
CANCER IMMUNOLOGY RESEARCH | RESEARCH ARTICLE

Enzalutamide, an Androgen Receptor Antagonist,

Enhances Myeloid Cell–Mediated Immune Suppression

and Tumor Progression
Camila R. Consiglio1, Olga Udartseva2, Kimberly D. Ramsey2, Chioma Bush2, and Sandra O. Gollnick1,2

ABSTRACT
◥

Androgen receptor (AR) antagonism increases overall survival

in prostate cancer; however, treatment failure leads to tumor

progression and patient mortality. The effect of AR modulation

on ARþ nontumor cells that participate in the resistance to AR

antagonism is poorly understood. Tumor-infiltrating myeloid

cells, including macrophages and myeloid-derived suppressor

cells (MDSC), express AR and promote prostate cancer progres-

sion. We investigated how AR antagonism affects myeloid cell

function and metabolism in an AR-independent murine colon

tumor model. Systemic blockade of AR with enzalutamide

resulted in increased MC-38 tumor growth in vivo even when

AR was knocked out of MC-38 tumor cells. MC-38 tumor growth

was also increased when immunocompetent, but not immuno-

deficient, mice were coinjected with tumor cells and MDSCs

treated with enzalutamide or lacking AR, suggesting that AR

regulated the ability of MDSCs to suppress adaptive immunity.

Myeloid AR-knockout male mice also displayed increased

growth of TRAMP C2 prostate tumors when compared with

wild type. Inhibition of AR signaling suppressed mitochondrial

respiration in myeloid cells via MPC/AMPK signaling pathways;

suppression of mitochondrial respiration increased MDSC

tumor–promoting functions. Our work showed that AR regulates

a tumor-promoting myeloid cell phenotype and influences mye-

loid cell metabolism. These findings suggest that tumor resistance

to AR antagonism is due, in part, to changes in myeloid cell

function and metabolism.

Introduction
Prostate cancer has the highest malignancy rates and is the second

leading cause of cancer-related mortality in men. Hormone ablation

therapy is a commonly used treatment for patients with prostate

cancer, as early-stage prostate tumors require androgens for growth.

Limiting the amount and function of androgen decreases tumor cell

proliferation, reduces tumor sizes, and improves overall survival (1, 2).

Androgen deprivation therapy (ADT) reduces testosterone concen-

trations in the blood, whereas antiandrogen therapy directly inhibits

androgen receptor (AR) signaling in prostate cells. Although, initially

effective, hormone therapy eventually fails in a proportion of patients

and leads to progression of castration-resistant prostate cancer (CRPC;

ref. 1). Various tumor cell intrinsic mechanisms are described for

treatment resistance, such as genetic alterations of AR (amplifications,

mutations, and splice variants) and the upregulation of pathways that

support AR signaling (1).

Systemic hormone therapy might also affect the tumor microen-

vironment throughmodulation of ARþ cells in the tumor niche (3–6).

Myeloid cells in the tumor niche, including tumor-associated macro-

phages (TAM) and myeloid-derived suppressor cells (MDSC), pro-

mote tumor development and progression by inducing inflammation,

immunosuppression, and angiogenesis, thus supporting treatment

resistance (4, 7, 8). Myeloid cell infiltration is associated with poor

cancer prognosis (9, 10). The role of AR expression by myeloid cells is

controversial inmurine prostate tumormodels. Genetic deletion ofAR

in macrophages delays initial tumorigenesis (4) but increases progres-

sion and metastasis (11). ADT and AR antagonism with the antian-

drogen, enzalutamide, increases TAM infiltration in murine prostate

tumors, leading to prostate cancer progression (12). Thus, the direct

role of AR in myeloid cell function in cancer and their response to

antiandrogen therapy remains unclear.

Myeloid cell function is highly dependent on metabolism (13) and

upregulation of glycolysis increases tumor-promoting capacity of

TAMs and immunosuppression by MDSCs (14–17). Androgen stim-

ulation of AR in prostate cancer cells induces glycolysis (18). It is

unknown whether AR antagonism modulates myeloid cell metabo-

lism, and whether treatment-induced metabolic changes impact mye-

loid cell function.

To understand AR regulation ofmyeloid cells in tumors, we utilized

the AR-independent MC-38 colon tumor model (19) and the TRAMP

C2 prostate tumor model (20). The effect of AR on myeloid cell

functionwas investigated using pharmacologic inhibition andmyeloid

cell–specific genetic deletion of AR. Pharmacologic blockade of AR in

myeloid cells with enzalutamide increased their tumor-promoting

capacity by inhibition of adaptive immunity. AR pharmacologic

inhibition also induced VEGF and Arg1 expression, and directly

increased the suppressive activity of MDSCs. Blocking AR signaling

with enzalutamide altered myeloid cell metabolism by decreasing

mitochondrial respiration and increasing glycolysis. The effects on

metabolism were mediated in an MPC/AMPK-dependent manner.

Our work suggests that resistance to AR antagonism and subsequent
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relapse of CRPC was due, in part, to the effects of AR antagonism on

myeloid cell function and metabolism.

Material and Methods
Animal studies

Seven- to 10-week-old C57BL/6J male and female and B6-SCID

male mice were purchased from Taconic Laboratory and the LysMcre

C57BL/6 male mice were purchased from The Jackson Laboratory.

Male SCID pathogen-free mice ages 7–8 weeks were obtained through

the Laboratory Animal Resource of Roswell Park Comprehensive

Cancer Center (RPCCC, Buffalo, NY). ARfloxed mice were generated

by De Gendt Laboratory at Katholieke Universiteit Leuven (Leuven,

Belgium; ref. 21) and kindly shared by the Agoulnik Laboratory at

Florida International University (Miami, FL). GFPþ mice were kindly

donated by Dr. Andrei Gudkov laboratory at Roswell Park Cancer

Institute (Buffalo, NY). For the generation of myeloid AR-knockout

(MARKO) mice, Lys-Mcremales were crossed with ARfloxed females to

generate MARKOmales. Mice were housed inmicroisolator cages in a

laminar flow unit under ambient light at 24�C. The RPCCC Institu-

tional Animal Care and Use Committee approved all procedures and

experiments for this study.

Genotyping

Tail clips of littermates from Lys-Mcre and ARfloxed breeding pairs

were digested in Tail Lysis Buffer (Viagen Biotech, 102-T) with 200 mg

proteinase K (Viagen Biotech, 502-PK) following the manufacturer’s

instructions, and DNA concentrations were determined using a

Photometer (Bio-Rad). For PCR reactions, Platinum Taq DNA Poly-

merase was used following the manufacturer’s instructions for PCR

Reaction (Thermo Fisher Scientific, 10966018), with AR PCR primers

forward: 50 AGCCTGTATACTCAGTTGGGG 30 and reverse 50 AAT-

GCATCACATTAAGTTGATACC 30. Wild-type (WT) AR band was

genotyped as 855 bp, ARfloxed as 952 bp, and ARKO as 404 bp.

Primary cultures

Bone marrow cells were isolated by flushing out bone marrow from

femur and tibia with needle/syringe. Bone marrow–derived macro-

phages (BMDM) were generated by culturing 1 � 106 unfractioned

bone marrow cells from C57BL/6 WT or MARKO male mice with

30 ng/mL M-CSF (Thermo Fisher Scientific, 14-8983-80) in 10 cm

dishes or culturing 0.2 � 106 bone marrow cells in 6-well plates in

phenol red-free RPMI1640 (Thermo Fisher Scientific, 11835030)

supplemented with 100 mg/mL Penicillin-Streptomycin-Glutamine

(Thermo Fisher Scientific, 10378016) and 10% FBS Premium Select

(Atlanta, S11595) at 37�C and 5% CO2 for 5 days. BMDMs generated

in 10 cm dishes were used in flow cytometry, admixture, suppression,

seahorse, and Western blot experiments, while BMDMs generated

in 6-well plates were utilized in RNA experiments. Mature, day 5

BMDMs were then stimulated with DMSO or 5 mmol/L Enzalutamide

(Selleckchem, S1250) and other pathway inhibitors (see below in this

section) for 24 hours. Murine MDSCs were generated by culturing

2.5 � 106 unfractioned bone marrow cells from male WT, MARKO,

or GFPþ C57BL/6 mice with 40 ng/mL GM-CSF (R&D Systems,

415-ML) and 40 ng/mL IL6 (PeproTech, 216-16) in the presence or

absence of 5 mmol/L Enzalutamide (Selleckchem, S1250) and other

pathway inhibitors (see below in this section) in 10 cmdishes in phenol

red-free media RPMI1640 (Thermo Fisher Scientific, 11835030) sup-

plemented with 100 mg/mL Penicillin-Streptomycin-Glutamine

(Thermo Fisher Scientific, 10378016) and 10% FBS Premium Select

(Atlanta, S11595) at 37�C and 5% CO2 for 4 days (22). After 4 days of

MDSC culture, MDSCs were harvested for use in assays. For intra-

cellular cytokine detection, day 4MDSCswere culturedwithGolgiStop

(BD Biosciences, 554724) following the manufacturer’s instructions

for 4 hours. The following inhibitors were utilized and diluted accord-

ing to the manufacturer’s instructions: mTOR (100 nmol/L Rapamy-

cin, Selleckchem, S1039), HIF-1a (10 mmol/L YC-1, Selleckchem,

S7958), AMPK (6.25 mmol/L Dorsomorphin, Selleckchem, S7306),

AKT (5 mmol/L MK-2206, Selleckchem, S1076), MPC (40 mmol/L

UK5509, Selleckchem, S5317), and 2-DG (1.5mmol/L, Sigma, D6134).

Cell culture

Murine MC-38 colon cancer cells (purchased from Kerafast,

ENH204 in 2018) were cultured in DMEM (Thermo Fisher Scientific,

11965-118) with 10% FBS Optima (Atlanta, S12495), 100 mg/mL

Penicillin-Streptomycin-Glutamine (Thermo Fisher Scientific,

10378016), 0.1 mmol/L nonessential amino acids (Thermo Fisher

Scientific, 11140035), 1 mmol/L sodium pyruvate (Thermo Fisher

Scientific, 11360070), and 10 mmol/L HEPES (Thermo Fisher Scien-

tific, 15630080) at 37�C and 5% CO2. Human PC3M prostate tumor

cells (obtained fromDr. I. Gelman, RPCCC, Buffalo, NY in 2016) were

cultured in RPMI1640 (Thermo Fisher Scientific, 11875-119) with

10% FBS Optima (Atlanta, S12495) and 100 mg/mL Penicillin-Strep-

tomycin-Glutamine (Thermo Fisher Scientific, 10378016) at 37�C and

5% CO2. All cell lines were cultured for a maximum of 15 passages

(maximum of 2 weeks). Cell lines were not authenticated in the past

year and are routinely tested for Mycoplasma, only Mycoplasma-

negative cells were used for experiments. For in vitro experiments,

0.066 � 106 MC-38 cells were plated in 6-well plates. On day 1, cells

were treated with diluent DMSO or 5 mmol/L enzalutamide for 24, 48,

72, and 96 hours for cell number and viability assessment by trypan

blue staining (>90% viability was used). TRAMP C2 prostate tumor

cells (obtained from ATCC, CRL-2731 in 2016) were cultured in the

presence of 10�8 mol/L Dihydrotestosterone (Sigma, D-073) at 37�C

and 10% CO2 and as described previously (20). MC-38 ARKO cells

were generated using CRISPR/Cas9 gene editing. MC-38 cells were

transfected with AR-Crispr/Cas9 KO (sc-419181, Santa Cruz Biotech-

nology) and AR-HDR (sc-419181-HDR) plasmids, which contain

sequences encoding GFP or a puromycin resistance gene, respectively,

for selection of ARKO cells, according to the manufacturer’s instruc-

tion. MC-38 control cells were transfected with the pGIPZ-GFP

plasmid. For transfection, plasmids in equivalent ratios were diluted

in plasmid transfection medium (sc-108062) and mixed with Ultra-

Cruz transfection reagent (sc-395739). Prior to transfection, MC-

38 growth medium was replaced with fresh antibiotic-free medium,

and the transfection complexes (5 mg of each plasmid and 50 mL of

transfection reagent in 1.5 mL of transfection medium) were added

dropwise to the fresh antibiotic-free growth medium (10 mL in

100 mm dish). The medium was replaced in 24 hours. MC-38 cells

were harvested 72 hours posttransfection and sorted for GFP expres-

sion (BD FACSAria II, BD Biosciences) to enrich the target population

of transfected cells. GFP-expressing cells were plated in growth

medium, and cells where Cas9-induced DNA cleavage has occurred

were selected with puromycin. The ARKO phenotype of MC-38 cells

was confirmed by Western blotting using the AR antibody (06-680,

MilliporeSigma; Supplementary Fig. S1A).

In vivo tumor experiments and tumor processing

C57BL/6 males were inoculated subcutaneously on the shoulder

with 100 mL of 105 or 106 MC-38 cells. When tumors inoculated with

106 MC-38 cells reached 100 mm3, mice were treated with saline or

enzalutamide 20 mg/kg daily by oral gavage in less than 5 mL/kg of
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body weight. For admixture experiments, either 2 � 105 BMDMs or

MDSCs were mixed in a 2:1 ratio withMC-38 cells in PBS, and 100 mL

were implanted subcutaneously on the shoulder of C57BL/6 males.

C57BL/6 and MARKO male mice were inoculated subcutaneously on

the shoulder with 100 mL of 106 TRAMP C2 prostate tumor cells in

PBS. SCIDmales were inoculated subcutaneously on the shoulder with

100 mL of 106 PC3M cells in PBS. Tumors were measured with an

external caliper and tumor volume was calculated by volume¼ length

� (width2) �1/2. Tumor growth was measured until tumors reached

endpoint of 2,000 mm3. A human prostate cancer xenograft (PCaX)

was also studied (sample obtained with written consent and in

accordance with the U.S. Common Rule), in collaboration with

Dr. Barbara A. Foster (RPCCC, Buffalo, NY). PCaX was derived from

1 Caucasian male diagnosed with prostate cancer at 55 years of age.

Tumor staging was IV Gleason primary/V Gleason secondary, T1c,

N0, and M1b for tumors from a PCaX. PCaX tumor cells were

implanted in NSG males, and when tumors reached 200 mm3, mice

were left either untreated or were treated with enzalutamide (25mg/kg

5 days a week by oral gavage) until tumors reached the endpoint of

1,000 mm3. Tumors were digested for 1 hour with 5 mg Collagenase

(Sigma, C6885) and 50 mg DNaseI (Sigma, D4527-200KU) using

gentleMACS octoDissociator with heaters using gentleMACSCTubes

(Miltenyi Biotec) and program 37-m-TDK-3

Suppression assay

Spleens were collected and splenocytes were harvested fromC57BL/

6 male mice by mashing spleens, centrifuging, and lysing RBCs with

RBC lysis buffer. Pan T cells were isolated by negative selection

following the manufacturer’s instructions (Miltenyi Biotec, 130-

095-130 and 130-042-401) and Pan T cell enrichment was confirmed

by flow cytometry (>90% CD3þ T cells). Pan T cells were stained with

CTV following the manufacturer’s instructions to allowmonitoring of

T-cell proliferation through dye dilution (Thermo Fisher Scientific,

C34557). CTV-stained Pan T cells were stimulated with anti-CD3/

CD28 beads according to the manufacturer’s instructions (Thermo

Fisher Scientific, 11452D) in a 1:1 ratio, and MDSCs generated (see

above primary cultures) were cultured with T cells in a ratio of 1:1, 1:2,

and 1:4MDSC:T cell for 4 days in phenol red-free RPMI1640 (Thermo

Fisher Scientific, 11835030) supplemented with 100 mg/mL Penicillin-

Streptomycin-Glutamine (Thermo Fisher Scientific, 10378016) and

10% FBS Premium Select (Atlanta, S11595). Cells were then stained

with surface antibodies and analyzed for T-cell proliferation by flow

cytometry (details under “Flow cytometry and ImageStream” section).

Isolation of CD11bþ myeloid cells

CD11bþ tumor-infiltrating cells were isolated by positive selection

using magnetic bead separation following the manufacturer’s instruc-

tions from single-cell suspensions generated from digested tumors

(Miltenyi Biotec, 130-049-601 and 130-042-401). The purity of the

enrichedCD11bþ cells was analyzed byflowcytometry (as described in

“Flow cytometry and ImageStream” section), with the percentage of

CD11bþ cells being >80% for each separation.

RNA expression

Total RNA extraction was performed using the TRizol method

according to the manufacturer’s instructions (Thermo Fisher Scien-

tific, 15596018). RNA concentrations were determined using a Pho-

tometer (Bio-Rad). cDNA synthesis was done using iScript cDNA

Synthesis Kit (Bio-Rad, 1708891) and qPCR using SsoAdvanced

Universal SYBR Green Supermix (Bio-Rad, 1725275), both according

to themanufacturer’s instructions. RNA expression was normalized to

GAPDH levels. PCR primers were purchased from Integrated DNA

Technologies. Primer sequences: Arg1 F 50 AAGAAAAGGCCGATTC

ACCT 30, R 50 CATGATATCTAGTCCTGAAAGG 30; GAPDH F 50

GGCAAGTTCAACGGCACAGTCAAG 30, R 50 GCACATACTCA-

GCACCAGCATC AC 30; GLUT1 F 50 TATCGTCAACACGGCCTT-

CACTGT 30, R 50 CACAAAGCCAAAGATGGCCACGAT 30; IL1b F

50 AAGGAGAACCAAGCAACGACAAAA 30, R 50TGGGGAACTC-

TGCAGACTCAAACT 30; IL6 F 50 GACAAAGCCAGAGTCCTTCA-

GAGAG 30, R 50 CTAGGTTTGCC GAGTAGATCTC 30; IL10 F

50GAGACTTGCTCTTGCACTACC 30, R 50 CTCTCTTTTCT GCA-

AGGCTG 30 ; iNOS F 50 CATCTCCGCAAATGTAGAGG 30, R 50

CAAACCCAAGGT CTACGTTCA 30, MPC-2 F 50 CCGCTTTACA-

ACCACCCGGCA30, R 50 CAGCACACACCAATCCCCATTTCA30;

TGFb F 50 CGTCAGACATTCGGGAAGA 30, R 50 CGTATCAG

TGGGGGTCAGCA 30 ; and VEGF F 50 GAGGATGTCCTCACTCG-

GATG 30. Gene expression was determined by 2–DDCt.

Flow cytometry and ImageStream

For flow cytometry and ImageStream staining, single-cell suspen-

sions (digested tumors, BMDMs, and MDSCs) were treated for 10

minutes with 2:1 diluted mouse IgG:PBS (Thermo Fisher Scientific,

10400C) to block Fc receptors expressed on myeloid cells, followed by

incubation with antibodies against cell surface molecules for 15

minutes. If intracellular staining was performed, cells were washed

twice with FACs buffer, and cells were fixed/permeabilized (Thermo

Fisher Scientific, 00-5523-00) for a minimum of 30 minutes, following

the manufacturer’s instructions. Permeabilized cells were treated with

2:1 dilutedmouse IgG:PBS for 15minutes, followed by incubationwith

antibodies against intracellular molecules for 30 minutes. Flow cyto-

metry analysis was done by Flow Cytometer (BD Fortessa, BD LSRII).

ImageStream analyses were performed using ImageStreamX Mark II.

For p65 nuclear translocation control, MDSCs were stimulated with

100 ng/mL LPS (Sigma, L4516) and 2 mmol/L Ionomycin (Sigma,

I0634) for 30minutes at 37�Cand 5%CO2, stained for surfacemarkers,

fixed with 4% formaldehyde, permeabilized, and stained for intracel-

lular markers. Flow cytometry and ImageStream analyses were per-

formed using FlowJo and IDEAS, respectively. Surface antibodies used

for flow cytometry and ImageStream were CD45 (BD Biosciences,

550994), CD11b (BD Biosciences, 553311), F4/80 (Thermo Fisher

Scientific, 25-4801-82), CD115 (Thermo Fisher Scientific, 12-1152-

82), Gr-1 (BD Biosciences, 553127), Ly6-G (BioLegend, 127612), Ly6-

C (BioLegend, 128033), CD4 (BD Biosciences, 550954), CD8 (BD

Biosciences, 553033), CD3e (Thermo Fisher Scientific, MA5-17658),

and PD-L1 (Thermo Fisher Scientific, 12-5982-82). Antibodies against

intracellular proteins were p65 (Cell Signaling Technology, 8242) and

IL23p90 (Thermo Fisher Scientific, 50-7023-82). DAPI (Thermo

Fisher Scientific, D1306) and LD Aqua (Thermo Fisher Scientific,

L34957) were utilized to assess viability.

Protein expression

Protein lysates were made using MT Lysis Buffer (Sigma, C3228) in

the presence of Protease (Sigma, P8340) and Phosphatase Inhibitors

(Santa Cruz Biotechnology, sc-45044 and sc-45045) according to the

manufacturer’s instructions. Protein concentrations were determined

using Bradford Assays (Bio-Rad, 5000006) and 20–40 mg of protein

were run on 10% bis-tris Gels (Thermo Fisher Scientific, NP0303BOX)

and then transferred to Nitrocellulose Membranes (Thermo Fisher

Scientific, LC2001). Blots were probed for antibodies specific for ACC

(Cell Signaling Technology, 3676S), p-ACC (Cell Signaling Technol-

ogy, 11818S), AMPK (Cell Signaling Technology, 2532S), p-AMPK

(Cell Signaling Technology, 2535S), AR (Sigma, 06-680), HIF1a (Cell

Androgen Receptor on MDSCs Regulates Immune Suppression
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Signaling Technology, 3716), and b-Actin (Sigma, A2228). Secondary

incubations were performed with HRP-anti-mouse (Santa Cruz

Biotechnology, SC-516102) and HRP-anti-rabbit (Enzo, ADI-SAB-

300-J). Primary antibody incubations were done overnight at 4�C and

secondary antibody incubations were done for 1 hour at room

temperature. Horseradish peroxidase (HRP) was developed (Bio-Rad

170-5061) and recorded using a Bio-Rad Imager (Bio-Rad ChemiDoc

XRSþ) and quantified using ImageLab Software (Bio-Rad).

Metabolism

Glucose uptake was assessed by culturing BMDMs (section primary

cultures) treated with DMSO or 5 mmol/L enzalutamide for 9 hours,

incubating cells with 100 mmol/L of fluorescence glucose analogue

2-NBDG (Thermo Fisher Scientific, N13195) in serum-free media

without glucose for 30 minutes at 37�C, and quantifying glucose

uptake by flow cytometry. Mitochondria were detected by flow cyto-

metry with MitoTracker (Thermo Fisher Scientific, M7512), mito-

chondrial superoxide with MitoSOX (Thermo Fisher Scientific,

M36008), and cellular reactive oxygen species with CM-H2DCFDA

(Thermo Fisher Scientific, C6827) following the manufacturer’s

instructions.

A total of 105 MDSCs were plated in Cell-Tak Coated Plates

(Thermo Fisher Scientific, CB40241) and 5� 104 BMDMswere plated

in XF96 cell culture microplates. Glycolytic rates were measured using

Seahorse XF Glycolysis Stress Test Kit (Agilent, 103020-100) and

mitochondrial respiration was measured with Seahorse XF Cell Mito

Stress Test Kit (Agilent, 103015-100) according to the manufacturer’s

instructions by Roswell Park’s ImmuneAnalysis Facility. The carbonyl

cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP) concentra-

tion utilized was 2 mmol/L. Fatty acid oxidation (FAO) was performed

using the XF Palmitate-BSA FAO Substrate (Agilent, 102720-100)

according to the manufacturer’s instructions. FAO was calculated by

subtracting values for before and after 40 mmol/L etomoxir treatment.

Normalization of results was performed for adherent cells using

methylene blue. Metabolic analyses were run on a Seahorse Xfe 96

Extracellular Flux Analyzer.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 8.0

software. When comparing two groups, statistical analyses were

performed using two-tailed Mann–Whitney or paired tests. When

comparing two groups or more groups, one-way or two-way ANOVA

were performed. Multiple comparison correction was applied when

necessary. Tumor growth rate was analyzed using mixed model

analyses for random slope and intercept. For metabolic profile plots,

ellipses were estimated with ggplot2 in R. Differences were considered

significant when P values were ≤0.05.

Results
AR antagonism increased colon tumor growth

Tumor-infiltrating myeloid cells can promote tumor development

and progression by a number of mechanisms (8). The MC-38 is a

murine colon tumor model that is syngeneic to C57BL/6 and exhibits

myeloid-biased leukocyte infiltration (Fig. 1A; Supplementary

Fig. S2A; ref. 19). MC-38 infiltrating CD11bþ myeloid cells, which

include TAMs and MDSCs, suppress T-cell proliferation ex vivo

(Fig. 1B; Supplementary Fig. S2B). To examine the tumor-

independent effects of AR blockade, we first investigated whether

tumor cell expression of AR affected tumor growth. MC-38 cells have

low expression ofAR (Supplementary Fig. S1A); to assess the impact of

AR on tumor growth, we used CRISPR/Cas9 gene editing to eliminate

AR expression in MC-38 tumor cells (MC-38 ARKO). MC-38 ARKO

cells had significantly lower expression of AR when compared with

MC-38 cells (P < 0.01; Supplementary Fig. S1A). To assess whether AR

had an indirect effect on tumor growth, we examined the effect of AR

antagonist, enzalutamide, treatment on tumor growth. MC-38 and

MC-38 ARKO tumor–bearing mice were treated daily with enzalu-

tamide or saline through oral gavage (Fig. 1C). Tumor growth was not

significantly different in male C57BL/6 mice inoculated with MC-38

control or MC-38 ARKO tumor cells (Fig. 1D). Enzalutamide treat-

ment had a modest but significant effect on accelerating both MC-38

control and MC-38 ARKO tumor growth over that of saline-treated

MC-38 and MC-38 ARKO tumor growth, respectively (Fig. 1D). In

contrast, enzalutamide treatment of MC-38 cells in vitro reduced cell

numbers over time (Supplementary Fig. S1B); the effects of enzalu-

tamide on MC-38 ARKO cell proliferation was delayed as compared

with the effect on control cells, which is likely a result of the reducedAR

expression (Supplementary Fig. S1A). In total, these results supported

the hypothesis that AR antagonism enhanced the tumor-promoting

properties of nontumor cells. Enzalutamide treatment reduced the

percentage of total infiltrating leukocytes, with this difference being

attributed to decreased macrophage infiltration in tumors (Supple-

mentary Fig. S1C).

AR inhibition increased tumor-promoting capacity of myeloid

cells

AR antagonism potentially affects a variety of ARþ cell types that

compose the tumormicroenvironment (4, 23). Because themajority of

tumor-infiltrating immune cells inMC-38 tumorsweremyeloid biased

(Fig. 1A; Supplementary Fig. S1C) andmyeloid cells accelerates in vivo

MC-38 tumor growth (Supplementary Fig. S3A), we next assessed

whether genetic deletion or pharmacologic blockade of AR in macro-

phages or MDSCs could further enhance colon tumor growth.

BMDMs and MDSCs were generated in vitro from Lys-Mcre ARfloxed

MARKO or WT (C57BL/6) bone marrow in the presence of vehicle

(DMSO) or enzalutamide. Myeloid cell populations were then mixed

with 105 MC-38 tumor cells in a 2:1 myeloid:tumor cell ratio. The

mixture was injected subcutaneously into C57BL/6 males and

tumor progression was followed (Fig. 2A). Enzalutamide treatment

of either BMDMs or MDSCs led to enhanced MC-38 tumor growth

when compared with DMSO-treated myeloid cells (Fig. 2B and C).

Myeloid cells from the initial GFPþ MDSC:MC-38 mixture remain-

ed in tumors, with about 10% of total tumor-infiltrating macro-

phages and 6% of Ly6Gþ cells belonging to initial GFPþ myeloid

cells. Nonetheless, the enzalutamide-treated macrophages appear-

ed to be more labile than their DMSO control counterparts (Sup-

plementary Fig. S3B). DMSO- and enzalutamide-treated MDSC

admixed tumors did not display differences in percentage of leuko-

cyte subpopulation infiltration (Supplementary Fig. S3C). Mixture

of MC-38 cells with MARKO myeloid cells also led to increased

MC-38 tumor growth when compared with WT myeloid cells

(Fig. 2D and E), indicating that inhibition of AR in myeloid

cells enhanced their tumor-supporting capacity. The observed

effects were AR dependent, as enzalutamide treatment of MARKO

myeloid cells did not further alter MC-38 tumor growth (Supple-

mentary Fig. S3D and S3E).

AR antagonism enhanced MDSC immunosuppression

MDSCs can support tumor growth by suppressing antitumor

immune responses (8). Both genetic deletion and pharmacologic

inhibition of MDSCs AR led to increased immunosuppressive
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activity in suppression assays, as demonstrated by decreased CD4þ

and CD8þ T-cell proliferation in MDSC cocultures (Fig. 3A

and B). MDSCs treated with enzalutamide were not able to

enhance MC-38 cancer growth in immunocompromised B6-SCID

mice, indicating that enzalutamide enhanced MDSC tumor-

supporting capacity through modulation of the adaptive immune

system (Fig. 3C).

To further dissect how AR inhibition enhanced the tumor-

supportive capacity of MDSCs, WT MDSCs were treated with

enzalutamide and assessed for the expression of tumor-

supporting factors. Enzalutamide-treated MDSCs had increased

VEGF and Arg1 mRNA expression when compared with DMSO-

treated MDSCs (Fig. 3D), suggesting that pharmacologic inhibi-

tion of AR might have enhanced tumor-supporting capability of

MDSCs through promotion of angiogenesis (VEGF) and immu-

nosuppression (Arg1). PD-L1 protein expression was increased

upon enzalutamide treatment of MDSC (Fig. 3E; Supplementary

Fig. S3F). MDSC IL23 secretion drives CRPC (7), although

enzalutamide treatment did not affect IL23 protein expression

in cultured MDSCs, suggesting an IL23-independent mechanism

(Fig. 3F; Supplementary Fig. S3F). Genetic deletion of AR in

MDSCs did not cause variation in VEGF or Arg1 mRNA expres-

sion (Fig. 3D), or in PD-L1 and IL23 protein expression (Fig. 3E

and F).

AR antagonism increased myeloid cell glycolysis but

decreased mitochondrial respiration

Myeloid cell function is influenced by their metabolic activity (13).

To investigate whether AR blockade altered metabolism in myeloid

cells, MDSCs were generated in vitro in the presence of enzalutamide

and metabolic changes were assessed using Seahorse technology.

Mitochondrial respiration parameters, such as basal respiration, ATP

production from oxidative phosphorylation, andmaximal respiration,

were downregulated in MDSCs treated with enzalutamide when

compared withDMSO-treatedMDSCs (Fig. 4A andB). Enzalutamide

treatment led to increased glycolytic rate and reduced glycolytic reserve

in MDSCs when compared with DMSO-treated controls (Fig. 4C

and D). Graphing of extracellular acidification rate (ECAR) versus

oxygen consumption rate (OCR) showed increase in ECAR inMDSCs

treated with enzalutamide (Fig. 4E). WT BMDMs treated in vitrowith

enzalutamide or BMDMs generated from bone marrow of MARKO

mice also exhibited decreasedmitochondrial respiration and increased

glycolysis (Fig. 4F). The metabolic changes induced by enzalutamide

were dependent on AR, as treatment of MARKO BMDMs with

enzalutamide did not alter these metabolic changes (Fig. 4F). In

addition, in vitro treatment of tumor-associated CD11bþ cells from

human prostate tumor xenografts models PC3M and PCaX led to a

similar metabolic shift, indicating that tumor-associated myeloid cell

metabolism was altered by AR inhibition (Fig. 4G and H).

Figure 1.

AR inhibition accelerated MC-38 colon tumor growth. A and B, Eight- to 12-week-old C57BL/6 males were injected subcutaneously on the shoulder with 106 MC-38

colon tumor cells. Analyses were done when tumors reached 1,000 mm3. Graphs show pooled data of two experiments with 3 mice per group per experiment and

show mean and SD. A, Percentage of tumor-infiltrating leukocyte populations within CD45þ cells determined by flow cytometry. CD11bþ cells from tumors were

isolated and measured for suppressive activity in vitro. B, Graph depicts proliferation of CD4þ and CD8þ T cells cocultured with tumor-infiltrating CD11bþ cells

(analyzed with Mann–Whitney test). C, C57BL/6 males were injected subcutaneously on the shoulder with 106MC-38 control or MC-38 ARKO colon tumor cells and

given saline or enzalutamide 20mg/kg daily by oral gavagewhen tumors reached 100mm3.D, Tumor growth curve is depicted with pooled data of two experiments

with 5 mice per group (analyzed with random mixed model). Mean tumor size versus time is shown. Black lines, MC-38 control; red lines, MC-38 ARKO; and dashed

lines, enzalutamide treatment (� , P < 0.05; �� , P < 0.01; ��� , P < 0.001). Ctrl, control; Enz, enzalutamide; ns, not significant.
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To determine whether systemic antiandrogen treatment of tumor-

bearing animals affected tumor-associated myeloid cell metabolism,

tumor-associated CD11bþ cells were sorted from MC-38 tumor–

bearing males treated in vivowith saline or enzalutamide and CD11bþ

cell metabolism was assessed. Similar to results observed in vitro,

enzalutamide treatment led to decreased mitochondrial respiration

and enhancement of glycolysis in tumor-associated CD11bþ cells

(Fig. 4I), suggesting that in vivo antiandrogen treatment altered the

metabolism of tumor-associated myeloid cell directly.

AR antagonism–inducedmetabolic changes inmyeloid cells are

MPC-2/AMPK mediated

Increased glycolysis is frequently associated with a hypoxic envi-

ronment, particularly in the tumor microenvironment, and linked to

an increase in HIF1a (24). However, inhibition of HIF1a did not

alter the effects of AR blockade on metabolism (Supplementary

Fig. S4A). Myeloid cell polarization induces changes in metabolic

pathway usage as a consequence of mTOR activation (25). The

effect of AR blockade with enzalutamide on myeloid cellular

metabolism was not affected by mTOR inhibition (Supplementary

Fig. S4B). Increased AKT signaling is associated with increased

glucose metabolism (26); inhibition of AKT did not affect enzalu-

tamide-mediated changes in metabolism (Supplementary Fig. S4C).

NF-kB signaling positively regulates myeloid cell tumor–promoting

function (27), and is involved in regulation of glucose metabolism

and resistance to enzalutamide in prostate cancer (28). AR phar-

macologic inhibition in MDSCs did not alter NF-kB p65 levels or

nuclear translocation (Supplementary Fig. S4D).

Figure 2.

Tumor-supporting properties of myeloid cells were increased upon AR inhibition. A, Experimental design: BMDMs and MDSCs were generated in vitro from WT or

MARKO bonemarrow of C57BL/6males in the presence of DMSO or enzalutamide. BMDMs or MDSCswere thenmixed with MC-38 tumor cells in a 2:1 myeloid:tumor

cell ratio and implanted subcutaneously on the shoulder of C57BL/6 male mice. Graphs depict tumor growth curves of mice injected with MC-38 cells mixed with

DMSOor enzalutamide-treatedWTBMDMs (B) andMDSCs (C) ormixedwithWT orMARKOBMDMs (D) or MDSCs (E). Graphs depictmean and SD of representative

experiment of two to three experimentswith 3mice per group. For all graphs: black dots, DMSO-treatedWTMDSCs; red solid squares, enzalutamide-treatedMDSCs;

and red empty squares, MARKO MDSCs. Statistical analyses were done using two-way ANOVA (� , P < 0.05). Enz, enzalutamide.
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AMPK regulates energy production through induction of glycolysis

and FAO, and is implicated in myeloid cell function (29, 30). AR

pharmacologic inhibition enhanced AMPK activation in MDSCs

(Fig. 5A); AR pharmacologic inhibition and genetic deletion of AR

upregulated AMPK expression in BMDMs (Fig. 5B and C). To

investigate whether the metabolic changes associated with enzaluta-

mide were due to AMPK induction in myeloid cells, BMDMs were

treated with enzalutamide in the presence or absence of an AMPK

inhibitor (dorsomorphin) for 24 hours. As observed previously

(Fig. 4), enzalutamide treatment of myeloid cells decreased basal

mitochondrial respiration, while increasing glycolytic rate. Enzaluta-

mide was unable to downregulate basal mitochondrial respiration or

upregulate glycolysis in the presence of AMPK inhibition in macro-

phages (Fig. 5D andE), indicating that enzalutamide-drivenmetabolic

changes inmacrophages were dependent onAMPK. AMPK inhibition

of enzalutamide-treated MDSCs reversed the downregulation of basal

mitochondrial respiration, but not the glycolytic upregulation induced

by enzalutamide (Fig. 5F and G), suggesting that AR antagonism in

MDSCs may have directly affected glycolysis.

Myeloid cell metabolism supportsmyeloid cell function (13). AsAR

antagonism induced glycolysis and reduced basal mitochondrial res-

piration (Fig. 4), we hypothesized that one of these metabolic path-

ways was responsible for supporting the increased tumor-promoting

ability of enzalutamide-treated myeloid cells (Fig. 2). To investigate

whether increases in glycolysis were reflective of alterations in glucose

uptake, glucose uptake and expression of GLUT1, the major trans-

porter of glucose, were measured. Uptake of glucose was increased in

enzalutamide-treated andMARKO BMDMs, and GLUT1mRNAwas

induced with enzalutamide in BMDMs, suggesting that AR regulation

of glycolysis was due, in part, to regulation of glucose uptake

Figure 3.

AR inhibition enhanced MDSC immunosuppression. A and B, WT DMSO-treated, WT enzalutamide-treated, or MARKO MDSCs were cocultured with CTV-stained

anti-CD3/CD28–stimulated CD3þ T cells. Graphs depict results from two pooled experiments of three biological replicates each and indicate CD4þ (A) and CD8þ (B)

T-cell proliferation,which indicatesMDSC-suppressive potential assessedbyflowcytometry.C,DMSO- andenzalutamide-treatedMDSCswere generated,mixed in a

2:1 ratiowithMC-38 tumor cells, and injected subcutaneously into B6-SCIDmales; plot indicates tumor growth (mean and SD) from two pooled experimentswith 3 to

5mice per group per experiment.D,RNAwas extracted fromWTDMSO-treated,WT enzalutamide-treated, orMARKOMDSCs, and gene expressionwas assessed by

qRT-PCR. Graph depicts gene expression fold change relative toWTMDSCs. Dotted line indicates fold change of 1. MDSC protein expressionwas determined by flow

cytometry for PD-L1 (E) and IL23p90 (F). For all graphs: black dots,WTMDSCs; red solid squares,WT enzalutamideMDSCs; and red empty squares, MARKOMDSCs.

Kruskal–Wallis testswere first performed forA,B, andD. Lines indicatemean, and, where noted, error bars indicate SD. Significant comparisonswere then compared

by paired or Mann–Whitney tests with corrections. Two-way ANOVA was performed for data shown in C (� , P < 0.05; �� , P < 0.01). Enz, enzalutamide.
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Figure 4.

Enzalutamide increased glycolysis and reduced mitochondrial respiration in myeloid cells. A–D, MDSCs were generated in DMSO or enzalutamide conditions and

were assessed by Seahorse MitoStressTest (A and B) and GlycoStressTest (C and D). Graph indicates mean and SD for mitochondrial respiration test (A) and its

calculated parameters (B). Graph indicates mean and SD for glycolytic test (C) and its calculated parameters (D). Metabolic profile plots depict glycolytic rate and

basal mitochondrial respiration values fromWTMDSCs generated in vitro in the presence of DMSO or enzalutamide (E), in vitro DMSO- or enzalutamide-treatedWT

and MARKO BMDMs (F), tumor-associated CD11bþ cells from PCaX (G), and tumor-associated CD11bþ cells from PC3M (H) for 24 hours. I, Plot depicts metabolic

profile plot from CD11bþ cells sorted from MC-38 tumor–bearing C57BL/6 males that were treated daily with saline or 20 mg/kg enzalutamide in vivo through oral

gavage. Plots were made from pooled data from one to three experiments of three biological replicates per group. Ellipses from E, F, H, and I were estimated with

ggplot2 in R. Black filled dots, DMSO treated; red filled squares, enzalutamide treated; red empty squares, MARKO; and red crossed squares, enzalutamide-treated

MARKO myeloid cells. Plots indicate mean and SD. Statistical analyses were performed with paired tests (� , P < 0.05; ���� , P < 0.0001). Enz, enzalutamide; Glyc,

glycolytic; Max resp, maximal respiration.
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(Supplementary Fig. S5A–S5C). However, targeting glycolysis with the

glucose analogue 2-DG upon AR inhibition had a negative impact on

MDSC cell number and metabolism (Supplementary Fig. S5D and

S5E), further suggesting that the upregulation of glycolysis was com-

pensating for the reduced mitochondrial respiration observed upon

enzalutamide treatment.

These results suggested that the enzalutamide-induced increases in

glycolysis may have been in response to direct effects of AR blockade

on mitochondrial respiration. The reduction of mitochondrial respi-

ration in myeloid cells following enzalutamide treatment may result

from inhibition of starting material, that is, pyruvate or acetyl-CoA, or

a decrease in mitochondrial mass or function, as measured by super-

oxide production (31). Enzalutamide treatment did not alter the

mitochondrial labeling, superoxide production, or FAO needed for

acetyl-CoA production (Supplementary Fig. S6A–S6E).

Enzalutamide-mediated decrease in mitochondrial respiration

could have also been related to changes in proteins involved in

mitochondrial coordination of the citric acid cycle (TCA) cycle and

oxidative phosphorylation. Mitochondrial pyruvate carrier 2 (MPC-2)

is a member of the MPC complex and a transcriptional target of AR in

prostate cancer cells (32). MPC imports pyruvate formed by the

glycolytic pathway into the mitochondria for TCA metabolism (33).

MPC-2 was downregulated in BMDMs upon enzalutamide treatment

in a dose-dependent manner (Fig. 5H). Inhibition of MPC with the

inhibitor, UK-5509 (MPCi), lowered mitochondrial respiration in

both BMDMs andMDSCs (Supplementary Fig. S6F and S6G). There-

fore, to test whether inhibition of mitochondrial respiration increased

the tumor-promoting ability of myeloid cells treated with enzaluta-

mide, MDSCs were generated in the presence of DMSO or MPCi,

mixed with MC-38 cells and, injected in C57BL/6 male mice. Inhi-

bition ofMPC inMDSCs resulted in acceleratedMC-38 tumor growth

(Fig. 5I), indicating that blocking mitochondrial respiration pheno-

copies myeloid AR blockade and enhances myeloid tumor–promoting

activity.

Myeloid AR antagonism accelerated prostate tumor growth

Prostate cancer progression to CRPC involves various mechanisms

of treatment resistance, and results in decreased patient survival (1). To

determine whether AR deletion in myeloid cells was a mechanism

implicated in CRPC, WT and MARKO C57BL/6 male mice were

inoculated with TRAMP C2 prostate tumor cells, which were ARþ

(Supplementary Fig. S1A), and tumor growth was analyzed over time.

Mice lacking AR expression in myeloid cells displayed faster tumor

growth when compared with mice with intact AR signaling in myeloid

cells (Fig. 6A and B). Similar, to myeloid–MC-38 mixture tumors

(Supplementary Fig. S3C), MARKO mice did not alter tumor leuko-

cyte infiltration when compared with WT mice (Fig. 6C), confirming

that myeloid cell function, and not infiltration, was linked to accel-

erated tumor progression (Fig. 6D).

Discussion
Here, we demonstrated that enzalutamide, a commonly used hor-

mone therapy that targets ARþ tumor cells, directly impacted ARþ

myeloid cell function and metabolism (summarized in Fig. 6D). We

showed that blocking myeloid AR enhanced myeloid cell tumor–

promoting capacity, increased MDSC immunosuppression of T-cell

proliferation, and increased tumor progression. We further described

MPC-2– and AMPK-dependent changes in metabolism that promot-

ed glycolysis over oxidative phosphorylation and were associated with

an enhanced tumor-promoting phenotype.

AR blockade therapy impacts the tumor microenvironment indi-

rectly and directly. In this study, AR antagonism affected myeloid cell

function and metabolism similarly when genetic and pharmacologic

approaches were used, suggesting that enzalutamide modulated mye-

loid cell phenotype through direct inhibition of AR. TAMs display a

predominantly M2-like phenotype (34). Genetic deletion of AR in

macrophages was associated with quicker cutaneous wound-healing

responses (3), which is a characteristic of M2 macrophage function.

However, AR deletion impairs M2 polarization in asthma (35).

These results suggested that the effect of AR signaling in macro-

phages is context dependent, which may explain the contradictory

findings concerning macrophage AR function in prostate tumor-

igenesis. Inhibition of macrophage AR delays prostate tumor devel-

opment (4); however, prostate tumor progression and metastasis are

enhanced in mice with AR-deficient macrophages (MARKO mice;

ref. 11). Our findings concur with this study, as AR antagonism of

myeloid cells enhanced their immunosuppressive function and

enhanced myeloid tumor–promoting capacity and supported tumor

progression. One potential explanation for the discrepancy in the

effects of AR antagonism is that the frequencies of and functional

interactions between tumor, stromal, and immune cells change over

the course of tumorigenesis; therefore, the differential effects of

inhibition of AR in macrophages on prostate tumor progression

might be a consequence of this altered dynamics. Also, the extent to

which myeloid AR antagonism affects tumor progression may

depend on the aggressiveness of the tumor. In our study and in

Izumi and colleagues’ study (11), inhibition of myeloid AR

enhanced tumor progression in tumor models that either grew

rapidly or had already been established, respectively. Studies com-

paring slowly and aggressively progressing tumors could potentially

clarify this question.

AR antagonism of prostate tumor cell lines and prostate tumor–

bearingmice enhancesmacrophagemigration and infiltration (12, 36).

In vivo enzalutamide treatment results in secretion of prostate tumor–

derived factors that induce macrophage polarization toward a tumor-

promoting phenotype associated with treatment failure (12). AR

antagonism in a murine prostate tumor model mediates immunosup-

pression by direct inhibition of T-cell activation (23). Our work built

on these findings, showing that enzalutamide treatment enhanced

myeloid cell immunosuppressive function. The combined evidence

suggests that prostate cancer treatment with antiandrogens may

ultimately contribute to tumor progression by increasing myeloid cell

infiltration and by promoting immunosuppression.

Enzalutamide can haveAR-independent effects such as the ability to

inhibit GABA receptors in the brain (37). We observed divergence

between pharmacologic and genetic approaches of AR blockade in the

alteration of MDSC RNA expression, where enzalutamide treatment,

but not AR knockout, induced VEGF and Arg1 mRNA and PD-L1

protein expression in MDSCs. These results implicated either a

potential divergence in timing and penetrance of AR genetic knockout

versus pharmacologic inhibition or, less likely, other unknown AR-

independent mechanisms. Nonetheless, we demonstrated an AR-

dependent enzalutamide modulation of myeloid cell function and

metabolism. However, the specific signaling pathways involved in AR

modulation of myeloid cell phenotype remains to be characterized.

Myeloid cell phenotype is tightly regulated by environmental cues

anddepends onmetabolic changes that support effector functions (13).

TAMs and MDSCs have high glycolytic rates that support tumor-

promoting capacity and immunosuppression, respectively (14–17).

We observed that enzalutamide treatment directly inhibited mito-

chondrial respiration and promoted glycolysis in myeloid cells; it is

Androgen Receptor on MDSCs Regulates Immune Suppression
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possible that this metabolic shift facilitated the tumor-promoting

capacity of myeloid cells. Reduction of mitochondrial respiration with

MPC inhibition phenocopied the enhanced tumor-promoting ability

of MDSCs treated with enzalutamide, suggesting a metabolic mech-

anism by which AR antagonism in myeloid cells enhanced tumor

progression. However, a causal link between metabolic changes

induced by enzalutamide and the enhanced tumor-supporting capac-

ity of myeloid cells needs to be established.

Two metabolic pathways were affected by AR inhibition of myeloid

cells in our study, oxidative phosphorylation and glycolysis. AR

antagonism reduced oxidative phosphorylation through the inhibition

of the AR target MPC-2, thus potentially limiting pyruvate entry into

the mitochondria. The increase in glycolysis following AR antagonism

was likely an adaptation to the reduction in mitochondrial respiration

and was needed to maintain cellular ATP, as inhibition of glycolysis

significantly reduced MDSC cell number and metabolism. This

hypothesis is in agreement with work in prostate cells where MPC-

2 associates with subsequent induction of AMPK pathway and gly-

colysis (32). The role of AR inAMPK-mediatedmetabolism appears to

be different betweenmyeloid and prostate cancer cells. AR stimulation

of prostate cancer cells, rather than inhibition, leads to induction of

AMPK signaling to enhance glycolysis (18). Here, we identified that

Figure 6.

Genetic deletion of AR in myeloid cells increased prostate tumor growth and progression. A–C, Tramp C2 prostate tumor cells were inoculated in WT and MARKO

C56BL/6malemice and followed for tumor growth. At the endpoint, tumorswere assessed for leukocyte infiltration byflowcytometry. Graphs depictmean andSDof

tumor growth over time (A), percentage of mice whose prostate cancer progressed (B), and C2 tumor leukocyte infiltration (C). D, Our proposed model, indicating

that enzalutamide treatment ofmyeloid cells induces functional andmetabolic changes, resulting in enhanced tumor progression. Black tumor growth curves denote

WT mice, and red empty squares MARKO mice. Statistical analyses were done using two-way ANOVA and log-rank test (�� , P < 0.01; ��� , P < 0.001).

Figure 5.

Enzalutamide-induced metabolic changes were mediated by AMPK in macrophages. A, MDSCs were generated in the presence of DMSO or enzalutamide and

quantified for protein expression by Western blot analysis. Graph indicates p-AMPK/AMPK ratio. B and C, WT or MARKO BMDMs were treated with DMSO or

enzalutamide for 24 hours, and protein expression was assessed by Western blotting. Plots indicate AMPK expression normalized to b-actin for DMSO- and

enzalutamide-treated BMDMs (B) and WT and MARKO BMDMs (C). BMDMs were treated with DMSO or enzalutamide in the presence or absence of the AMPK

inhibitor (AMPKi) dorsomorphin for 24 hours and were assessed by Seahorse MitoStressTest (D) and GlycoStressTest (E). Graphs show basal mitochondrial

respiration (D) and indicate glycolytic rate (E) for BMDMs. MDSCs generated in the presence of DMSOor enzalutamidewere treatedwith AMPKi for the last 24 hours

of MDSC generation, and cells were assessed by Seahorse MitoStressTest (F) and GlycoStressTest (G). Graphs show basal mitochondrial respiration (F) and indicate

glycolytic rate (G) for MDSCs. H, BMDMs were generated and treated with increasing doses of enzalutamide, and RNA expression was assessed by qRT-PCR. Graph

depicts MPC-2 fold change in expression relative to 0 mmol/L enzalutamide. I,MDSCs generated in vitro in the presence of DMSO or the MPCi UK-5509 were mixed

with MC-38 tumor cells in a 2:1 myeloid:tumor cell ratio and implanted subcutaneously on the shoulder of C57BL/6 male mice. Graph depicts tumor growth curves.

Plots indicatemean, and, where noted, error bars indicate SD frompooled data of two to three experiments of three to five biological replicates per group. Black dots,

DMSO treated; red squares, enzalutamide treated; black diamonds, AMPKi treated; red diamonds, enzalutamide and AMPKi treated; and red empty triangles,

MPCi-treatedmyeloid cells. Statistical analyseswere performed with nonparametric one-wayANOVA and paired tests with corrections when necessary (� , P < 0.05;
�� , P < 0.01; ��� , P < 0.001). Enz, enzalutamide.
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AR antagonism increased glycolytic and decreased oxidative phos-

phorylation metabolism through AMPK in macrophages. This diver-

gent effect of AR activation/inhibition on AMPK-mediated down-

stream metabolic effects may be potentially explained by an AMPK–

AR negative feedback loop (38); AR induces AMPK activation, which

in turn inhibits AR transcriptional activity. By blocking AR in macro-

phages, this feedback loop could be lost and may potentially lead to

increased AMPK activation, which in turn mediated the metabolic

changes observed.

Whereas the effects of AR pharmacologic inhibition on metabolism

were dependent on AMPK signaling inmacrophages, enzalutamide only

affected mitochondrial respiration through AMPK in MDSCs. It is still

possible that AMPK was involved in enzalutamide-mediated upregula-

tion of the glycolytic pathway in MDSCs, as timing of AMPK inhibition

was designed to avoid cell death, butmay not have been enough to inhibit

enzalutamide-induced early AMPK activation. Indeed,AMPK activation

of monocytic MDSCs with metformin induces glycolysis and, in turn,

glycolysis is important for MDSC immunosuppressive ability (17).

Hormone receptors cross-regulate each other; AR increases and

decreases estrogen receptor (ER) activity (39). ERa can increase

MDSC mobilization and suppressive activity in a breast tumor mod-

el (40). Therefore, it is possible that the increased MDSC suppressive

activity induced by AR blockade is due, in part, to the release of AR-

mediated inhibition of ER signaling.

Our study highlighted the need to understand how sex hormone

modulation therapies affect hormone receptor–positive nontumor

cells within the tumor microenvironment. It is apparent from our

studies and others that sex hormone antagonism affects multiple cell

types within the tumor microenvironment. Tumor resistance to

hormone blockade therapies may be associated with the varied

responses coming from the complex tumor microenvironment. Here,

we identified a mechanism of AR antagonism resistance that affected

antitumor immunity directly through myeloid cells. Dissecting this

complexity may indicate pathways that can be targeted to increase

cancer patient survival. Alternatively, sex hormone receptor targeting

can also be used as a strategy to boost antitumor immune responses. ER

antagonism is standard of care in patients with ERþ, but not in ER�

breast tumor. However, MDSC accumulation and immunosuppres-

sive functions are increased with estrogen stimulation, and targeting

MDSC ERa reverses these effects in various ER-independent tumor

models (40). This suggests that targeting ERs in ER� tumors induces a

beneficial immunologic rewiring toward enhanced antitumor immune

responses. Alternatively, even though sex hormone receptor inhibition

may have detrimental immunomodulatory effects, as shown here and

by Pu and colleagues (23), it may be possible to ameliorate these effects

by combination with novel therapies that release this immunomod-

ulatory constraint. One avenue to achieve this is to stimulate antitumor

immune responses by metabolic rewiring. Macrophage phagocytic

function is enhanced by CpG-mediated induction of FAO, resulting in

more efficient cancer cell clearance and delayed tumor progres-

sion (41). Future studies will be needed to investigate whether reversal

of enzalutamide-induced metabolic changes in myeloid cells can be

targeted to enhance antitumor immunity.

In summary, our work demonstrated that AR signaling affects

myeloid cell function and metabolism leading to enhanced tumor-

promoting capability in both colon and prostate cancer models. These

findings suggest that although AR blockade could inhibit prostate

tumor growth, it also promoted tumor resistance by enhancing the

immunosuppressive activity of myeloid cells.
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