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Abstract

Breast cancers (BC) with expression of estrogen receptor-alpha (ERα) occur in more than 70% of 

newly-diagnosed patients in the U.S. Endocrine therapy with antiestrogens or aromatase inhibitors 

is an important intervention for BCs that express ERα, and it remains one of the most effective 

targeted treatment strategies. However, a substantial proportion of patients with localized disease, 

and essentially all patients with metastatic BC, become resistant to current endocrine therapies. 

ERα is present in most resistant BCs, and in many of these its activity continues to regulate BC 

growth. Fulvestrant represents one class of ERα antagonists termed selective ER downregulators 

(SERDs). Treatment with fulvestrant causes ERα down-regulation, an event that helps overcome 

several resistance mechanisms. Unfortunately, full antitumor efficacy of fulvestrant is limited by 

its poor bioavailability in clinic. We have designed and tested a new generation of steroid-like 

SERDs. Using ERα-positive BC cells in vitro, we find that these compounds suppress ERα 
protein levels with efficacy similar to fulvestrant. Moreover, these new SERDs markedly inhibit 

ERα-positive BC cell transcription and proliferation in vitro even in the presence of estradiol-17β. 

In vivo, the SERD termed JD128 significantly inhibited tumor growth in MCF-7 xenograft models 

in a dose-dependent manner (P<0.001). Further, our findings indicate that these SERDs also 

interact with ER-positive immune cells in the tumor microenvironment such as myeloid-derived 

suppressor cells (MDSC), tumor infiltrating lymphocytes and other selected immune cell 

subpopulations. SERD-induced inhibition of MDSCs and concurrent actions on CD8+ and CD4+ 

T-cells promotes interaction of immune checkpoint inhibitors with BC cells in preclinical models, 
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thereby leading to enhanced tumor killing even among highly aggressive BCs such as triple-

negative BC that lack ERα expression. Since monotherapy with immune checkpoint inhibitors has 

not been effective for most BCs, combination therapies with SERDs that enhance immune 

recognition may increase immunotherapy responses in BC and improve patient survival. Hence, 

ERα antagonists that also promote ER downregulation may potentially benefit patients who are 

unresponsive to current endocrine therapies.

Graphical abstract
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Selective estrogen receptor downregulator (SERD); PD-L1; Myeloid-derived suppressor cells; 
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1. Introduction

Endocrine therapies that target the estrogen receptor (ER) in breast cancer (BC) have 

significant clinical benefit when used to treat ER-positive tumors and are often an effective 

targeted treatment for metastatic disease. However, a substantial number of patients with 

localized disease, and almost all patients with metastatic breast cancer, become resistant to 

endocrine therapies [1–3]. In the absence of options to current treatments such as 

antiestrogens (tamoxifen) or aromatase inhibitors (AI), cytotoxic chemotherapy is often the 

only alternative. Similarly, chemotherapies are often used for patients with triple-negative 

breast cancer (TNBC). The TNBC subtype occurs in 15–20% of BC patients and cannot be 

managed with endocrine or HER2-targeted therapies because TNBCs lack ERα and 

progesterone receptor (PR) expression and have no HER2 overexpression. However, recent 

clinical trials reveal that 20–30% of TNBC patients respond to immunotherapy such as 

immune checkpoint inhibitors (ICI) [4, 5]. Despite this advance, the great majority of 

patients with TNBC and other BC subtypes do not benefit from ICIs.
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In the context of estrogen signaling in BC in vivo, it is important to note that estrogens do 

not only act directly on BC cells. Rather, it is known that estrogens also regulate the 

development and function of immune cells that occupy the tumor microenvironment (TME) 

[6–8]. Despite well-known sex-related differences in immune responses in various 

autoimmune diseases [9], little is known to date about the effect of estrogens or 

antiestrogens on tumor immune tolerance and immune checkpoint blockade in breast cancer. 

ERα, the major ER form, is known to exhibit high expression in early hematopoietic 

progenitors in bone marrow such as hematopoietic stem cells and common lymphoid and 

myeloid progenitors [6–8, 10, 11]. The programmed death-1 (PD-1) pathway is an immune 

checkpoint used by many tumor cells to evade detection and attack by tumor-directed T-cells 

[12–14] that are known to express ER [11]. PD-1 is expressed at the surface of activated T-

cells where it interacts with its ligands, such as programmed death ligand-1 (PD-L1), to 

attenuate T-cell signaling, resulting in downregulation of T-cell proliferation, activation and 

the antitumor immune response. Although PD-L1 is rarely expressed in normal breast tissue, 

it is expressed in some BC cells and surrounding immune cells where it can mediate 

inhibition of tumor-infiltrating lymphocytes (TILs) which are a known prognostic indicator 

for benefit from ICIs [15, 16].

Among the subpopulations of immature myeloid cells that frequently arise during tumor 

progression and metastasis, myeloid-derived suppressor cells (MDSC) are known to express 

ER, and estrogen signaling is reported to promote MDSC expansion and activation in 

preclinical studies [7]. MDSCs are also identified in the TME of BC biopsies from the clinic 

[16, 17] and consist of two large groups of immune cells termed granulocytic or 

polymorphonuclear cells (G-MDSCs), which are phenotypically and morphologically 

similar to neutrophils, and monocytic cells (M-MDSCs) similar to monocytes. Immune 

suppression is a major property of MDSCs, with T-cells the main targets of MDSC action 

[16, 17] Accordingly, estrogen antagonists may disrupt BC progression by diminishing 

MDSC numbers and associated pro-tumorigenic functions potentially regardless of the ER 

status of the tumor. Among the challenges to make immuno-therapy a more effective 

intervention in BC management going forward, it is important to find ways to manipulate 

additional mechanisms of tumor immune tolerance and to enhance T-effector cell infiltration 

and access to the tumor. It is therefore reasonable to investigate the concept that BC escape 

from immune attack may be blocked by potent antiestrogens that exert antitumor activity in 

certain ER-positive immune cells, actions that should boost the action of ICIs.

It is well established that estrogens modulate BC gene transcription by binding ER with high 

affinity, thereby activating downstream signaling by use of genomic pathways that involve 

direct DNA binding of ligand-bound ER to estrogen-responsive elements in the promoter 

regions of responsive genes. In addition, nongenomic pathways often involve indirect 

modulation of transcription by ER interactions with components of other transcription or 

growth factor receptor kinase signaling complexes (such as MAPK, PI3K/AKT) via specific 

protein-protein interactions [18]. Current reports indicate that estrogen signaling in MDSCs 

occurs in part by the induced phosphorylation and activation of STAT3 which stimulates 

downstream signaling for the expansion of MDSCs [7]. STAT3 is required for MDSC 

survival and proliferation and also modulates expression of S100A8 and S100A9 proteins 

that are important for regulating MDSC expansion and migration to tumor sites [7, 8].
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Antiestrogen therapy with tamoxifen has been widely used for more than 40 years, with 

evidence from clinical trials for significant reductions in BC mortality in ER-positive early 

BC [1, 19]. Although effective, tamoxifen has important drawbacks, including a limited 

period of activity before drug resistance; and an increased risk of endometrial cancer and 

thromboemboli due to its partial agonist activity as a selective ER modulator [2, 3, 20]. Use 

of AIs for postmenopausal patients has yielded better outcomes than the standard of 5 years 

tamoxifen [2, 19, 21]; but in patients with advanced breast cancer, only about 1/3 of ER-

positive BCs respond to AIs, and resistance can evolve due to ER activation by different 

mechanisms such as ligand-independent activation [2, 3, 20–22] or emergence of ESR1 
mutations [23, 24]. Consequently, a search is underway to discover new antiestrogens that 

lack agonist activity and override endocrine-resistance [20, 25]. As long as ER is present in 

breast tumors, growth may be stimulated by estrogen, partial agonists or estrogen-

independent action. The first selective ER downregulator (SERD), fulvestrant, has no major 

agonist activity and good antitumor efficacy [20, 26, 27]. However, fulvestrant has very low 

bioavailability that is a significant liability in clinic [28]. Although fulvestrant has activity in 

ER-positive BCs that progress after AIs or tamoxifen including some patients with ESR1 
mutations, discovery of improved SERDs with improved bioavailability and antitumor 

activity is a key goal. In 14–20% of metastatic ER-positive BCs from patients with multiple 

prior endocrine therapies, there is evidence for acquisition of functionally-aberrant ESR1 
with point mutations often occurring in the ER ligand-binding domain, most commonly at 

D538G and Y537S [23, 24]. Some mutant ESR1 variants may continue to respond to 

fulvestrant, but higher doses of fulvestrant are required to achieve wild-type levels of tumor 

inhibition. Current data show that achievement of higher optimal doses of fulvestrant by 

intramuscular drug delivery is not feasible and underscore the need to develop more potent 

SERDs with enhanced bioavailability in advanced BC. A number of non-steroidal SERD 

candidates have been assessed, with many failing to advance beyond Phase I-II trials due to 

agonist activity in normal tissues, other off-target adverse side-effects or for unknown 

reasons [29, 30]. With this history, we elected to design estradiol-like SERDs targeting ER 

that differ from proposed nonsteroidal drugs. These new SERDs and fulvestrant were then 

assessed for antitumor activity in BCs as well as in ER-positive immune cells that occupy 

the TME and interactions with immune checkpoint inhibitors that may be beneficial to 

management of both ER-positive and potentially ER-negative BCs in the clinic.

2. Materials and Methods

2.1 Chemistry procedures for synthesis of 11β-aryloxy-estradiol derivatives

Reagents: Tetrahydrofuran (THF) was distilled from benzoquinone ketyl radical under an 

argon atmosphere. Dichloromethane, toluene, benzene, and pyridine were distilled from 

calcium hydride under an argon atmosphere. Anhydrous N, N-dimethylformamide (DMF) 

was purchased from Sigma-Aldrich. All other solvents or reagents were purified according 

to standard procedures. (8S, 9S, 13S, 14S, 17S)-3,17-bis(Benzyloxy)-13-methyl-6, 7, 8, 9, 

12, 13, 14, 15, 16, 17-decahydro-11H-cyclopenta[a]phenanthren-11-one (11-ketone) was 

prepared using established procedures [31–34].
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Instrumentation: 1H NMR, 13C NMR, and 19F NMR spectra were obtained at 300 MHz, 

400 MHz, or 500 MHz for proton, 75 MHz, 100 MHz, or 125 MHz for carbon, and 282 

MHz, or 376 MHz for fluorine are so indicated. The chemical shifts are reported in parts per 

million (ppm, δ). The coupling constants are reported in Hertz (Hz) and the resonance 

patterns are reported with notations as the following: br (broad), s (singlet), d (double), t 

(triplet), q (quartet) and m (multiplet). High-resolution mass spectra were measured on a 

time-of-flight LC-MS. Thin-layer chromatography (TLC) was carried out using precoated 

silica gel sheets. Visual detection was performed with ultraviolet light, p-anisaldehyde stain, 

potassium permanganate stain or iodine. Flash chromatography was done using silica gel 

P60 (60 A, 40–63 μm) with compressed air.

General chemistry procedures to prepare the several antiestrogen compounds described in 

this report are presented in detail in Supplementary Methods.

2.2 Cell culture

Cell lines were obtained from the American Type Culture Collection (ATCC) and cultured 

according to ATCC recommendations. Briefly, ERα-positive human BC cells MCF-7, T47D 

and ZR-75 were cultured in DMEM or RPMI-1640 media as before [35, 36], and MCF-7 

cells with HER-2 overexpression [37] and MCF-7 cells with acquired tamoxifen resistance 

were established and cultivated as reported previously [38, 39]. Mouse triple-negative 

(ERα-/PR-/HER2-) 4T1 breast tumor cells were cultured in RPMI-1640 medium. Media 

were supplemented with 10% fetal bovine serum (FBS; Gemini Bio-Products), 100 units/ml 

penicillin, 100 μg/ml streptomycin sulfate and 2.5 μg/ml amphotericin B (Gemini Bio-

Products). Cultures were maintained at 37°C in a 5% CO2 incubator. For steroid-free 

conditions, medium was changed 48 hrs. before studies to phenol red-free DMEM or phenol 

red-free RPMI-1640 with 5% dextran-coated, charcoal-treated (DCC-FBS) as before [35].

2.3. Cell Proliferation Assays

MCF-7 and other selected BC cells were seeded in 96-well plates at 3–5 × 105 cells/well in 

complete medium. After 24 hours, medium was switched to estrogen-free conditions as 

described above. After 48 hrs, cells were treated with indicated concentrations of 

antiestrogens for 72 hrs with or without estradiol-17β (E2). Cell number and viability were 

determined by either cell counts or by colorimetric assays using the CellTiter 96 Aqueous 

(Promega) assay or the cell proliferation ELISA BrdU assay (Roche) as per manufacturer’s 

instructions. Treatments were done in quadruplicate, and experiments were repeated at least 

three times. In selected experiments using the Incucyte™ Live Cell System (Essen 

Bioscience) as per the manufacturer’s instructions, the proliferation of 4T1 cells maintained 

in a tissue culture incubator was monitored by using the NucLight Rapid Red Reagent for 

cell labeling in 6-well plates. Images for cell confluence were obtained every 4–6 hrs; as 

cells proliferate, the confluence increases, and confluence is therefore a surrogate for 

proliferation. Images were analyzed using the Live-Cell Analysis System (Essen 

Bioscience).
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2.4 Polyacrylamide gel electrophoresis and Western immunoblotting

MCF7 cells were plated in regular medium. After 24 hrs, cells were incubated in the 

presence of antiestrogens or fulvestrant for 4 hrs in phenol-red free medium without FBS. 

Cell lysates were prepared using RIPA buffer, and protein concentration was determined 

using the BCA Protein Assay Kit (PIERCE/ThermoFisher Scientific). Forty micrograms of 

total cell protein was resolved by 4–15% SDS-PAGE, transferred to a PVDF membrane and 

probed with antibody directed against ERα (1D5, 1:100, ThermoFisher cat# MA5–13191). 

Ribosomal protein L13A (RPL13A), an established housekeeping gene that is not regulated 

by estradiol-17β or tamoxifen was used as loading control (dilution 1:1000, Invitrogen/

ThermoFisher cat# PA5–58528) [40].

2.5 Competition binding assays in ER-positive human breast tumor cells

Specific estradiol-17β (E2) binding and competition for binding by antiestrogen JD128 or 

fulvestrant was assessed in human MCF-7 breast cancer cells using methods as described 

before [36, 41]. In brief, MCF-7 cells were suspended in phenol red-free RPMI medium to a 

concentration of 1 ×107 cells/ml, and incubations for 60 min were begun with the addition of 

[2,4,6,7-3H (N)]-estradiol-17β (99 Ci/mmol; New England Nulcear/Perkin Elmer, Waltham, 

MA) at 37°C with shaking. A 100-fold molar excess of unlabeled estradiol-17β was present 

in paired samples to determine displaceable binding [41]. Competitive ligand binding to ER-

positive MCF-7 cells is detected by the ability of a test compound to displace labeled 

estradiol-17β from the cells in vitro.

2.6 Estrogen receptor-dependent transcriptional activity

A stable ER-positive T47D ERE luciferase reporter cell line, in which the ERE and the 

reporter luciferase gene are consistently expressed in the cell line were used in this study 

(Signosis). The cell line was established by transfection of luciferase reporter vector along 

with neomycin expression vector followed by neomycin selection, with neomycin-resistant 

clones subsequently screened for E2 induced luciferase activity or for measurement of 

potential antiestrogenic activity. Early passages of cells were cultured in complete medium 

containing RPMI supplemented with penicillin (100 units/mL), streptomycin (100 μg/ml), 

10% FBS and G418 (75μg/ml). At 24 hrs prior to assays, cells were trypsinized, washed and 

plated in each well of a 96-well plate with 5 ×104 cells in 100 μl with phenol-red-free 

medium containing 0.1% dextran-coated charcoal-treated FBS[42, 43]. Cells were then 

treated with 17β-estradiol alone or combined with fulvestrant or JD128 for 24 hrs. 

Thereafter, media was removed by aspiration and 100 μl of PBS was added to each well, 

followed by aspiration of medium and addition of 50 μl of lysis buffer to each well. Cells 

were incubated in lysis buffer for 30 min at room temperature. Lysate was mixed 1:1 with 

luciferase substrate (Promega), and luminescence was measured using a MLX microtiter 

plate luminometer (Dynex) and quantified as relative light units (RLU) according to 

established procedures [42, 43]. Total protein was quantified using BioRad Protein Assay 

(BioRad).
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2.7 In vivo breast tumor models

Animals were housed in a pathogen-free environment with controlled light and humidity and 

received food and water ad libitum. All studies were approved by the UCLA Animal 

Research Protection Committee.

For experiments using human BC cells as subcutaneous xenografts, ovariectomized female 

nude mice at 6 weeks of age were obtained from Charles River. MCF-7 human BC cells (2 × 

107) were implanted in the flanks of mice who had been primed three days before cell 

injections with estradiol-17β (0.36 mg, 60 days slow-release pellets, Innovative Research of 

America) as before [35, 36, 44]. When tumors grew to 50–100 mm3, animals were 

randomized to different treatment groups including a) vehicle control, b) JD128 at 15 mg/kg 

(by oral gavage daily for 28 days) and c) JD128 at 75 mg/kg (by oral gavage daily for 28 

days). Tumor volumes for mice in experimental and control groups were measured every 3–

4 days, with tumor volume calculated by (l × w × w) / 2, with tumor length l, and tumor 

width w in mm. Data were presented as the mean ± SEM for tumor volumes measured in 

cubic mm. Data were analyzed by use of ANOVA and student’s t-test statistical approaches 

as before [35, 36, 44].

To determine the potential effect of estrogen depletion on the progression of tumors in vivo, 

4T1 murine TNBC cells (ATCC) were injected in the 4th mammary fat pad (2 × 105 cells) of 

either ovariectomized or sham-operated 6-week-old syngeneic female BALB/c mice 

(Jackson Laboratory). Tumors were measured every 3–4 days, and tumor volume was 

calculated as (l × w × w) / 2 as above.

In further studies to determine the effects of antiestrogen treatment alone or in combination 

with anti-PD-L1 antibody on murine tumor progression in vivo, ovariectomized 6-week-old 

female syngeneic BALB/c mice were used (Jackson Laboratory). Three days prior to tumor 

cell inoculation, mice were injected with estradiol-17β (0.36 mg, 60 days slow-release 

pellets, Innovative Research of America). 4T1 cells were inoculated in the 4th mammary fat 

pad (2 × 105 cells), and mice were randomized after tumors reached an average size of 200–

250 mm3. For treatment, mice were divided into 6 groups: a) vehicle control or isotype IgG 

(IgG2b,κ, RTK4530, Biolegend), b) anti-PD-L1 antibody (Biolegend anti-CD274/B7-

H1/PD-L1 clone 10F.9G2, 100 μg/mouse by intraperitoneal injection, every third day), c) 

fulvestrant (5mg/mouse subcutaneous, once a week), d) JD128 (50 mg/kg by oral gavage, 

daily) and e) combination treatment of fulvestrant and anti-PD-L1 antibody or f) JD128 and 

anti-PD-L1 antibody at doses as described for treatment as single agents. Tumors were 

measured every 3–4 days, and tumor volume was calculated as above. After 10–12 days, 

mice were anesthetized by established methods, with blood collected by cardiac puncture in 

BD vacutainer vials with EDTA (terminal procedure). An approved secondary method of 

euthanasia was then used to ensure animals were deceased. Tumors were harvested, with 

final tumor weights and sizes compared among groups. Mass cytometry studies to assess 

selected immune cell populations and biomarkers were performed as detailed below.
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2.8 Mass cytometry for analyses of immune cell subpopulations, cytokines and selected 
biomarkers

Tumors from each mouse were harvested after 10–12 days of treatment as described above. 

Single cell suspensions were generated from tumors using the MACS mouse tumor 

dissociation kit (Miltenyi Biotech Cat. 130–096-730) following manufacturer’s instructions. 

One million cells per tumor were resuspended in PBS and labeled with Cell-ID Cisplatin 

(Fluidigm, Cat. 201064) to assess for live/dead cells. For antibody labeling, we used the 

recommended cell surface staining procedure (Fluidigm) followed by the FoxP3/

Transcription Staining Buffer Set protocol (eBiosciences™). Cells were labeled with a panel 

of 28 metal-conjugated antibodies to determine different immune lineages in addition to 

memory, trafficking, activation, and exhaustion markers (see Supplementary Table 1 for list 

of antibodies). After washing and centrifugation, cells were fixed using MaxPar Fix and 

Perm buffer (Fluidigm, Cat. 201067) and labelled for single cell discrimination with Cell-ID 

Intercalator-Ir (Fluidigm, Cat. 201192A). Samples were resuspended with 10% EQ four-

element calibration beads (Fluidigm, Cat. 201078), and filtered through a 40 μm mesh filter 

prior to acquisition on a Helios™ mass cytometer (Fluidigm), at a rate of 300–500 events/s.

2.9 Dimensionality Reduction, Cluster Analysis and Visualization

Collected mass cytometry data was analyzed as previously described [45]. Briefly, samples 

were normalized utilizing a bead standard. First, each cytometry file was processed in 

FlowJo (v10.3), then manually gated for stability of signal over time, followed by exclusion 

of normalization beads, ratio of DNA intercalators (191Ir+ vs 193Ir+), with finally single 

cell events (Ir193 vs event length)(Fig. 9A). After that, viable (195Pt−)CD45+ events were 

exported and uploaded into the X-shift (VorteX) clustering environment to obtain the k -

nearest-neighbor density estimation as described before [45, 46]. Dimensionality reduction 

of unclustered data was performed using the t-stochastic neighborhood embedding (t-SNE) 

and PhenoGraph algorithms implemented in the Cytofkit library [47], supplied by 

Bioconductor v.3.4 and run in RStudio v.1.1.463. A fixed number of 10,000 cells were 

sampled without replacement from each file and combined for analysis. Resulting t-SNE 

plots were subsequently filtered by marker expression to visualize differences between 

different treatment groups. Heatmaps were generated using Z-scores based on median 

marker expression (excel and Prism v7). Then, we used Wei et al. [48] criteria to exclude 

clusters from analyses that had an expression level lower than 0.5%.

2.10 Flow cytometry and bone marrow cell analysis

Human myeloid-derived suppressor cells were expanded from bone marrow (BM) 

specimens of BC patients after standard Ficoll gradient purification and red blood cell lysis. 

Briefly, 2 × 106 BM cells were cultured in the presence of 1000 IU/ml of GM-CSF and 40 

ng/ml IL-6 in different media conditions including regular RPMI-1640 with 15% FBS or 

phenol red-free medium with 15% DCC-FBS with or without 100 nM E2 (7). After 6 days 

of culture, cells were harvested, stained with a 14 antibody panel including anti-phospho-

STAT3 (pSTAT3) and analyzed by flow cytometry with an LSRII with a 5 lasers (UV, violet, 

blue, green-yellow and red). Data was processed using FlowJo (v10.3). De-identified BM 
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specimens were retrospectively-collected and deposited in the UCLA Pathology Tumor 

Bank according to Human Subject Protection Committee guidelines at our institution.

2.11 Immunohistochemistry

Paraffin-embedded sections from 4T1 tumors were cut at 4 μm thickness and paraffin 

removed with xylene and rehydrated through graded ethanol. Endogenous peroxidase 

activity was blocked with 3% hydrogen peroxide in methanol for 10 min. Heat-induced 

antigen retrieval (HIER) was carried out for all sections in 0.001M EDTA buffer, pH = 8.00 

using a vegetable steamer at 95°C for 25 min. Sections were incubated with anti mouse 

CD8a (eBioscience, 14–0808-82) at 1:100 dilution for 1 hour at room temperature. After 

primary antibody incubation, tissues were then incubated with secondary rabbit anti-rat 

immunoglobulin for 30 min at 1:200 dilution (Vector, AI-4001) followed by a 30 min 

incubation with Dakocytomation EnvisionÅ System Labelled Polymer HRP anti rabbit 

(Agilent, K4003). All sections were visualized with the diaminobenzidine reaction and 

counterstained with hematoxylin. The number of immune-positive cells were counted in five 

randomly chosen fields per tumor at 100-fold magnification. 4–6 mice tumors per condition 

were used for analysis. Results from the five areas/mouse were averaged and used in the 

statistical analysis.

2.12 Statistics

For in vitro studies, triplicates of experiments were done to verify results. ANOVA or t-tests 

were used as appropriate to compare interventions. Analyses of cells were evaluated using 

bar and scatter graphs with mean, standard deviation (SD) and standard error (SE). Repeated 

measures ANOVA was used as appropriate to assess time, condition, and time by condition 

interaction effects. For in vivo studies, mice with similar tumor size were randomized to 

different treatment groups with controls for up to 28 days. Data analyses by appropriate 

parametric or nonparametric methods were applied [22, 35–37]. Briefly, these analyses use 

mixed-effects models with tumor size as outcome measure (transformed as needed). 

Analyses of mass and flow cytometry data were performed using GraphPad Prism version 

7.0 (GraphPad, San Diego, CA) using one-way ANOVA followed Bonferroni’s multiple 

comparisons test or two-tailed unpaired Student’s t-test approaches as described before [45, 

46, 49, 50]. Differences were considered significant for P values less than 0.05.

3. Results

3.1. SERD Synthesis and Properties

As reported earlier [51], we designed, synthesized and screened more than 65 new SERD 

candidates, all of which have the general structure shown in 1, namely 11β-aryloxy 

estradiols, with a basic amine positioned at the 4-position of the aryl ring (Fig. 1). The basic 

amine is connected to the aryl unit either directly or via a spacer that varies from 3–6 atoms. 

In some of the more active compounds, we also attached an electron-withdrawing group, e.g. 

a trifluoromethyl unit or a fluoride atom, in the 3-positon (ortho to the amino chain). Of 

these compounds, several had activity comparable to fulvestrant 2 but JD128, 4, in particular 

was more potent than fulvestrant in a number of antitumor assays as shown below. We note 

that this new class of steroid-like SERDs lack the prototypical side chain (as in fulvestrant) 
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widely used to design other drugs with ERα antagonism, but these SERD candidates 

generate a full antagonist profile and induce significant ERα down-regulation, likely similar 

to significant ‘indirect’ receptor antagonism as reported in previous independent studies of 

11β-substitutions in ERα [52, 53] and other structural changes as in an independent report 

[54].

This new series of estradiol analogues, namely 11β-(4-aminoalkyl) aryloxy-estradiols, are 

expected to bind the ER ligand-binding domain since they are close structural analogues of 

estradiol (cf. Hansen et al. [53]). The 11β-aryloxy group, bearing a variable length chain 

ending in a basic dialkylamino group, would be expected to block the folding of helix-12 by 

potentially both steric hindrance and a salt bridge formation between the protonated amine 

and an acidic side chain on helix 12. Thus, these ER antagonists should bind to ER in such a 

way as to prevent the folding of helix-12 and thereby potentially inhibit BC proliferation.

The synthesis of the new analogues (Fig. 2) started with estradiol 7 which was converted 

into the bis (benzyloxy)ketone 8 by a known route [31–34] (protection, benzylic oxidation to 

the 9, 11-alkene, hydroboration-oxidation, and final oxidation to the ketone). Reduction of 

this protected ketone 8 with sodium borohydride afforded the expected 11β-alcohol 9 by 

attack of the hydride on the less hindered α– face, away from the hindering 13β–methyl 

group. Formation of the 11β-alkoxide anion of 9 using potassium hydride in THF/DMF 

followed by addition of 4-fluoronitrobenzene 10 effected a clean SNAr reaction to afford the 

4-nitrophenyl ether 11. Nickel boride reduction [55, 56] of the nitro group (sodium 

borohydride with NiCl2 6H2O in methanol) gave the aminophenyl ether 12 in good yield. 

Removal of the two benzyl ethers from 12 by catalytic hydrogenolysis using Pd(OH)2 in 

methanol gave the first analogue, the simple aniline 13 (JD105), namely 11β-(4-

aminophenyloxy) estradiol. For nearly all of the other analogues, the crude aniline 12 was 

not isolated but rather treated directly with an acid chloride. The analogues having a three-

atom linker between the aryl ring and the basic amine were all prepared by the same route. 

Thus, treatment of 12 with chloroacetyl chloride and catalytic DMAP in triethylamine 

afforded the intermediate chloroacetamide, which was immediately reacted with one of four 

secondary amines, e.g., piperidine, pyrrolidine, morpholine, and dimethylamine, to give the 

amides.

Again hydrogenolysis of the benzyl ethers using hydrogen and a palladium catalyst gave the 

desired analogues, 14a-d (JD101-JD104). After coupling of 12 with the acid chloride to 

give the amide, hydride reduction afforded the 2-(dialkylamino)ethyl amines, the benzyl 

ethers of which were hydrogenolyzed to give another set of analogues 15a-d, namely the N-

(2-aminoethyl)anilines. In addition the 4-amino group was completely removed to give the 

simple 11β-phenyl ether 16.

The next set of analogues each had a 3-carbon chain between the aniline and the secondary 

amine (see Fig. 3). Thus treatment of the crude aniline 12 with 3-chloropropionyl chloride 

furnished the 3-chloropropanamide and displacement of the chloride with the secondary 

amines and subsequent hydrogenolysis afforded the analogues with a 5-atom side chain 

ending in the basic amine, 17a-d (JD106–109).
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Likewise using 4-chlorobutanoyl chloride, after displacement of the chloride with the 

secondary amines and subsequent hydrogenolysis, one obtained the analogues with a 6-atom 

side chain ending in the basic amine, 18a-d (JD110–112, JD116). Finally, following the 

same route starting with 5-chloropentanoyl chloride gave the analogues with a 7-atom side 

chain, 19a-d. Again after coupling of 12 with the 3-carbon acid chloride to give the amide, 

hydride reduction afforded the 2-(dialkylamino)ethyl amines, the benzyl ethers of which 

were hydrogenolyzed to give another set of analogues 20a-d, namely the N-(3-aminopropyl) 

anilines. By substituting the 4-fluoronitrobenzene unit for other aryl fluorides, one could 

prepare several other sets of analogues (see Fig. 4). Thus, alkylation of the 11β-alcohol 9 
with 2, 4-difluoronitro-benzene led to the 3-fluoro-4-nitrophenyl ether (which after 

hydrogenolysis gave the analogue 21). From that compound were prepared the 16 analogues, 

23a-d, 24a-d, 25a-d, and 26a-d and the unsubstituted aniline 22. In a similar manner, using 

4-fluoro-2-(trifluoromethyl) nitrobenzene to alkylate the anion of 12 resulted in the 3-

trifluoromethyl-4-nitrophenyl ether (which after hydrogenolysis gave the analogue 27) and 

thus the 16 additional analogues, 29a-d, 30a-d, 31a-d, and 32a-d and the unsubstituted 

aniline 28.

3.2. Selected steroid-like SERD candidates promote ER downregulation, bind ER-positive 
breast tumor cells and block ER-dependent transcription in vitro.

We used different assays to screen antiestrogen/SERD candidates (see Figs. 1–4), including 

determination of the effect of antiestrogens on downregulation of ERα protein using PAGE 

and Western immunoblots (Fig. 5). As shown in the figure, SERD candidates 128 and 140 

were most effective in reducing ER protein levels in ER-positive MCF-7 BC cells in vitro, 

with the effect of 128 comparable to that of fulvestrant. Additional studies were also done to 

assess competitive binding of SERD 128 in MCF-7 cells (Fig. 5B) and inhibition of ER-

dependent transcription in ER-positive T47D BC cells stably transfected with an ER-

dependent luciferase reporter gene (Fig. 5C).

The combined results of these studies indicate that JD128 is a promising SERD with ER 

antagonist activity in ER downregulation, target cell binding and ER-dependent transcription 

comparable to that of the pure antiestrogen fulvestrant.

3.3 Steroid-like SERD JD128 inhibits human BC progression in vitro and in xenograft 
models in vivo.

Investigations of the properties of SERD JD128 in blocking the progression of human breast 

tumors in vitro and in vivo. As shown in Fig. 6A, the E2-induced proliferation of several 

ER-positive BC cells including MCF-7, T47D and ZR75 cells was significantly inhibited by 

treatment with 10 nM JD128 (all at P<0.001). This antiproliferative action of JD128 was 

also found with different MCF-7 cell populations that included cells with no HER2-

overexpression (MCF-7/PAR), cells with HER2-overexpression (MCF-7/HER2) and MCF-7 

cells with tamoxifen resistance (MCF-7/TMR).

In Fig. 6B, orally administered JD128 is shown to inhibit the growth of human MCF-7 

breast tumor xenografts in vivo in a dose-dependent manner. MCF-7 cells were 

subcutaneously inoculated in nude mice previously primed with estradiol pellets. When 
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animals developed tumors of comparable size, they were randomized to treatment with 

vehicle control (vehicle) or JD128 at 15 and 75 mg/kg once a day by oral gavage. It is 

important to note that JD128, in contrast to fulvestrant [28], has potent biologic action in 

blocking the progression of breast tumors in vivo via an oral route of administration.

3.4. Effects of estrogen and antiestrogens on expansion and activation of human immune 
MDSCs

Emerging findings indicate that E2 can modulate expansion/activity of MDSCs [7, 8, 17]. 

Since MDSCs that often occur in the TME reportedly play a critical role in tumor immune 

tolerance and cancer progression, we assessed effects of E2 and potential antagonist effects 

of fulvestrant and JD128 (Fig. 7).

In these studies, we used archival retrospectively-collected bone marrow (BM) cells from 

de-identified BC patients. The BM cells were purified by established methods and then 

stimulated with cytokines under conditions specified in Fig. 7. Thereafter, MDSC cells were 

detected using established gating strategies by flow cytometry. When compared to MDSCs 

derived from BM cultivated in normal medium containing E2 and cytokines, several findings 

are apparent: a) MDSC levels are markedly reduced in E2-free medium; b) addition of E2 to 

E2-depleted medium stimulates significant expansion of MDSC numbers; c) JD128 and 

fulvestrant each block E2-induced expansion of MDSCs, and the effect of JD128 exceeds 

that of fulvestrant at equivalent doses (all at P<0.05; Fig. 7B, top panel). Furthermore, the 

accumulation of MDSCs is known to involve the expansion of immature myeloid cells and 

activation/conversion of immature cells to MDSCs, a process that appears to be driven at 

least in part by STAT3 signaling [17]. Importantly, estrogen is reported to activate such 

signaling pathways in MDSCs via the phosphorylation of STAT3 [7]. Accordingly, 

antiestrogen JD128 is especially effective in blocking the phosphorylation and activation of 

STAT3 in G-MDSC subsets, an action that may be crucial for blocking the enhanced 

immunosuppressive activity of MDSCs in BC (Fig. 7B, lower panel).

3.5. Effects of estrogens and antiestrogens on ERα-negative tumor growth in vitro and in 
vivo.

TNBC cells that lack expression of ERα, PR and HER2 amplification were selected for use 

in experiments to investigate the potential actions of antiestrogens primarily on immune cells 

in the TME. In mice with implants of E2-insensitive orthotopic tumors, Svoronos et al. [7] 

reported a significant survival benefit associated with ovariectomy (OVX; estrogen 

depletion) when compared to non-OVX controls (normal estrogen levels), while treatment of 

OVX mice with E2 reversed the protective effect of OVX. Further, the survival benefit of 

OVX was not observed in immune-deficient as compared to wild-type mice, suggesting that 

immune activity is critical in the antitumor effect of E2 depletion [7]. We confirm in our 

experiments that OVX reduces the progression of 4T1 TNBCs as compared to that of intact 

animals in a murine model, thus suggesting that ovarian E2 may play a role in stimulating 

TNBC growth in vivo (FIG. 8A) P < 0.0001. To determine if estrogens have a direct effect 

on 4T1 TNBC (ERα-negative) cell proliferation, we used the Incucyte™ system as 

described in methods to investigate 4T1 cell progression in vitro. No growth stimulation of 

cells as monitored by cell confluence was observed when tumor cells were grown in the 
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presence of E2 as compared to control-treated 4T1 cells over a time course of 5 days (Fig. 

8B). Furthermore, treatment with SERD JD128 at doses ranging from 10–1000 nM did not 

elicit any significant effect on cell growth in vitro as shown in Figure 8B. Together, these 

data indicate that effects of sex steroids on progression of 4T1 tumors in vivo are likely due 

to interactions with cells in the TME.

Furthermore, in this in vivo study, we assessed antitumor efficacy of JD128 alone and 

combined with an anti-PD-L1 checkpoint antibody. The 4T1 tumor cells implanted in 

mammary glands exhibit highly aggressive behavior and are generally found to metastasize 

widely to cause early mortality. In contrast to a lack of effects of either estrogens or 

antiestrogens on 4T1 tumor progression in vitro, we find that the antiestrogens fulvestrant 

and JD128 are each effective in inhibition of 4T1 tumor growth in vivo in syngeneic 

BALB/c mouse models (Fig. 8C). Since these mice are immune-intact, we next assessed the 

effect of treatment with an anti-PD-L1 checkpoint inhibitor alone and in combination with 

either fulvestrant or JD128. As shown in Fig. 8C, anti-PD-L1 antibody alone elicited no 

significant effect on 4T1 tumor progression, while JD128 and fulvestrant were each able to 

induce significant suppression of 4T1 tumor progression in vivo. These results appear to be 

consistent with the notion that antiestrogens interact with immune cells in the TME and may 

play an important role in stopping tumor progression in vivo. To investigate effects of 

antiestrogens and immune checkpoint inhibitors when administered in combination, we next 

used mass cytometry to study the immune cell subpopulations present in the TME in vivo.

3.7. Mass cytometry analyses show that antiestrogens reduce MDSCs in murine 4T1 
tumors in syngeneic mice.

To explore mechanistic pathways that underlie the antitumor effects of antiestrogens alone 

and combined with an ICI (Fig. 8C), we used mass cytometry by time of flight analyses 

(cyTOF) with a panel of selected labeled antibodies to track the levels and activities of 

immune cell subsets in the TME.

Single cell suspensions were prepared from 4T1 tumors grown in BALB/c mice that were 

treated for 12 days as detailed in FIG. 8C. Cells were then labeled and analyzed by cyTOF. 

Results of these analyses are summarized in FIG. 9. Of the two major MDSC subsets that 

have been described in humans and mice based on their phenotypic, morphological and 

functional characteristics (e.g. G-MDSC and M-MDSC), both G-MDSC and M-MDSC 

subsets are significantly reduced on treatments with either antiestrogens alone or when given 

in combination with anti-PD-L1 antibody as compared to appropriate controls (FIG. 9D, E), 

with a somewhat enhanced effect on the GMDSC population. The results indicate that this 

biologic effect of antiestrogens may be due to expression of ERα in both G-MDSC and M-

MDSC subsets (Fig. 9F).

3.8. Effects of antiestrogens on tumor-infiltrating lymphocytes and cytokines in 4T1 
tumors in vivo.

In order to gain a better understanding of all tumor infiltrating leukocytes, we analyzed 

single cell suspensions from tumors (Fig. 8C and 9) by looking at CD8+ and CD4+ TILs. 

An adaptive T-cell response, which requires antigen recognition, is composed of both 
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cytotoxic CD8+ T cells and CD4+ T cells [57]. Animal models have shown that in vivo 
eradication of tumors is for the most part mediated by cytotoxic T-cells. The presence of 

intratumoral T-cells is an independent predictor of improved survival and has also been 

associated with increased secretion of interferon-gamma (IFNα), interleukin-2 (IL-2) and 

TNFα [16, 58, 59]. As in Fig. 8C, groups included mice treated with control vehicle, anti-

PDL1 antibody, fulvestrant, JD128 or the combination of fulvestrant with anti-PD-L1 

antibody or JD128 and anti-PD-L1 antibody (Fig. 10).

A sequential gating strategy to analyze tumor CD3+ cell subsets is shown in Fig. 10A, while 

the normalized median intensity of distinct protein markers are show in a heatmap for all 

clusters analyzed by Cytofkit in Fig. 10B [45, 46]. tSNE scatter plots for visualization of 

CD3+ cells that show clusters of CD8+, CD4+ and Tregs cells are presented in Fig. 10C. 

Importantly, the results show that both effector and effector memory CD8+ and CD4+ T-

cells in tumors are several-fold higher in mice treated with either fulvestrant or JD128 

antiestrogens when combined with PD-L1 antibody as compared to controls (P<0.05) (Fig. 

10D). In addition, we find increased expression of known activation cytokines IFNγ, IL-2 

and TNFα in CD8+ and CD4+ TIL subpopulations (Fig. 10E). These data appear to 

complement reports on estrogen-specific alterations of these cytokines in independent 

murine models [60]. Furthermore, antiestrogen treatments evoke a significant reduction of T-

regulatory T-cells (Tregs) (Fig. 10F) which are known to play an important role in the 

maintenance of tumor immune tolerance [61]. In the process of tumor progression, Treg 

cells tend to accumulate in tumors and suppress T-cell responses at the tumor site. The 

number of tumor-infiltrating CD25+FoxP3+ Tregs is associated with poor prognosis and is 

identified as a significant predictor of poor outcome [62]. In addition, to corroborate mass 

cytometry data we performed immunohistochemistry to detect CD8+ TILs presence in the 

tumor bed. IHC results shown in Fig. 8G confirmed data obtained by cytof, antiestrogens 

and combination treatment significantly increase CD8+ TIL infiltration (P < 0.0001).

3.9. Effects of antiestrogens combined with ICIs on macrophage and dendritic cell 
subsets in 4T1 tumors in vivo.

Since recent findings suggest that cells of the innate immune system play an important role 

in the decision between an effective immune response versus induction of immune tolerance, 

we also investigated levels of dendritic cells (DC) that have a special function linking the 

innate immune response with the induction of adaptive immunity. These cells play a major 

role by processing and presenting antigens to T and B cells to generate an immune response. 

Stimulatory DCs promote effective immune responses by stimulating T-cell proliferation and 

shaping specific T-cell response phenotypes [63]. Importantly, treatment with both 

antiestrogens fulvestrant and JD128 alone as well as combined with anti-PD-L1 antibody (as 

in Fig. 8C) increased the population of DCs in 4T1 tumors (Fig. 11A).

Further, it is well documented that the highly inflammatory microenvironment of tumors 

tends to recruit macrophages and peripheral blood monocytes [16]. These myeloid cells 

receive tumor-derived signals that alter gene expression and phenotype. A prominent 

myeloid cell subset that develops in the breast TME is the tumor-associated macrophage 

(TAM). Macrophages are key modulators and effector cells in the immune response that 
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exhibit high plasticity in response to various external signals (61). Depending on TME 

signals, macrophages occur as M1 macrophages associated with ‘tumoricidal’ activity with 

high production of reactive nitrogen and oxygen intermediates and pro-inflammatory 

cytokines or M2 macrophages involved in tumor progression and immunoregulatory 

functions [64]. The M2 phenotype predominates among TAMs, and a high density of TAMs 

correlates with poor prognosis in BC [65]. CyTOF analyses based on experiments noted in 

Fig. 8C reveal that therapy with SERD128 combined with anti-PD-L1 antibody elicits a 

significant increase in the M1 tumoricidal subset of macrophages in the TME (P<0.05) 

while simultaneously trending toward a reduction in the M2 macrophage subset (P= 0.05) 

(Fig. 11B), thus contributing to overall antitumor actions of dual antiestrogen-ICI therapy.

Discussion

The role of estrogen signaling in the progression of BCs with ERα expression is well-

established by the successful use of ER antagonists in the clinic [2, 3, 19]. In addition, the 

present findings indicate that antiestrogens also have a significant effect on antitumor 

immunity independent of their direct activity on BC cells. Although ICIs have been shown 

to improve overall survival for subsets of patients with advanced melanoma, lung and TNBC 

[4, 13], the bulk of patients with BC, particularly ER-positive disease, do not have 

significant benefit from this promising therapeutic approach [4, 14]. Despite known sex-

related differences in immune responses [9, 66, 67], little is known about the effect of sex 

hormones on immunotherapy in malignancy. An important question regarding the use of 

targeted therapies is whether these agents may positively or negatively affect immune cells. 

There is increasing awareness of the role of nonmalignant cells in the TME in regulating the 

tumor response to therapies. As indicated in the present report, the TME plays a critical role 

in modulating cancer progression and therapeutic responses. The presence of tumor-

infiltrating lymphocytes in the TME is a prognostic indicator for benefit from ICI in TNBC, 

and T-cell inhibitory pathways in the TME such as MDSCs are identified [7, 8, 17]. Most 

immune cells including MDSC and CD8+ T-cells express estrogen receptors, ERα and ERβ, 

with ERα the predominant receptor type [7, 8, 10, 11, 17]. The accumulation of MDSCs is a 

complex process involving expansion of immature myeloid cells and pathologic activation 

and conversion of immature cells to MDSCs. Mechanistically, E2 signaling via JAK/STAT 

pathways may accelerate progression of E2-responsive and -unresponsive tumors by driving 

the expansion of MDSCs and enhancing their immunosuppressive activity in vivo as 

reported here and in previous work [7]. In contrast, blockade of E2 action appears to delay 

tumor progression due to a decrease in MDSC numbers and immunosuppressive activity that 

promotes T-cell-dependent antitumor immunity. Our findings suggest that antiestrogens 

particularly when administered in combination with anti-PD-L1 antibodies act to inhibit BC 

progression in part by blocking the expansion and mobilization of MDSCs that would 

otherwise promote tumor immune tolerance. In addition, emerging findings show that serine/

threonine protein kinase casein kinase 2 that is overexpressed in BC plays a critical role in 

myeloid cell differentiation. Importantly, inhibition of casein kinase 2 disrupts the myeloid 

cell differentiation in BCs and enhances the efficacy of immunotherapy in mice [68]. This 

report is relevant to the present study because ERα signaling is known to activate 

transcription of casein kinase 2 [69], and ER antagonists block this action.
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In general, MDSCs are not present in healthy individuals but occur in pathologic states 

associated with chronic inflammation and cancer [17]. For example, BC biopsies from 

patients with residual disease after chemotherapy contain relatively high levels of infiltrating 

myeloid-derived cells [16]. Of note, these mechanisms may also be important during 

pregnancy, where E2 may drive the expansion/activation of MDSCs to promote maternal-

fetal immune tolerance [70, 71]. Importantly, the current findings provide evidence in 

preclinical human and murine models that blockade of E2 signaling acts to inhibit the 

expansion of MDSCs that are major contributors to pathologic myelopoiesis and immune 

tolerance in BC [7, 17]. In addition, ovariectomized mice with E2 depletion have 

significantly reduced progression of murine E2-insensitive TNBCs when grown as implants 

in syngeneic immune-intact mice. These results are consistent with earlier reports on the 

crucial role of MDSCs and TILs on modulating antitumor immunity [7]. Antitumor 

immunity includes several functional steps required for an immune response to eliminate 

tumors, such as blockade of immunosuppression, promotion of immune infiltration, 

activation of antigen-presenting cells and enhancement of effector cell activity [72]. The 

presence of TILs in the TME is predictive of patient survival. Several types of CD45+ 

leukocytes infiltrate the TME including CD4+ and CD8+ T-cells identified by specific 

phenotypic markers. It is recognized that effective antitumor immune responses require the 

involvement of both CD4+ and CD8+ T cells, with CD4+ T cells critical for priming of 

tumor-specific CD8+ T cells and for the secondary expansion and memory of CD8+ T cells 

[73]. However, CD4+FoxP3+ Treg cell-induced immune suppression represents a major 

obstacle for successful antitumor immunity. Accordingly, our data show that antiestrogens 

stimulate increments in the levels of effector and effector memory CD8+ and CD4+ T cells, 

while simultaneously suppressing the levels of immunosuppressive CD4+FoxP3+Treg cells. 

Furthermore, MDSCs are reported in turn to suppress antitumor activities of effector and 

memory effector CD8+ T-cells in vivo [17] and other natural immune cells such as 

macrophages and dendritic cells [70, 74], actions that appear to be reversed on treatment 

with antiestrogens combined with ICIs in murine models in vivo. As suggested from our 

findings, cytokine secretion modulated by antiestrogen therapy may also play a role as 

functional chemoattractants for selected immune cells. Hence, the current data provide 

evidence that beneficial antitumor effects occur on treatment of murine TNBCs with 

antiestrogens combined with ICIs in syngeneic, immune-intact mice, including promotion of 

effector and memory effector T-cells in the TME and modulation of macrophage and 

dendritic cell subsets. Thus, SERDs that enhance and/or maintain the activation status of 

effector T-cells may be used in dual therapies to enhance the effects of ICIs. A schematic 

representation of postulated effects of E2 and antiestrogen signaling on immune cells in the 

TME is shown in Fig. 12.

Tumor mutational burden (TMB) and the expression of immune checkpoints such as PD-L1 

also play an important role in determining tumor sensitivity to ICIs [4, 13, 75]. Reduced 

TMB and low expression of PD-L1 may be important factors that explain the relative 

resistance of most BCs to ICI therapies [4, 14]. In this regard, recent reports indicate that 

immunotherapeutic target expression on BCs such as α-lactalbumin, a lactation protein 

negatively regulated by E2, can be amplified several-fold by antiestrogen therapy and 

thereby potentially enhance the efficacy of ICIs if combined with antiestrogens [76]. In 
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addition, estrogens are also found to modulate the expression of PD-L1 in endometrial 

tissues [77, 78], in immune cells from reproductive tract and in ER-positive BC cells in vitro 
[79, 80]. The latter indicates that E2 may upregulate PD-L1 expression in ERα-positive BC 

cells to potentially suppress immune functions of T-cells in the TME and drive cancer 

progression. Of note, only 19.4% of patients with ER-positive/HER2-negative BCs were 

found to be PD-L1 positive in recent clinical trials, while 58.6% of TNBC patients screened 

in trials were PD-L1 positive [14, 81]. This difference in PD-L1 expression may account in 

part for a corresponding difference in clinical responses to ICI treatment. These reports raise 

the possibility of using antiestrogens as a priming approach to reverse immune-resistant 

‘cold’ BCs to immune-sensitive ‘hot’ tumors more likely to respond to ICIs.

The current results also have implications for understanding potential gender-and/or age-

dependent differences in tumor initiation and malignant progression. Humans show strong 

sex differences in immunity to infection and autoimmunity, suggesting sex hormones play a 

role in regulating immune responses. Indeed, receptors for E2 regulate cells and pathways in 

the innate and adaptive immune system, as well as immune cell development [82] and T cell 

functions [11, 79].

We note that ATP-competitive inhibitors of cyclin-dependent kinases 4/6 (CDK 4/6) such as 

abemaciclib were also reported to enhance the action of ICIs. The mechanism for this effect 

appears to involve modulation of T-cell activation and down-regulation of 

immunosuppressive myeloid populations [83]. This action may be dependent in part on the 

activity of E2, since E2 is well-known to stimulate expression/activity of cyclin D which is a 

requisite partner of CDK 4/6 to induce hyper-phosphorylation of Rb, thereby promoting cell 

proliferation and regulation of the cell cycle [84, 85].

Results of this translational research indicate that SERDs with strong antiestrogen activity 

such as JD128 and fulvestrant and potentially other antiestrogens [86–89] can augment the 

action of immune checkpoint inhibitors to inhibit BC progression. This work provides a 

preclinical rationale for considering treatment combinations and schedules that include 

antiestrogens. Thus, use of antiestrogens together with ICIs could lead to timely introduction 

of this dual treatment strategy in both ER-positive and potentially ER-negative or treatment-

resistant breast cancers, thus significantly expanding the application and life-extending 

benefits of these drugs in the clinic to promote patient survival.
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Highlights

• Select 11β-aryloxy-estradiol analogs downregulate ERα and are potent 

antiestrogens

• New antiestrogens (AE) block ER+ breast tumor progression in vitro and in 
vivo

• Estrogen depletion by ovariectomy reduces progression of murine TNBC in 
vivo

• AEs alter immune cells in the tumor microenvironment to reduce immune 

tolerance

• AEs augment anti-PD-L1 checkpoint inhibitors to block tumor progression in 
vivo

Márquez-Garbán et al. Page 24

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig 1. 
New substituted estradiols. See text for details.
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FIG. 2. 
Synthesis pathways for analogues. Analogues 13–16. See text for more details.
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Fig. 3. 
Synthesis pathways for analogues. Analogues 17–20. See text for more details.
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Fig. 4. 
Synthesis pathways for analogues. Analogues 21–32. See text for more details.
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Fig. 5. 
Biologic activity of selected SERD candidates. A) Downregulation of ER protein. ER-

positive MCF-7 cells were treated in phenol-red free RPMI 1640 without FBS and 

containing vehicle control (CON) or 100 nM concentrations of either fulvestrant (FX) or 

antiestrogens 105, 109, 121, 140, 151, 160 or JD128 in vitro. After 4 hours, cells were 

harvested and processed for PAGE and Western immunoblots using ERα antibody (1D5, 

Thermofisher Scientific). RPL13A was used as a loading control. B) Specific 

[3H]estradiol-17β (E2) binding and competition for binding by antiestrogen JD128 or 

fulvestrant (FX) at 10 nM was assessed in human MCF-7 breast cancer cells using methods 

as described before [36, 41]. C) Response of the ERE-luciferase T47D reporter construct to 

estrogen antagonists fulvestrant (10 nM) or JD128 (10 nM) in combination with 2nM 17β-

estradiol as compared to treatment with 17β-estradiol alone (E2; 2 nM). Cells were dosed 

with either E2 alone or with SERDs combined with E2 in phenol red-free medium with 

0.1% dextran-coated charcoal-treated FBS in luminometer plates. Data are presented as 

Márquez-Garbán et al. Page 29

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



relative light units (RLU) relative to that of E2 alone in three replicate assays (4 wells per 

replicate) + SEM. Treatment with E2 alone induced a 12-fold induction of ER-dependent 

luciferase activity quantified as RLU relative to vehicle control-treated samples.
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Fig. 6. 
Steroid-like SERD 128 inhibits estrogen-induced BC cell proliferation in vitro and in vivo. 

A) ER-positive MCF-7, T47D and ZR75 cells were grown in phenol red-free media with 1% 

DCC-FBS for 48 hr., then treated 48 hr. with 2 nM estradiol-17β alone (control) or in 

combination with 10 nM doses of JD128. Note that MCF-7 cell populations included cells 

with no HER2-overexpression (MCF-7/PAR), cells with HER2-overexpression (MCF-7/

HER2) and MCF-7 cells with tamoxifen resistance (MCF-7/TMR). Cell proliferation is 

shown as % of that in estradiol-treated controls (n=3 experiments). Inhibition of cell 

proliferation in MCF-7/PAR, MCF-7/HER2, MCF-7/TMR, T47D and ZR75 cells averaged 

98%, 85%, 94%, 97% and 98% as compared to estradiol-treated controls. JD128 

significantly blocked proliferation in all BC cell models in vitro (P<0.001). Of note, E2 

alone stimulated cell proliferation several-fold in each cell line as compared to cells treated 

only with vehicle (not shown). B) JD128 inhibits growth of human breast tumor xenografts 

in vivo. MCF-7 human breast cancer cells were subcutaneously inoculated in nude mice 

previously primed with estradiol pellets. When animals developed tumors of comparable 

size they were randomized to treatment with vehicle control (control) or JD128 at 15 and 75 

mg/kg once a day by oral gavage for 28 days. Tumors were measured every 3 days, and 

tumor volume was calculated as V= (l ×w × w)/2). Results are expressed as mean ± SEM. 

*** P < 0.001 as compared to control group.
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Fig. 7. Expansion of MDSCs is dependent on estrogen signaling and reversed by antiestrogens.
E2 increases total numbers of MDSCs, with total numbers of human MDSCs derived from 

bone marrow (BM) of BC patients. Retrospectively-collected BM cells from de-identified 

BC patients were purified by established methods including red blood cell lysis and Ficoll 

gradients and then incubated with GM-CSF and IL-6 for 6 days in either regular RPMI 

medium + 15% FBS (NM) (contains estrogens), NM with antiestrogens (FULV or JD128) or 

in phenol red-free medium with 15% charcoal coated-dextran treated FBS (EFM) (estrogen-

depleted) with or without the addition of 100 nM estradiol-17β (EFM+E2). Normal cell 

culture medium (NM) drives E2-dependent signaling due to the presence of various 

estrogens in FBS as well as estrogenic properties of phenol red. These effects were 

significantly inhibited by fulvestrant (FULV) and JD128 at 1μM concentrations in normal 

medium. A) The gating strategy used to identify MDSCs is shown. The figure shows total 

MDSC populations (CD45+CD3−CD19−CD20−CD56−CD11b+) identified by following the 

gating strategy of Ruffell et al. [16] and modified by Svoronos et al. [7]. B) Top panel: graph 

showing quantification of total MDSC cultivated as described. Lower panel: JD128 blocks 

phosphorylation/activation of STAT3 in G-MDSC subpopulations under the same conditions 

described in A. Results show median fluorescence intensity for p-STAT3 in G-MDSC 

subsets (CD45+HLA-DR−CD11b+CD14-CD15+) after expansion of human total MDSC. Of 

note, the effect of JD128 is similar to that achieved with E2 depletion (EFM).
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Fig. 8. Estrogen effects on ERα negative tumor growth in vitro and in vivo.
A) Ovariectomy reduces progression of 4T1 TNBC in syngeneic mice in vivo. Female 6-wk-

old BALB/c mice, either ovariectomized (ovx) or sham-operated (intact), were inoculated 

s.c. with 2 ×105 4T1 TNBC cells. Tumor growth was then assessed every 3 days, with tumor 

volume calculated as V= (l × w × w)/2. **** P ≤ 0.0001. B) 4T1 triple negative breast 

cancer cells do not respond to estrogen or antiestrogens in vitro. 4T1 cells were grown in the 

presence (+E2) or absence (−E2) of estradiol-17β and increasing concentrations of JD128 at 

10 nM (128–10), 100 nM (128–100) or 1000 nM (128–1000). Cell proliferation was 

assessed using the Incucyte S3 Live-Cell Analysis system with pictures obtained every 4–6 

hours. Graph shows average cell proliferation expressed as phase object confluence 

measured for 5 days. No significant differences were observed in cell proliferation. C) 

Antiestrogens combined with anti-PD-L1 checkpoint antibody inhibit TNBC cell growth. 

Female BALC/c mice (6-wk-old) received intra-mammary implants with 2 × 105 murine 
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4T1 TNBC cells. After tumors reached approx. 200 mm3 mice were randomized and treated 

with vehicle (CON), 100 mg of anti-PD-L1 antibody every 3rd day (Ab), 50 mg/kg 

SERD128 via oral gavage (JD128), 5 mg fulvestrant s.c. (FULV) and combinations of 

antibody and fulvestrant (FULV+Ab) or antibody and JD128 (JD128+Ab). Tumors were 

measured every 3 days, and tumor volume was calculated as V= (l × w × w)/2. ** P < 0.01, 

**** P < 0.0001 as compared to control group.
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Fig. 9. 
High-dimensional analysis of mass cytometry data shows antiestrogens decrease the amount 

of myeloid derived suppressor cells present in 4T1 tumors. Single cells were purified from 

4T1 tumors grown in BALB/c mice, stained with a panel of 28 markers by mass cytometry. 

A) Sequential gating strategy to analyze tumor CD45+ cell subsets present in the TME. B) 

Phenograph example of different cell populations identified by single cell analysis using 

Cytofkit. C) tSNE plots show cluster expression of markers for both populations of myeloid 

cells G MDSC and M-MDSC. D) Representative plots of G-MDSC (CD11b+Ly6Ghi, 

Ly6Clo) and M-MDSC (CD11b+Ly6Chi, Ly6Glo) as percentage of CD45+ cells. E) 

Quantification of G-MDSC and M-MDSC present in the tumor bed of BALB/c mice with 

4T1 tumors. *P < 0.05, ** P < 0.01. n = 6–11. F) ERα expression in total MDSC, G-MDSC 

and M-MDSC.
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Fig. 10. 
Tumor infiltrating lymphocytes (TILs) in 4T1 tumors from BALB/c mice, with CD8+ and 

CD4+ TILs shown. Single cell suspensions were purified, stained and analyzed by cyTOF. 

Groups include mice treated with control vehicle (CON), anti-PD-L1 antibody (Ab), 

fulvestrant (Fulv), JD128 or the combination of fulvestrant with anti-PD-L1 antibody (Fulv

+Ab) or JD128 and anti-PD-L1 antibody (JD128 + Ab). A) Sequential gating strategy to 

analyze tumor CD3+ cell subsets. B) Z-scores of median intensity of distinct protein markers 

are show in heatmap for all clusters analyzed by Cytofkit. C) tSNE scatter plot visualization 

of CD3+ cells showing clusters of CD8+, CD4+ and Tregs (CD4+CD25+FoxP3+) cells are 

observed (upper left). Right: t-SNE plots with arcsinh transformed signal intensity of 

different activation markers. D) Percentage of different type of CD8+ and CD4+ T cells, 

naïve (nT) (CD44−CD62L+CD69−), effector (effT) (CD44+CD69+Tbethieomes−) and 

effector memory (TEM) (CD44+CD62L−). E) Increased expression of activation cytokines 
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in CD8+ and CD4+TIL population are shown. F) CD4+ CD25+FoxP3+ Tregs are 

significantly decreased by antiestrogen therapy. G) CD8+ TIL in same tumor tissues used for 

cytof detected by IHC, antiestrogens and combination treatment increase CD8 infiltration in 

the tumor bed. *P < 0.05, **P < 0.01, *** P < 0.001. n=6–11.
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Fig. 11. 
Combined therapy with JD128 and anti-PD-L1 antibody enhance tumor infiltrating dendritic 

cells and M1 macrophages. Single cell suspensions were purified, stained and analyzed by 

cyTOF as described above. Groups include mice treated with control vehicle (CON), anti-

PD-L1 antibody (Ab), fulvestrant (Fulv), JD128 or the combination of fulvestrant with anti-

PD-L1 antibody (Fulv+Ab) or JD128 and anti-PD-L1 antibody (JD128 + Ab). A) Subset of 

dendritic cells present in the tumor bed show a significant increase in the total number of DC 

gated as (CD45+CD11c+MHCII+) when SERD JD128 was added to ICI therapy. B) M1 

tumor infiltrating macrophages were significantly increased by combination therapy of 

SERD JD128 and anti-PD-L1 antibody. Macrophages were gated as (CD45+CD11b+F4/80+ 

M1: MHCIIhi M2: MHCIIlo). *P ≤ 0.05, **** P < 0.0001, n= 6–11.
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Fig. 12. 
Estrogen (E2) (left panel) orchestrates a number of effects on immune cells in the TME. 

Evidence suggests that E2 promotes tumor immune tolerance through inhibition of CD8+ 

and CD4+ T cell effector responses, as well as antigen-presenting cells such as M1 

macrophages and dendritic cells (DC). In addition, E2 signaling also stimulates suppressive 

actions of MDSC that can increase Tregs and M2 macrophages for tumor-promotion. In 

contrast, antiestrogen therapy with SERDs (right panel), particularly when used in 

combination with immune checkpoint inhibitors, helps to reverse the several actions of E2 

and may represent a novel option in combination with immune checkpoint inhibitors to 

overcome an immunosuppressive BC microenvironment and stimulate more effective anti-

tumor responses.
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