

Myeloid cell infiltration has been associated with poor outcomes in multiple cancer types (26-31). 109 

However, the extent to which tumor infiltrating myeloid cells influence response to immunotherapy 110 

in melanoma patients has not been explored. To address this issue, we evaluated potential 111 

correlations between the number and characteristics of tumor infiltrating myeloid cells and 112 

patient’s response to ICB using published transcriptomic datasets from melanoma patients who 113 

had received standard of care immune checkpoint blockade (32-34). The predominant 114 

suppressive myeloid cells in the tumor microenvironment are myeloid derived suppressor cells 115 

(MDSC) and tumor associated macrophages (TAMs). To address whether MDSCs play a role in 116 

predicting patient response to ICB, we used a validated MDSC gene signature (35-39) to analyze 117 

transcriptomic data (32) from melanoma patients who have received α-PD1 (Nivolumab or 118 

Pembrolizumab) or α-CTLA4 (Ipilimumab) either alone or in combination. As shown in Figure 119 

S1A-E, MDSC signatures were not predictive of patient’s response to ICB or survival.  In contrast, 120 

signatures from CIBERSORT (39), that read on the polarization state of TAMs are useful in 121 

predicting ICB response in the same datasets (32). Notably, enrichment of the M1 gene signature 122 

in tumors was associated with better responses (increased number of complete responders (CRs) 123 

and partial responders (PRs)) when compared to patients with stable disease (SD) or progressive 124 

disease (PD) (Figure 1A). A similar trend in patient prognosis was also observed when patients 125 

were parsed as a function of high vs low intratumoral M1/M2 macrophage ratio (Figure 1B). 126 

Enrichment of the M2 signature alone did not correlate with patient prognosis (Figure S2A). Using 127 

the same dataset (32) we also addressed whether the macrophage gene signature is associated 128 

with overall survival in melanoma patients receiving immunotherapies. Similar to what was 129 

observed with patient prognosis (Figures 1A and B) an enrichment of either the M1 gene 130 

signature or the M1/M2 ratio gene signature, but not enrichment of the M2 signature, was 131 
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associated with better overall survival (Figures 1C-D and S2B). Interestingly, a positive 132 

association between the enrichment of an M1 gene signature, or the ratio of M1/M2 gene 133 

signature, with patient prognosis and survival was also noted when the patients were parsed for 134 

those who received α-PD1 monotherapy alone (Figures S2C-H), while those patients who 135 

received dual therapy showed a non-significant trend in this association (Figures S2I-N). 136 

Additionally, an increase in intratumoral M1/M2 ratio predicted better survival in melanoma 137 

patients in the TCGA SKCM dataset (Figures S3A-C). The prognostic utility of assessing the 138 

intratumoral M1/M2 macrophage ratio was confirmed in independent datasets derived from 139 

melanoma patients treated with immunotherapy (Figure 1E) (33, 34). It has been reported in 140 

several studies that gender influences patient response to immunotherapy in melanoma, with 141 

females receiving a lesser degree of benefit from ICB than males (14, 40). Motivated by these 142 

observations and previous studies demonstrating that female steroid hormone estrogens (E2) 143 

affect macrophage differentiation and polarization (19, 21), we hypothesized that estrogens may 144 

modulate the tumor microenvironment to promote immunotherapy resistance. It was of 145 

significance, therefore, that we observed that increased expression of CYP19A1, the enzyme that 146 

controls the rate-limiting step in estrogen biosynthesis, is correlated with increased TAM 147 

accumulation in ICB non-responsive melanoma patients (Figures 1F-G) (34). Importantly, 148 

stratification of patients based on tumor expression of CYP19A1 mRNA revealed its elevated 149 

expression to be associated with the expression of the macrophage markers CD68, CSF1, 150 

CSF1R and the T cell exhaustion marker PDCD1 (Figure 1F) in non-responders whereas no such 151 

associations were identified in responder patient populations (Figure 1G). These results suggest 152 

that E2 may be causally involved in the establishment of an immune suppressive tumor 153 

microenvironment through modulating TAM biology; a hypothesis that we proceeded to test 154 

experimentally.   155 

 156 
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E2 promotes melanoma tumor growth 157 

The results of studies addressing whether ERs are expressed within melanoma cells/tumors are 158 

equivocal. While some studies have demonstrated low expression of ERα and ERβ in human 159 

melanoma tumors by immunohistochemical staining (IHC) (41, 42), the functionality of these 160 

receptors within tumor cells is unknown. Thus, we evaluated the expression of ERα in B16F10 161 

and YuMM5.2 mouse melanoma cells following siRNA-mediated knockdown of Esr1. ERα+ MCF7 162 

cells were used as a positive control for ERα expression. Weak ERα protein was detected in 163 

YuMM5.2 cells and this was depleted upon siRNA treatment (Figure S4A-B). By immunoblotting 164 

we were unable to detect ERα protein in B16F10 cells (a band migrating at approximately the 165 

same size as ERα was not depleted upon siRNA treatment despite a significant reduction of ERα 166 

mRNA (expressed at very low level)). Regardless, treatment of either cell with E2 did not lead to 167 

changes in the expression of classical ER target genes (Pgr and Cxcl12) (Figure S4C) nor did it 168 

support proliferation (Figures S4D-E). Collectively, these data validate the use of these cell 169 

models to study the cancer cell extrinsic actions of estrogens/ER modulators on the pathobiology 170 

of melanoma. To this end, B16F10, YuMM5.2, or BPD6 melanoma cells were injected 171 

subcutaneously into ovariectomized syngeneic mice supplemented with either placebo or E2 172 

pellets (0.01mg/60 days continuous release). As expected, E2 administration results in an 173 

increase in uterine wet weights in the ovariectomized mice (Figure S4F). As shown in Figures 174 

2A-E, E2 treatment significantly increases tumor growth in all three syngeneic models compared 175 

to placebo control mice. To further validate our observations in a more clinically relevant system, 176 

we used an autochthonous mouse model in which tumor growth was driven by concomitant 177 

conditional activation of B-RafV600E and homozygous deletion of Pten in melanocytes 178 

(Braftm1Mmcm,Ptenf/f; mTyr-CreERT2, heretofore referred as iBP) (43). This mouse model faithfully 179 

resembles human melanomas harboring BRAF and PTEN mutations. Similar to the syngeneic 180 

models, administration of E2 in ovariectomized mice accelerated tumor growth in the iBP model 181 



9 
 

compared to the placebo counterparts (Figures 2F-H). The slower tumor growth kinetics that 182 

were imparted by ovariectomy disappeared when B16F10 cell derived tumors were grown in 183 

NOD.Cg-Prkdcscid Il2rg tm1Wjl/SzJ (NSG) mice (Figure 2I) suggesting that the actions of E2 on 184 

tumor growth were likely mediated by an immune cell(s). 185 

 186 

E2 regulates the function of tumor-associated myeloid cells 187 

To determine how E2 treatment affects the tumor immune microenvironment, we performed single 188 

cell RNA sequencing (scRNA seq) analysis of tumor infiltrating immune cells isolated from iBP 189 

tumors treated with either placebo or E2. Unsupervised clustering analysis using uniform manifold 190 

approximation and projection (UMAP) revealed global differences in tumor infiltrating immune 191 

cells when comparing placebo and E2 treatments and identified clusters of immune cells that 192 

have unique transcriptional profiles. Comparison of cell type signature(s) with the Immgen 193 

database and known cell type markers (Supplementary File I), resulted in the identification of 9 194 

macrophage/myeloid clusters, 10 lymphoid clusters, 2 neutrophil clusters, 2 DC clusters and one 195 

B cell, NK cell and mast cell cluster (Figures 3A and S5A). Analysis of the scRNA seq dataset 196 

also revealed that the majority of Esr1 transcripts are expressed in cells within the myeloid 197 

lineage, while the expression of Esr2 and Gper were minimal to undetectable (Figures S5B-D). 198 

Differences in the immune cell repertoires from placebo and E2 treated tumors were also evident 199 

(Figure S6A). Notably, E2 treatment led to the expansion and significant changes in gene 200 

expression in the CD68+ monocytes/TAMs clusters (Figure 3B and Figure S6B) To determine 201 

the functionality of ER signaling in the monocyte/TAM cluster, we genetically depleted ERα in 202 

myeloid cells using a lysozyme-driven Cre-recombinase (Esr1f/f; LysMCre) to establish its role(s) 203 

in tumor responses to E2. ERα depletion in the myeloid lineage was confirmed in bone marrow 204 

derived macrophages (BMDM) isolated from Esr1f/f; LysMCre and littermate Esr1f/f controls 205 

(Figure S6C). Subsequently, 8-week old Esr1f/f; LysMCre, and littermate control (Esr1f/f and 206 

LysMCre) mice, were used to evaluate syngeneic tumor growth in the B16F10 and Yumm5.2 207 
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models, in the presence or absence of E2. The growth of B16F10 and YuMM5.2 tumors increased 208 

in response to E2 in Esr1f/f and LysMCre mice but this was not evident in Esr1f/f; LysMCre mice 209 

(Figures 3C-D and S6D). Analysis by flow cytometry of tumor infiltrating immune cells revealed 210 

a decrease in M1 (proinflammatory macrophages) in E2 treated Esr1f/f but not Esr1f/f; LysMCre 211 

animals (Figure S6E). Myeloid cells can often manifest their actions by modulating other cell 212 

types in the TME either by facilitating the release of cytokines and/or by blunting antigen 213 

presentation to the adaptive immune cells. To understand whether T cells play a functional role 214 

in E2 induced tumor growth, we depleted CD8+ T cells with an α-CD8 antibody in mice engrafted 215 

with YuMM5.2 tumor cells in the presence or absence of E2. The efficacy of the CD8+ T cell 216 

depletion was confirmed by flow cytometry analysis (Figures S6F-G). Antibody-mediated acute 217 

depletion of CD8+ T cells reversed the protective effects of ovariectomy on YuMM5.2 tumor growth 218 

but did not accelerate tumor growth in E2 treated mice (Figure 3E). These results suggest the 219 

functional involvement of CD8+ T cells in E2-mediated tumor growth.  220 

 221 

To define the extent to which E2 treated myeloid cells affect T cell functionality, we isolated 222 

CD11b+ myeloid cells from iBP tumors treated either with placebo or E2. These cells were then 223 

co-incubated with CD3+ T cells isolated from the spleens of non-tumor bearing Pmel mice 224 

(Thy1a/Cy Tg(TcraTcrb)8Rest/J) for 72 hrs. iBP tumors express gp100 (Pmel) (44) that can be 225 

processed and presented by professional antigen presenting cells to T cells that are specific to 226 

the antigen (gp100). Prior to coincubation, T cells were stained with the Carboxyfluorescein 227 

succinimidyl ester (CFSE) dye and activated in the presence of sub-optimal CD3/CD28. As 228 

assessed by CFSE dye dilution it was apparent that T cell (both CD4+ and CD8+) proliferation was 229 

significantly inhibited by co-incubation with myeloid cells isolated from tumors of E2 treated mice 230 

as compared to those T cells that were incubated with myeloid cells isolated from placebo treated 231 

mice (Figures 3F-I). Additionally, myeloid cells from E2 treated mice also affected the cytotoxic 232 

capability of both CD8+ and CD4+ T cells as demonstrated by decreased expression of IFN 233 
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(Figures 3J-K and N-O) and granzyme B (GZMB) (Figures 3L-M and P-Q). Taken together, 234 

these observations suggest that the ER/E2 axis increases the immunosuppressive activities of 235 

tumor-infiltrating myeloid cells. In this experiment we did not define the phenotypic characteristics 236 

of the isolated myeloid cells i.e. bone marrow derived vs resident macrophages. However, in 237 

subsequent experiments (see below) we determined that the suppressive effects of E2 are likely 238 

mediated by macrophages that differentiate from monocytes recruited to the tumor from the bone 239 

marrow. 240 

 241 

 242 

E2 promotes the accumulation of immune-suppressive TAMs within the tumor 243 

microenvironment  244 

Flow cytometry was used to characterize the myeloid cells within tumors isolated from iBP mice 245 

and from mice engrafted with syngeneic tumors (B16F10), treated with either placebo or E2 246 

(Figure S7A). Quantitatively the infiltration of immune cells (CD45+) was similar in the two models 247 

and not impacted by treatment (Figure S7B-C). Qualitative assessments, however, revealed that 248 

E2 treatment decreases the ratio of intratumoral immunostimulatory M1 (MHCIIhi CD206-) 249 

macrophages to immunosuppressive M2 (MHCIIlo CD206+/hi) macrophages (Figures 4A-C). Of 250 

note, we did not see any changes in the percentage of Ly6C+/Ly6G+ MDSCs in tumors between 251 

the two treatment conditions (Figure S7D). Depletion of macrophages using clodronate 252 

liposomes decreased melanoma tumor growth in E2 treated mice but was without any effect in 253 

placebo treated mice (Figures 4D and S7E). To demonstrate a direct effect of E2 on macrophage 254 

polarization (and function), bone marrow progenitor cells were differentiated into macrophages in 255 

the presence of M-CSF and either normal media or 30% tumor conditioned media (TCM) from 256 

B16F10 cells. The addition of tumor conditioned media allows us to partially mimic the TME where 257 

tumor derived factors influence the differentiation and polarization of macrophages (45). Following 258 

differentiation, macrophages were treated acutely with either DMSO or E2 (1 nM) and then 259 
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polarized to an M2 state by the addition of IL4. The polarized macrophages were subsequently 260 

co-cultured with sub-optimally activated T cells (CD3/CD28 and IL2) isolated from spleens of non-261 

tumor bearing mice, for 72 hours following which they were treated with protein transport inhibitors 262 

(monensin and brefeldin) for 6 hours to prevent release of cytokines and chemokines. Flow 263 

cytometry analysis revealed that T cells which were co-incubated with either placebo or E2 (1 nM) 264 

treated macrophages in normal media (NM) did not display any change in the expression of IFN 265 

and GZMB. The basal expression of GZMB and IFN in T cells was increased significantly upon 266 

exposure to macrophages cultured in TCM. However, when T cells were co-incubated with E2 (1 267 

nM) treated macrophages differentiated in TCM, they show a decreased expression of GZMB and 268 

IFN compared to T cells that were co-incubated with DMSO treated macrophages (Figures 4E-269 

F). These results indicate that E2 treatment induces an immune-suppressive phenotype in tumor 270 

conditioned macrophages, which in turn suppresses the cytotoxic capabilities of T cells. However, 271 

in the absence of TCM, macrophages do not affect T cell activity even in the presence of E2. 272 

 273 

To further explore the roles of ER in macrophage polarization we isolated and differentiated 274 

bone marrow progenitor cells from Esr1f/f and Esr1f/f;LysMCre animals to bone marrow-derived 275 

macrophages (BMDM) in NM or 30% TCM (B16F10). The differentiated BMDM from both Esr1f/f 276 

and Esr1f/f;LysMCre genotypes were treated with either DMSO or E2 and then polarized to M2 277 

macrophages by the addition of IL4 (24 hours). These macrophages were then co-incubated for 278 

72 hours with CFSE and sub-optimally activated T cells isolated from non-tumor bearing mouse 279 

spleens. Quantification of CFSE dilution demonstrated a significant attenuation of T cell 280 

proliferation after incubating with BMDMs compared to T cells alone. No difference in the 281 

proliferation of T cells was observed when T cells were co-incubated with macrophages 282 

differentiated in NM, regardless of the genotypes of the BMDM and treatments. However, using 283 

BMDMs differentiated in TCM, a significant increase in proliferation (CFSElo/-), activation 284 
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(CD44+D69+) and cytotoxic (IFN+ and GZMB+) markers was observed when T cells were 285 

incubated with BMDM derived from Esr1f/f;LysMCre mice compared to Esr1f/f mice irrespective of 286 

the presence or absence of E2 (Figures 4G-K). These results demonstrate that the depletion of 287 

ERα in the macrophages enhances their capacity to promote proliferation of cytotoxic T cells 288 

(GZMB+ and IFN+). However, in contrast to previous experiments where we have observed a 289 

decrease in GZMB and IFN expression in T cells upon co-incubation with E2 treated 290 

macrophages, T cells did not show similar decrease in the expression of these cytotoxic T cell 291 

markers when co-incubated with E2 treated ERαf/f macrophages (Figure 4E and F vs I and K). 292 

It may be due to differences in the underlying genetics (Esr1f/f vs WT). The importance of ERα 293 

signaling in macrophages in modulating melanoma tumor growth was further probed in vivo by 294 

co-injecting YuMM5.2 or B16F10 tumor cells together with BMDM (Figure S8A) from either Esr1f/f 295 

or Esr1f/f; LysMCre mice (1:1) (Figure 4L) into syngeneic ovariectomized C57BL/6J mice treated 296 

placebo or E2. The tumor promoting effects of E2 were significantly compromised when tumors 297 

(YuMM5.2 and B16F10) were implanted with BMDM from Esr1f/f; LysMCre animals versus Esr1f/f 298 

animals (Figures 4M and S8B). Taken together, these results indicate the E2/ER signaling axis 299 

in macrophages cooperates with tumor derived factors to promote the establishment of an 300 

immune-suppressive TME that facilitates melanoma tumor growth. 301 

 302 

Examination of the scRNA seq profiles, revealed that the CD68+monocyte/TAM population from 303 

E2 treated tumors express markers that were previously reported to be selectively upregulated in 304 

TAMs vs macrophages isolated from the lungs of non-tumor bearing mice (Trem2, Apoe, Thbs1, 305 

Spp1) (Figure S8C) (46). Genes associated with inflammation and those encoding select 306 

chemokines (Itm2b, C1q) and M2 macrophages markers (Tspo, Vegfa, Tgm2) were also 307 

upregulated in the CD68+ cells from the E2 group (Figure S8C) (46). The CD68+ population is 308 

comprised of cells from 9 different clusters (clusters 1, 2, 3, 8, 9, 15, 16, 22 and 30) (Figure 4N). 309 
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Analyzing the developmental trajectories of the macrophage/monocyte populations by 310 

pseudotime analysis (Figure S8D) revealed several major branches representing different 311 

clusters of cells emerging from monocytes (Figure 4O). Among these populations, clusters 2, 3 312 

and 16 express the monocytic markers Cd14 (Figure S9A) with cluster 2 (arrow A) showing higher 313 

expression of Ly6c2 (Figures 4O and S9B). The cluster 2 (arrow A) population then bifurcates 314 

into two branches, cluster 3 (arrow C) and cluster 16 (arrow B) both of which express intermediate 315 

levels of Cx3cr1 (Figure S9C) but cluster 3 has higher expression of Ccr2 (Figure S9D) compared 316 

to cluster 16. Thus, cluster 3 likely represents inflammatory monocytes while cluster 16 are more 317 

similar to patrolling tissue resident monocytes (47). Of note, both cluster 3 and 16 are increased 318 

in E2 treated tumors compared to placebo treatment (pseudotime block 5-10, boxed region) while 319 

the percentage of Ly6Chi monocytes (cluster 2) remains the same between the two treatments 320 

(Figure 4P and S9B). Cluster 3 further proceeds to a major branching point leading to the 321 

formation of 4 different trajectories, mainly cluster 15 (arrow D), cluster 1 (arrow E), cluster 9 322 

(arrow F) and 8, 22 and 30 (arrow G) (Figure 4O).  Among these clusters, 1, 8, 22, 30 and 15 all 323 

express genes associated with the MHCII complex (H2-Aa, H2-Ab, H2-Dmb1 and H2-Eb1) 324 

(Figures S9E-H). Cluster 1 and 15 additionally express inflammatory genes Il1b (Figure S9I) and 325 

likely comprises of inflammatory or “M1-like” TAMs. While cluster 1 remains unchanged, cluster 326 

15 decreases upon E2 treatment (Figure S9Q). Clusters 8, 22 and 30 express inflammatory 327 

genes (Cd72 and Tlr2) (Figure S8J-K) in addition to genes of MHCII complex, however they also 328 

express genes associated with M2 macrophages (Mrc1) (Figure S8L). While the exact 329 

functionality of these macrophage subsets is not clear, phenotypically they are analogous to the 330 

population of circulating cells of monocyte/macrophage lineage that express markers of both M1 331 

and M2 cell phenotypes as reported previously (48). Within these clusters, cluster 8 and cluster 332 

30 show expansion upon E2 treatment, while cluster 22 remains unchanged (Figure S9Q). 333 

Cluster 9 is a notable exception, which expresses markers associated with immune-suppressive 334 

phenotype (Mrc1, Folr2, Gas6, Retnla and Cd163) (Figures 4Q and S9M-O). This cluster also 335 
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shows higher expression of Maf, a gene which is required for differentiation of monocytes to 336 

macrophages (Figure S9P). Importantly, cluster 9 shows significant expansion with E2 treatment 337 

compared to placebo (Figure S9Q). This observation supports our hypothesis that E2 treatment 338 

leads to the expansion of macrophages that demonstrate immune-suppressive phenotypes. 339 

Taken together, this analysis suggests that E2 may promote the initial recruitment of monocytes, 340 

as evidenced by increase in cluster 3 to the tumor microenvironment where the monocytes 341 

exposed to tumor derived factors and E2 undergo faster rates of differentiation and polarization 342 

to M2 macrophages (cluster 9) while at the same time suppresses expansion of M1 macrophages 343 

(cluster 15). This result is further supported by our flow cytometry data where we observed a trend 344 

towards an increase in the number of monocytes in response to E2 (Figure S9R) and a decrease 345 

in M1/M2 ratio with the total number of F480+ macrophages remaining unchanged (Figures 4A-346 

B and S9S).  347 

To determine the molecular pathway(s) that influence this M2 phenotype in E2 treated 348 

macrophages, we performed upstream regulator analysis of differentially expressed genes 349 

(DEGs) in CD68+ cells using Ingenuity Pathway Analysis (IPA). This analysis highlighted the 350 

importance of the TCF4 and WNT5A pathways (Figure S10A-B) the significance of which we 351 

explored in tumor infiltrating myeloid cells isolated from iBP tumors excised from mice treated with 352 

placebo or E2. Gene expression analysis revealed that multiple genes in the WNT5A and TCF4 353 

pathways were differentially regulated by E2 compared to placebo in these cells (Figure S10C). 354 

WNT5A, signaling through the canonical β-catenin pathway, has been implicated in various 355 

biological processes including embryogenesis, cell fate development, and endothelial cell 356 

differentiation resulting in the upregulation of vasculogenic and angiogenic processes, although 357 

the significance of E2 in the regulation of these processes in the TME remains to be determined. 358 

Of note, WNT5A signaling has also been reported to induce tolerogenic phenotypes in 359 

macrophages in breast cancer patients (49). We demonstrate that myeloid cells isolated from E2 360 

treated tumors manifest a gene expression pattern characteristic of M2 macrophages with 361 
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increased expression of multiple genes, such as Vegfa, Tgm2 and Tspo and Stat1 (50-52) (Figure 362 

S10D). It has yet to be determined whether E2-regulated expression of these genes depends on 363 

WNT signaling. In contrast to myeloid cells, knockdown of Esr1 or treatment with either E2 (1nM) 364 

or E2 (1nM)+fulvestrnat (100nM) did not change the expression of WNT5A-β-catenin targets in 365 

YuMM5.2 cells (Figure S10E-F) although E2/ER signaling has previously been shown to 366 

influence β-catenin signaling in cancer cells (53). Together, these results indicate a likely role for 367 

E2 in the functional activation of WNT5A-β-catenin signaling leading to macrophage polarization 368 

towards an immune-suppressive state in the melanoma tumor microenvironment.  369 

 370 

E2 treatment suppresses anti-tumor T cell responses 371 

The results of the ex vivo studies described above suggested that E2 exerts a direct effect on 372 

macrophages to suppress the proliferation and activity of both CD4+ and CD8+ T cells. Flow 373 

cytometry analysis of tumor-infiltrating T cells from iBP tumors also revealed an overall decrease 374 

in the CD3+ T cell population with E2 treatment (Figures 5A-B and S11A). Further, sub-gating of 375 

the CD3+ positive T cell population indicated that the number of intra-tumoral CD8+ cytotoxic T 376 

cells were decreased upon E2 treatment, while no significant changes in CD4+ T cells were 377 

observed (Figures 5C-D and Figures S11B-C). We also evaluated the activity of tumor infiltrating 378 

T cells using CD3+ T cells isolated from syngeneic YuMM5.2 tumors. For this purpose, T cells 379 

were isolated from placebo and E2 treated tumors and ex vivo treated with PMA and ionomycin 380 

for 4 hours along with protein transport inhibitors. Flow cytometry analysis demonstrated that 381 

when compared to T cells isolated from placebo treated mice, the CD8+ tumor infiltrating 382 

lymphocytes (TILs) isolated from E2 treated YuMM5.2 tumors were markedly more exhausted, 383 

expressing significantly more PD1 (Figures 5E-F) and reduced expression of Granzyme B, 384 

(Figures 5G-H), activation markers CD44 and CD69 (Figures 5I-J), and cytokines such as IFN 385 

(Figures 5K-L). As in the iBP model we did not observe a significant impact of E2 treatment on 386 

the infiltration of CD4+ FOXP3+ regulatory T cell subsets (Figures S11D-E). When taken together, 387 
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these results suggest that systemic E2 treatment reduces T cell functionality albeit in an indirect 388 

manner as Esr1, Esr2 or Gper1 RNA were not expressed in T cells within the tumor 389 

microenvironment (Figures S5B-D). Further, treatment of T cells in vitro with either E2 or the 390 

SERD fulvestrant did not affect the proliferation or cytotoxic capabilities of either CD4+ or CD8+ T 391 

cells (Figures S12A-J). Taken together, these data indicate that E2 indirectly reduces T cell 392 

function secondary to its effects on macrophages.  393 

 394 

Pharmacological inhibition of ER reverses the growth promoting effects of E2 on 395 

melanoma tumors  396 

Fulvestrant, a SERD, acts by both inactivating and degrading ER and is approved for use in post-397 

menopausal patients with ER-positive breast cancer who have progressed on first-line endocrine 398 

therapies (54). It was selected for these studies as it is the most efficacious ER  inhibitor currently 399 

available for clinical use (55). At a dose that we have determined to model achievable levels in 400 

breast cancer patients (25mg/kg) (56), fulvestrant significantly reduced tumor growth in all 401 

preclinical models of melanoma examined (B16F10, YuMM5.2 and BPD6) (Figures 6A-C, S13A-402 

C). To understand how fulvestrant affects the TME, we analyzed the tumor infiltrating immune cell 403 

repertoire by flow cytometry. We observed an increase in intratumoral M1/M2 ratio or an increase 404 

in inflammatory macrophages (MHCIIhi CD206-), when E2 treated mice were co-treated with 405 

fulvestrant (Figures 6D, E and S13D-E). Tumor infiltrating T cells from fulvestrant treated tumors 406 

displayed an increase in cytotoxic capabilities as measured by Granzyme B (GZMB) expression 407 

(Figure 6F). Additionally, fulvestrant treatment led to a decrease in the number of PD1+CD8+T 408 

cells (exhausted T cells) that increased with E2 treatment (Figure 6G). Similar observations were 409 

made in studies performed in vitro when BMDM cells treated with fulvestrant were co-incubated 410 

with CFSE-labelled sub-optimally activated (CD3/CD28) T cells in presence of IL2. Analysis of 411 

CFSE dilution revealed that the proliferation of T cells was not affected by their co-incubation with 412 

macrophages differentiated in NM and treated with either E2 or E2+fulvestrant. However, T cells 413 
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exposed to macrophages, differentiated in 30% TCM and E2, effectively suppressed T cell 414 

proliferation, an activity that was reversed by treatment with fulvestrant (Figure S13F). 415 

Collectively, these results indicate that fulvestrant can inhibit the effects of E2 on tumor growth 416 

and remodel the tumor immune microenvironment to favor tumor growth inhibition in melanoma.  417 

We next undertook studies to evaluate whether fulvestrant improves/restores response to the 418 

immune checkpoint inhibitor, α-PD1, in the PD1 sensitive BPD6 and unresponsive B16F10 tumor 419 

model. In the PD1 sensitive BPD6 model, treatment with either fulvestrant or ICB (α-PD1 and α-420 

CTLA4) slows tumor growth, however the combination of both drugs further suppressed tumor 421 

growth when compared to each individual treatment (Figures 6H and I). To determine whether 422 

fulvestrant can also increase the effectiveness of immunotherapy in ICB unresponsive B16F10 423 

model, we treated mice with established B16F10 tumors with fulvestrant and α- PD1 either alone 424 

or in combination. Importantly, the combination of fulvestrant with α-PD1 suppressed the growth 425 

of B16F10 tumors, while PD1 treatment alone was without any effect (Figures 6J-L). Taken 426 

together these results indicate that pharmacological targeting of ERα can improve the intratumoral 427 

M1/M2 ratio and increase the effectiveness of ICB in both ICB sensitive and resistant models of 428 

melanoma. Since E2-driven tumor growth appears to be macrophage dependent, we anticipated 429 

that a macrophage specific ERα signature would predict ICB sensitivity in melanoma patients. To 430 

this end, we first divided the E2-regulated genes in all CD68+ macrophage/monocyte clusters 431 

identified from scRNA seq into 2 groups: genes upregulated by E2 (E2-Up response) and genes 432 

down regulated by E2 (E2-Down response) (Supplementary File II). We then used the human 433 

orthologs of the identified murine signatures to predict survival of patients receiving ICB 434 

treatments using publicly available transcriptional datasets from patients receiving ICB treatments 435 

(32). We observed that an enrichment of macrophage specific-E2 down regulated genes (E2-436 

Down) correlated with a better overall survival in melanoma patients who have received ICB 437 

(Figure 6M). These results highlight the importance of ERα function in TAMs residing in 438 
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melanoma TME and demonstrate how an ERα specific signature can be utilized to predict a 439 

patient’s response to ICB treatments. 440 

Discussion 441 

We have identified a tumor cell extrinsic activity of ERα that results in an increased accumulation 442 

of M2 or alternatively activated macrophages in the TME that suppresses adaptive immunity and 443 

promotes tumor growth in murine models of melanoma. Previously, it has been demonstrated that 444 

E2 promotes MDSC mobilization to tumor sites and creates an immune-suppressive tumor 445 

microenvironment in ovarian, lung and breast cancer (22). While there is anecdotal evidence 446 

suggesting that elevated numbers of circulating monocytic MDSCs track with Ipilimumab 447 

treatment outcome in melanoma patients (57), our data reveal that it is the intratumoral M1/M2 448 

macrophage ratio, and not changes in granulocytic MDSCs, that predicts responses in patients 449 

treated with either PD1 or CTLA4 alone or in combination. This encouraged us to investigate the 450 

mechanisms by which E2 modulates response to ICBs. Here we provide evidence that removal 451 

of endogenous estrogens (ovariectomy) provides a protective advantage against tumor growth in 452 

part by decreasing the number of immune suppressive TAMs and by preventing the exhaustion 453 

of cytotoxic T cells. This function was primarily attributed to E2/ER signaling in macrophages and 454 

their ability to facilitate M2 polarization. Of clinical importance is the finding that the SERD, 455 

fulvestrant, can reverse the effects of E2 on tumor growth and immune cell repertoire, establishing 456 

the importance of ER in melanoma biology and highlighting a potential new treatment modality 457 

for this disease. 458 

Tumor associated macrophages are one of the dominant immune cell types within the TME and 459 

can promote tumor growth by increasing neo-vascularization, promoting wound healing/tissue 460 

repair processes and blocking the activation of adaptive immune cells within the TME (58-60). 461 

TAM recruitment in tumors is generally associated with resistance to chemotherapy and 462 

immunotherapy and thus there is a high level of interest in developing interventional approaches 463 

to suppress the immune-suppressive and pro-tumoral activities of these cells (60-63). Among the 464 
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strategies employed and/or under investigation are depletion of TAMs in the TME using CSF1R 465 

antibodies (64, 65) or bisphosphonates (66-68); prevention of TAM recruitment to tumors by 466 

inhibiting the CCL2/CCR2 axis (69-71) or reprogramming of TAMs using anti-CD47-SIRPα 467 

antibodies, TLR agonists and inhibitors of the enzyme calcium calmodulin kinase kinase-2  (72-468 

75). While somewhat successful in different tumor contexts, these therapies have often suffered 469 

from severe toxicities that have limited their use in patients. This highlights the potential clinical 470 

importance of our observation that estrogens (E2) can promote the establishment and 471 

maintenance of a tumor suppressive microenvironment by TAM polarization- an activity that can 472 

be reversed by ER antagonist/SERD, fulvestrant. 473 

Estrogens have been shown to play a major role in reducing inflammation by promoting the 474 

polarization of macrophages towards an anti-inflammatory state during airway inflammation and 475 

cutaneous wound repair (19, 21). However, very little is known as to how E2 effects TAM function 476 

in tumors. In breast and ovarian cancer, tumor cell intrinsic E2/ER signaling has been linked to 477 

increased recruitment of TAMs in the tumor microenvironment (76-78). Our study, on the other 478 

hand, highlighted a specific role for TAM intrinsic E2/ER signaling in promoting tumor growth in 479 

validated murine models of melanoma. We have demonstrated that inhibition of estrogen action 480 

in macrophages (depletion of ER) can recapitulate the systemic depletion of estrogen action on 481 

melanoma tumor growth. Therefore, it appears that most of the protumorigenic actions of E2 in 482 

the melanoma tumor microenvironment can be attributed to ER signaling in macrophages. 483 

One of the most important findings in this study was that E2 polarized TAMs within the TME 484 

display the phenotypic features of M2-like immunosuppressive macrophages. This observation 485 

was confirmed by both flow cytometry analysis and by pseudotime analysis of gene expression 486 

from single cell RNA sequencing data, in which it was revealed that E2 leads to an initial 487 

accumulation of both inflammatory and patrolling monocytes. It then accelerates the polarization 488 

of inflammatory monocytes to M2 macrophages that express characteristic immune-suppressive 489 
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markers (Cd163, Mrc1, Folr2, Retnla and Gas6). However, the molecular mechanism(s) 490 

underlying this accelerated polarization of monocytes to macrophages remain to be determined. 491 

The functional significance of an increased accumulation of immunosuppressive macrophages 492 

was highlighted by demonstrating that E2 treated TAMs blocked the cytotoxic activity of CD8+ T 493 

cells by preventing granzyme B expression and IFN release. Importantly, this activity was only 494 

manifested by macrophages residing in the tumor microenvironment and in BMDM cultured in 495 

TCM but not observed in BMDM cultured in NM. These results indicate that soluble factors 496 

secreted by tumor cells work in concert with E2 to promote TAM polarization that subsequently 497 

suppresses adaptive immunity. In line with that, we have observed changes in the expression of  498 

targets downstream of WNT5A/TCF4 signaling in tumor associated myeloid cells treated with E2. 499 

Although functioning primarily as a positive regulator of the non-canonical WNT signaling 500 

pathway, WNT5A can in some contexts activate canonical WNT signaling through β-catenin to 501 

increase TCF/LEF transcriptional activity (79). Importantly, it has been demonstrated that tumor 502 

cell derived WNT5A can induce β-catenin activation in DCs leading to enhanced Indoleamine 2, 503 

3 dioxygenase (IDO) production, melanoma progression and M2 polarization (80). Since we have 504 

observed E2-mediated regulation of WNT5A targets in tumor associated myeloid cells, we 505 

speculate that tumor derived WNT5A may work in collaboration with E2 to skew macrophage 506 

polarization towards an immune-suppressive state and suppress T cell activity. 507 

In contrast to CD8+ T cells, we observed varying effects of E2 on CD4+ T cell activation and/or 508 

proliferation when co-culturing with macrophages in vitro vs CD4+ T cells in E2 treated tumors in 509 

vivo. While in vitro activated CD4+ T cells from naïve mice, co-cultured with myeloid cells isolated 510 

from E2 treated tumors ex vivo, demonstrate a decrease in proliferative and cytotoxic capabilities, 511 

there were no apparent differences in either proliferation or cytotoxicity of CD4+ T cells in placebo 512 

or E2 treated tumors. Apart from TAMs, the CD4+ T cells in the tumors are chronically exposed 513 

to cytokines and factors secreted by different cell types residing in the tumor which may account 514 
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for lack of differences in their proliferative and cytotoxic states between placebo and E2; a 515 

possibility we are currently exploring.  516 

 ERα modulators are used as first-line treatment in ER+ breast cancer where tumor cell intrinsic 517 

actions of E2/ER axis facilitate tumor growth (81). Our data demonstrates that in hormone-518 

independent cancers (i.e., no direct effects of estrogens on cancer cells) like melanoma, ER 519 

antagonists/SERDs, such as fulvestrant, can efficiently suppress tumor growth by promoting anti-520 

tumor immunity. The results of studies using tamoxifen in melanoma patients were equivocal (82, 521 

83), likely attributable to its inherent partial ER-agonistic activity. Fulvestrant is both a high affinity 522 

competitive antagonist and a receptor degrader allowing for a deep inhibition of ER action (84).   523 

Unfortunately, although an approved drug, its poor pharmaceutical properties has limited the 524 

clinical use of fulvestrant (85). Currently, there are twelve new orally bioavailable SERDs in clinical 525 

development, and we have an ongoing interest in evaluating the potential utility of these drugs as 526 

immune modulators. Moreover, useful cell/process selective ER inhibition can also be achieved 527 

using Selective Estrogen Receptor Modulators (SERMs) (i.e. bazedoxifene, lasofoxifene and 528 

raloxifene), drugs whose relative agonist/antagonist properties differ depending on cell/tissue 529 

context (86). Thus, in addition to profiling new SERDs, our studies provide the rationale for testing 530 

different classes of SERDs and SERMs for their ability to reprogram macrophage function and 531 

increase tumor immunity in the setting of melanoma.  532 

One of the most important findings of this study is that fulvestrant works in concert with ICBs to 533 

suppress melanoma tumor growth in both ICB sensitive and ICB unresponsive syngeneic models 534 

of melanoma. This can be attributed, at least in part, to the ability of fulvestrant to promote a pro 535 

immunogenic environment by elevating the M1 to M2 macrophage ratio and by increasing the 536 

number of intratumoral activated CD8+ T cells. This observation has significant clinical importance 537 

as although -PD1 therapy is successful in some melanoma patients, the majority of treated 538 

patients do not respond to, or acquire resistance to, this intervention. We believe that the findings 539 

in murine models of melanoma will translate to humans. This position is supported by our findings 540 
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that a macrophage-derived, ER-downregulated, gene signature can predict survival in melanoma 541 

patients treated with ipilimumab and pembrolizumab/nivolumab (32). These findings highlight the 542 

potential clinical utility of using a combination of ER modulators (SERDs or SERMs) with ICBs in 543 

melanoma patients who develop ICB resistance due to an increased accumulation of immune 544 

suppressive TAMs in tumors (34, 87). Additionally, we demonstrate that expression of the 545 

aromatase gene, correlates with enhanced expression of TAM markers such as CD68, CSF1R, 546 

CSF1, as well as a trend towards increased expression of PDCD1 in -PD1 non-responders. This 547 

finding suggests that although patients who have higher levels of circulating estrogens are 548 

particularly vulnerable to develop resistance to -PD1 therapy that intra-tumoral E2 production 549 

may also contribute to disease pathobiology. One of the major side effects of ICBs is the 550 

development of immune related adverse events (irAE), among which endocrine toxicities are most 551 

frequent. While the most common endocrinopathies related to ICB usage is associated with 552 

thyroid dysfunction, recent reports have also suggested a significant increase in risk of 553 

hypogonadism in ICB treated patients (88, 89). Thus, the use of appropriate SERMs that 554 

demonstrate estrogenic action towards reproductive organs to ameliorate the inflammatory side 555 

effects of ICB, while at the same time promoting anti-tumor immunity, may have added clinical 556 

utility. 557 

In conclusion, we have demonstrated that the E2/ER axis plays an important role in macrophage 558 

reprogramming within the melanoma TME and that specific targeting of the ER signaling axis in 559 

macrophages may improve the long-term survival of melanoma patients. While we have provided 560 

extensive evidence describing the role of ERα in modulating TAM polarization and suppression 561 

of adaptive immunity, the exact mechanism(s) by which E2 influences the immune suppressive 562 

activity of the TAM remain to be determined. Future studies addressing the possible mechanisms 563 

by which E2 influences TAM biology will be informative as to which of the existing SERMs or 564 

SERDs will be most useful for use in ICB regimens and/or help to define the characteristics of 565 
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next generation ER-modulators optimized for their positive effects on tumor immunity. 566 

Additionally, while our study exclusively focusses on TAM intrinsic E2/ER signaling, others have 567 

shown that melanoma cells express both nuclear ERs (ERα and ERβ) (90) as well as GPER (16). 568 

While the functionality of these receptors in melanoma cells are yet to be studied in detail, we 569 

cannot completely rule out the contribution of melanoma cell intrinsic E2/ER signaling to the tumor 570 

growth phenotype we have observed. Studies using melanoma cells genetically depleted of ER 571 

will be informative as to the contribution of tumor cell intrinsic E2/ER signaling on melanoma 572 

biology.   573 

Taken together, the results of our studies have provided the underlying rationale for a clinical 574 

study we are about to undertake to explore the use of fulvestrant (and potentially other ER-575 

modulators) as a means to increase the efficacy of immune checkpoint inhibitors.  576 

 577 

 578 

 579 

 580 

 581 

 582 

 583 

 584 

 585 

 586 

 587 

 588 

 589 

 590 

 591 
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Methods 592 

Mice: C57BL/6J, LysMCre (B6.129P2-Lyz2tm1(cre)Ifo/J)(91) Pmel (B6.Cg-Thy1a /Cy 593 

Tg(TcraTcrb)8Rest/J) (92) mice were purchased from Jackson Laboratories (Bar Harbor, ME). 594 

Age matched mice were used for all the studies. LysMCre mice were bred to Esr1f/f mice (a gift 595 

from Dr. Ken Korach, NIEHS) to generate Esr1f/f;LysMCre and littermate control LysMCre and 596 

Esr1f/f mice. iBP (BrafV600E/WT,Ptenf/f mTyrCreERT2) mice were generated by crossing breeders 597 

BrafWT/WT/Ptenf/f,mTyrCreERT2 mice to BRAFV600E, Ptenf/f mice.  The mice were housed in secure 598 

animal facility cages in 12hrs light:dark cycles at temperature around 25°C and 70% humidity. 599 

Mice had access to ad-libitum food and water. NSG (NOD.Cg-Prkdcscid Il2rg tm1Wjl/SzJ) were 600 

purchased from the Division of Laboratory Animal Resources (Duke University). The NSG animals 601 

were fed with a GL3 diet and were kept in pathogen free conditions.  602 

 603 

Tumor models and cells. The mouse B16F10 and Yumm5.2 cell lines were purchased from 604 

American Type Culture Collection (ATCC, Manassas, VA). The mouse melanoma cell line BPD6 605 

was established from iBP as described elsewhere (80). The details of the culture conditions and 606 

tumor models are described in supplemental methods. 607 

 608 

Ovariectomy and subcutaneous pellet insertion. Ovariectomy was performed as detailed in 609 

(93). Details of ovariectomy are discussed in supplemental methods.  610 

 611 

Single Cell RNA sequencing: iBP tumors (three) were pooled and a single cell suspension was 612 

isolated as described in the Supplemental method section. Live, tumor infiltrating immune cells 613 

(CD45+ L/D-) were isolated by cell sorting and resuspended in PBS+0.04% BSA at a concentration 614 

of 1000 cells/µl. Details of the single cell RNA sequencing experiment and its analysis are outlined 615 

in supplemental methods. 616 

 617 

https://www.jax.org/strain/005023
https://www.jax.org/strain/005023
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Statistics: Statistics was performed, using GraphPad Prism 8.0 software, by either two-tailed 618 

Student’s T test, one-way ANOVA or two-way ANOVA as indicated in the legends. For both one-619 

way and two-way ANOVA, post-test analysis was performed using Bonferroni’s multiple 620 

correction. Number of replicates are provided in the legends of the figures. Level of significance 621 

was determined to be p < 0.05. 622 

 623 

Study approval 624 

All animal experiments were performed according to guidelines from and approved by the Duke 625 

Institutional Animal Care and Use Committee (IACUC). 626 
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Figure 1. Decreased M1/M2 ratio compromises benefit to immunotherapy in melanoma patients. (A-B) Relative 

proportion of M1 macrophages as determined by CIBERSORT or the ratio of M1/M2 macrophages in melanoma patients 

parsed by their response to immunotherapies in same patient cohort. (C-D) Median overall survival in all patient cohorts 

(Gide et al.) treated with immunotherapy with either high or low proportions of M1 macrophages or M1/M2 ratio as 

determined by CIBERSORT. (E) Median overall survival in all patient cohorts treated with Ipilimumab alone (Van Allen et al) 

or either Pembrolizumab or Nivolumab alone (Hugo et al), with either high or low M1/M2 signature ratio as determined by 

CIBERSORT. (F-G) CD68, CSF1, CSF1R and PDCD1 expression in melanoma patients who were classified as non-

responders (n=13) and responders (n=12) to anti-PD1 therapy, obtained from the Hugo et al datasets. Both responders and 

non-responders were stratified to CYP19A1hi and CYP19A1lo by median expression. Significance was calculated using a 

paired t test (A, C, D and E), unpaired t test (J and K) and by log rank test (B, F, G, H and I). 



Figure 2. E2 promotes melanoma tumor growth. (A-B, E) Subcutaneous tumor growth of B16F10

(1X105 cells) n=10 or Yumm5.2 (0.5x105 cells) n=8, or BPD6 (0.5x105 cells) n=5 cells in syngeneic

C57BL/6J ovariectomized hosts supplemented with placebo or E2. (C) Weights of YuMM5.2 tumors,

resulting from experiments in 1B. (D) Survival of mice harboring YuMM5.2 tumors resulting from

experiment 1B (F) Tumor growth in iBP female mice that were ovariectomized and supplemented with

either placebo or E2 pellets (n=5). Tumor formation in these mice were induced with a single intradermal

dose of 150µg of 4-hydroxytamoxifen (4OHT). (G-H) Survival and weights of tumors (Placebo vs E2),

n=6, resulting from experiments in 1F. (I) B16F10 (1X105 cells) n=10, tumor growth in ovariectomized

NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) mice supplemented with placebo or E2. A, B, E and F
representative of two independent experiments. Data are expressed as mean ± S.E.M. Significance was

calculated using the Student’s t test (C and H), log-rank test (D and G) and two-way ANOVA followed by
Bonferroni's multiple correction (A, B, E, F and I) *p<0.05, **p<0.01 and ***p<0.001



Figure 3. E2 regulates myeloid cell function in the tumor microenvironment. (A-B) Uniform manifold approximation and

projection (uMAP) plots of expression profiles for tumor infiltrating immune cells (CD45+) (n=3 tumors/treatment, pooled together)

isolated from iBP tumors. Each dot represents an individual cell (A). Percentage of CD68+ macrophages/monocytes among all

sequenced cell types determined by scRNA seq in placebo vs E2 treated samples (B). (C-D) Syngeneic tumor growth of B16F10

(1x105) cells and YuMM5.2 (5x105) cells in myeloid ERα knockout (Esr1f/f;LysMCre) and littermate control (Esr1f/f and LysMCre)

mice were ovariectomized and supplemented with either placebo or E2 pellets. Esr1f/f+ Placebo, (blue, n= 10);

LysMCre+Placebo, (brown, n= 7); Esr1f/f;LysMCre+Placebo, (black, n= 8); Esr1f/f+E2, (maroon, n= 8); LysMCre+E2, (red, n= 7);

Esr1f/f;LysMCre+E2, (purple, n= 8). (E) Tumor growth of YuMM5.2 ((5x105) in CD8+T cell depleted C57BL6/J hosts that were

ovariectomized and supplemented with placebo and E2 (n= 8 mice per treatment). (F- I) T cell proliferation was assessed after

co-culturing with tumor infiltrating CD11b+ cells isolated from iBP mice treated with either placebo or E2. Representative CFSE

dilution plots of CD8+ (F) and CD4+(H) cells. Quantification of CFSE low/negative CD8+ (G) and CD4+ (I) populations and

expressed as percentage of CD8+ and CD4+ T cells (n=3), representative of two independent experiments. (J-Q) Representative

flow cytometry plots and percentage of IFN+ and GZMB+ CD8+ T (J-M) or CD4+ T cells (N-Q) after 72 hours of co-culture with

tumor infiltrating CD11b+ myeloid cells isolated from iBP mice treated with either placebo or E2, n=3 per group. Data are

represented as mean ±S.E.M. Significance was calculated using a Student’s t test (G, I, K, M, O and Q) and by two-way ANOVA

(C, D and E) followed by Bonferroni’s multiple correction. *p<0.05, **p<0.01 and ***p<0.001.



Figure 4. E2 regulates TAM function. (A-C) Ratio of M1 to M2 macrophages in iBP (n=6) (A) and B16F10 (n=6-10) tumors (B)

from placebo and E2 treated mice and representative flow cytometry plots of M2 and M1 macrophages in the B16F10 model 

(C). (D) Growth of B16F10 tumors (n=12) upon depletion of macrophages by clodronate liposomes in ovariectomized mice 

supplemented with placebo or E2. (E-F) Quantification of IFN+CD8+ T (E) and GZMB+CD8+ T (F) cells (n=3) that were 

cocultured with BMDM differentiated in NM or TCM and treated with either DMSO or E2 (1nM). (G-H) CFSE dilution and 

quantification representing proliferation of CFSElow/- CD8+ T (n=3) after co-culturing with BMDM cells from Esr1f/f and 

Esr1f/f;LysMCre mouse, differentiated in either normal media or TCM (B16F10), followed by treatment with either DMSO or  E2 

(1nM). (I-K) Quantification of IFN+, CD44+CD69+ and GZMB+ CD8 T cells (n=3) from the same experiment as in G. (L) Tumor 

co-mixing methodology. (M) Syngeneic tumor growth of YuMM5.2 (5X105) cells co-mixed with BMDM from either 

(Esr1f/f;LysMCre) or its littermate controls (Esr1f/f) (1:1) in ovariectomized mice supplemented with either placebo or E2. (Esr1f/f

BMDM+YuMM5.2) - placebo (black, n= 10), (Esr1f/f;LysMCre, BMDM+YuMM5.2)-placebo (blue, n= 10), (Esr1f/f

BMDM+YuMM5.2)- E2 (red, n= 10) and  (Esr1f/f;LysMCre, BMDM+YuMM5.2)-E2 (brown, n= 10). (N) UMAP representation of 

macrophage/monocyte subclusters as determined from scRNA sequencing. (O) Trajectory analysis depicting the differentiation 

of monocytes into different lineages of macrophages. (P) Density of cells in macrophage/monocyte subclusters along a 

pseudotime gradient. (Q) Expression of M2 associated genes (Cd163, Lgr2, Retnla and Folr2) in macrophage clusters along the 

pseudotime axis. E-F and G-K, representative of two independent experiments. Data are expressed as individual data points 

and represented by mean ±S.E.M. Significance was calculated by Student’s t test (A-B), one-way ANOVA (E-G, I-K) and by two-

way ANOVA (D and M) followed by Bonferroni’s multiple correction (*p<0.05, **p<0.01 and ***p<0.001).



Figure 5. E2 suppresses anti-tumor T cell response. Representative flow cytometry plots and quantification of CD3+ (A-B)

and CD8+ (C-D) tumor infiltrating lymphocytes in iBP (n=5-6) tumors isolated from mice treated with either placebo (black) or

E2 (red). (E-L) Representative flow cytometry plots and quantification of PD1+ (E-F), GZMB+(G-H), CD44+CD69+ (I-J) and

IFN+ (K- L) CD8+ T cells in YuMM5.2 tumors from mice treated with placebo (black) or E2 (red) (n=3-5) (H). Data are

expressed as individual data points and are represented as mean ± S.E.M. Significance was calculated using the Student’s t

test. (*p<0.05, **p<0.01 and ***p<0.001.)



Figure 6. Pharmacological depletion of ER reverses E2 dependent melanoma tumor growth. (A-C) Growth of B16F10 

(0.5X105) (n=9), YuMM5.2 (5x105) (n=6) and BPD6 (5x105) (n=5) tumors in ovariectomized C57BL/6J mice supplemented with 

placebo or E2 and co-treated with the ERα antagonist fulvestrant. (D) Quantification of the ratio of M1 and M2 macrophages 

isolated from BPD6 tumors (B) (E-G) Quantification of M1 macrophages (MHCIIhi CD206-ive), GZMB+CD8+ T cells and 

PD1+CD8+ T cells in YuMM5.2 tumors from 6C (n=4).  (H) Individual volumes of BPD6 tumors implanted in ovariectomized mice 

treated with placebo or E2 following co-treatment with fulvestrant and ICB (anti PD1+anti CtLA4) either alone or in combination. 

Vehicle+IgG (n=10, red), fulvestrant+IgG (n=15, blue), vehicle+ICB (n=15, black) and fulvestrant+ ICB (n=15 brown). Black 

arrow indicates start of ICB treatment regimen. (I) Tumor volumes of BPD6 measured at day 12 after inoculation. (J) Individual 

tumor volumes of B16F10 (0.5x105) implanted in ovariectomized C57BL6/J mice supplemented with placebo and E2 and co-

treated with fulvestrant along with ICB (anti-PD1). Vehicle+IgG (n=9, red), fulvestrant+IgG (n=8, blue), vehicle+ICB (n=9, black) 

and fulvestrant+ ICB (n=10 brown). Black arrow indicates start of anti-PD1 treatment regimen. (K-L) Tumor volumes of B16F10 

measured at day 16 (all 4 groups) and day 22 (E2+ful vs E2+ful+anti-PD1) group after inoculation. (M) Median overall survival in 

all patients treated with immunotherapy (Pembrolizumab or Nivolumab alone, or in combination with Ipilimumab) from the Gide 

et. al dataset with either high or low E2-down-regulated gene signatures derived from CD68+ cells in the scRNA seq. A, B and 

C representative of two individual experiments. Data are expressed as mean ±S.E.M. Significance was calculated by one-way 

ANOVA followed by Bonferroni's multiple correction (K) by Student’s t test (L) and by log rank test (M). *p<0.05, **p<0.01 and 

***p<0.001. 
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