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Although androgen deprivation therapy (ADT) and immunotherapy are potential treatment options in

men with metastatic prostate cancer (CaP), androgen has conventionally been proposed to be a

suppressor of the immune response. However, we herein report that DHT activates macrophages.

When the murine macrophage cell line (RAW 264.7), human monocyte cell line (THP-1), and human

peripheral blood monocytes were cultured with androgen-resistant CaP cell lines, DHT increased

cytotoxicity of macrophages in a concentration-dependent manner. Further studies revealed that DHT

induced M1 polarization and increased the expression levels of TNF-related apoptosis-inducing ligand

(TRAIL) in macrophages and that this effect was abrogated when TRAIL was neutralized with a

blocking antibody or small interfering RNA. Subsequent experiments demonstrated that induction of

TRAIL expression was regulated by direct binding of androgen receptor to the TRAIL promoter region.

Finally, an in vivo mouse study demonstrated that castration enhanced the growth of an androgen-

resistant murine CaP tumor and that this protumorigenic effect of castration was blocked when

macrophages were removed with clodronate liposomes. Collectively, these results demonstrate that

DHT activates the cytotoxic activity of macrophages and suggest that immunotherapy may not be

optimal when combined with ADT in CaP. (Endocrinology 160: 2049–2060, 2019)

Immunotherapy based on dendritic cells has been in-

corporated into the armamentarium against advanced

prostate cancer (CaP) (1). Castration has classically been

used as the cornerstone in treating men with metastatic

CaP. Therefore, determining the precise impact of an-

drogen will likely be necessary to optimize the effec-

tiveness of immunotherapies in CaP patients. In this

regard, testosterone is generally considered to have im-

munosuppressive effects. For example, systemic andro-

gen removal has been reported to increase peripheral

T lymphocytes (2, 3) and reduce regulatory T cells (4). In

addition, Drake et al. (5) demonstrated that androgen

ablation results in the expansion and development of

prostate-specific T cells after vaccination. Most recently,

enhanced dendritic cell function has been correlated with

low serum testosterone levels (6).

Among various immune cells, macrophages have

numerous functions related to inflammation, immunity,

tumor growth, and progression. These divergent effects

are due to the heterogeneity of macrophage differentia-

tion and phenotypes (7). Broadly, these “polarization”

states are categorized as a proinflammatory (classically
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activated, M1) phenotype stimulated by lipopolysac-

charide (LPS) or IFN-g (8, 9), or as an anti-inflammatory

(M2) phenotype induced by IL-4 and IL-13 (10). M1

macrophages are generally considered potent effector

cells that kill microorganisms and tumor cells and pro-

duce proinflammatory cytokines. In contrast, M2 mac-

rophages are able to temper inflammatory responses

and adaptive Th2 immunity, promote angiogenesis, and

scavenge debris (11). In cancer, it has been proposed that

the tumor microenvironment tips the macrophage po-

larization balance in favor of the M2 phenotype.

In the context of macrophages and inflammation, the

role of androgens has been controversial. Specifically, it

has been demonstrated that testosterone replacement

therapy decreases endogenous inflammatory cytokines in

men with hypogonadism (12, 13). Likewise, androgen

suppresses cytotoxic activity of macrophages and phar-

macologic levels of DHTinhibit the generation of su-

peroxides in rat macrophages (14). On the other hand,

in a mouse model of wound healing, the proinflamma-

tory cytokine TNF-a at the site of injury was down-

regulated by castration or flutamide treatment (15).

Similarly, in vitro studies found that lipopolysaccharide

(LPS)-induced TNF-a production in macrophages was

enhanced by testosterone (7).

TNF, a cytokine involved in acute and chronic in-

flammation and endotoxin-induced shock (16), has a

cytotoxic effect on tumor cells and causes hemorrhagic

necrosis of tumors in mouse (17). However, TNF’s un-

acceptable toxicity profile has limited the factor’s sys-

temic use in patients with advanced cancer (18). More

recently, TNF-related apoptosis-inducing ligand (TRAIL)

has been identified as a member of the TNF superfamily

that contains TNF-a and Fas-ligand (19, 20). TNF-a is

produced by T cells, natural killer cells, and activated

macrophages, whereas TRAIL is expressed by lympho-

cytes, spleen, prostate, ovary, colon, and placenta (1). It

has been suggested that both TNF-a and TRAILmay serve

as potential antiprostate cancer agents (2, 3). However,

TRAIL is considered more promising than TNF-a because

of TRAIL’s lower toxicity (21). Currently, TRAIL-based

treatment is being investigated in clinical trials (4, 5).

In this framework, we have investigated the role of

DHT on cytotoxic activity of macrophages. We report

that the tumoricidal effect of macrophages is stimulated

by DHT via TRAIL.

Materials and Methods

Cell culture and reagents
THP-1, RAW264.7, DU145, PC3, LNCaP, 22Rv1,

TRAMP-C1, and TRAMPC-2 were purchased from the
American Type Culture Collection (ATCC; Manassas, VA).
THP-1, DU145, PC-3, 22Rv1, and LNCaP cells were cultured

in RPMI-1640 supplemented with 10% fetal bovine serum
(FBS). RAW264.7, TRAMP-C1, and TRAMP-C2 cells were
maintained in DMEM containing 10% FBS. Human peripheral
blood mononuclear cells were purchased from Stemcell Tech-
nologies (Vancouver, British Columbia, Canada) and main-
tained in RPMI-1640/10% FBS. Human monocyte THP-1 cells
were used as macrophages after differentiation with phorbol
12-myristate 13-acetate (PMA). For differentiation, THP-1 was
cultured in RPMI/10% FBS with 10 ng/mL PMA for 24 hours.
For coculture studies, DMEM or RPMI-1640 containing 1%
FBS was used. To isolate murine peritoneal macrophages, 0.9 g
of thioglycollate was dissolved in 30 mL of dH2O and auto-
claved. C57BL/6 mice were injected with 2 mL of thioglycollate
solution intraperitoneally and euthanized 3 days later. Perito-
neal lavage was carried out by using 10 mL of PBS. For DHT
experiments, 1% charcoal-stripped FBS (cFBS) was used. When
indicated, cell count values were normalized with the corre-
sponding vehicle-treated control group.

For cocultures studies, prostate cancer cells were plated on six-
well plates (5 3 105 cells per well). After 24 hours, tissue culture
inserts (Greiner Bio-One, Monroe, NC) were placed and macro-
phages were plated (5 3 105 cells per well). After 3 days, the
bottom-layer prostate cancer cells were harvested and RT-PCR
andWestern blotwere carried out. For neutralization experiments,
all prostate cancer cells were treatedwith the indicated neutralizing
antibody for 1 hour before the addition of macrophages.

Endotoxin assay
For detection of possible contamination of endotoxin in

DHT solution, QUANTI-Blue endotoxin assay kit (catalog no.
Rep-qb1; Invivogen, San Diego, CA) was used. After treatment
with various concentrations of DHT in the RAW264.7 cells
under RPMI1640 media with 1% cFBS for 48 hours, released
alkaline phosphatase amounts were detected in culture media.
Briefly, 20 mL culture supernatant with 180 mL QUANTI-Blue
buffer (InvivoGen) incubated in 37°C incubator for 2 hours.
Then, OD values were detected by spectrophotometer with
620- to 655-nm wavelength.

Animals
C57BL/6 mice were purchased from the Jackson Laboratory

(Bar Harbor, ME). All animal studies were reviewed and ap-
proved by the Institutional Animal Care and Use Committee at
the Rutgers Robert Wood Johnson Medical School. To es-
tablish tumor xenografts, 5 million TRAMP-C2 cells were
subcutaneously injected into mice. After a week, predesignated
mice were castrated surgically. Macrophages were systemically
removed by injection of 0.1 mL clodronate liposomes or equal
volume of PBS liposomes intraperitoneally at a dose of 25 mg/kg
every 3 days. Clodronate liposomes or control PBS-loaded
liposomes were purchased from ClodronateLiposomes.org
(Amsterdam, Netherlands). Tumor volume based on caliper
measurements was calculated by using the modified ellipsoidal
equation (22, 23): tumor volume 5 1/2(length 3 width2).

RNA isolation and RT-PCR
Through use of a Direct-zol RNA purification kit (Zymo

Research, Irvine, CA), total RNA was purified and RT was
carried out to produce cDNA using the Improm-IITM Reverse
Transcription system (Promega, Madison, WI). Resulting
cDNA was used for quantitative PCR and semi-quantitative
PCR. All primers used in this study are listed in an online
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repository (24). All quantitative RT-PCR values were nor-
malized to those of the respective vehicle-treated control group.

Immunoblot and ELISA
Cells were collected and lysed with cell lysis buffer (10X)

(Cell Signaling Technology, Danvers, MA) and 1 mM phe-
nylmethylsulfonyl fluoride. After removal of cellular debris
with centrifugations, supernatant was analyzed. Proteins in the
supernatant were separated via SDS-PAGE and incubated with
androgen receptor (AR) (25) (catalog no. SC-7305, Santa Cruz
Biotechnology, Dallas, TX), TRAIL (26) [for human TRAIL:
catalog no. SC-8440, Santa Cruz Biotechnology; for mouse
TRAIL (27): catalog no. MAB1121, R&D Systems, Minne-
apolis, MN)], TNF-a (28) (for human and mouse TNF-a:
catalog no. 3707, Cell Signaling Technology) and b-actin an-
tibodies (29) (catalog no. A5441, Sigma-Aldrich, St. Louis,
MO). Each antibody was diluted 1:1000 and incubated at 4°C
overnight. Following incubation with the appropriate sec-
ondary antibody, SuperSignal West Femto Maximum Sensi-
tivity Substrate (Thermo Fisher Scientific, Waltham, MA) was
used to visualize the target protein. To measure the protein level
of TRAIL and TNF-a, conditioned media from DHT-treated
macrophages were collected and a human TRAIL ELISA kit
(Abcam, Cambridge, MA) and mouse TNF-a Quantikine
ELISA kit (R&D Systems) were used. The recommended pro-
tocol provided by the manufacturer was used.

Cytotoxicity assay
For macrophage cytotoxicity assay, a commercially avail-

able nonradioactive kit was used (catalog no. CLATOX100-3;
Cell Technology, Fremont, CA). The principle of the assay is
the quantitative measurement of release of glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) frommammalian cell lines
(30). GAPDH, a homotetrameric enzyme in the glycolysis path-
way, catalyzes the oxidative phosphorylation of D-glyceraldehyde
3-phosphate to 1,3-diphosphoglycerate. The release of GAPDH
from dying cells leads to ATP production, which is then coupled
with the luciferase/luciferin bioluminescence as the final read-
out. In setting up the tissue culture plates, outer rows and
columns were not used to reduce any “edge effects.” Following
the manufacturer’s recommended protocol, 5000 target cells
(TRAMP-C2) were incubatedwith varying numbers of effectors
(RAW264.7) at indicated DHT concentrations to achieve the
specified effector-to-target ratio. The reaction was allowed to
proceed for 3 days at 37°C. Next, the reaction plate was
allowed to equilibrate to RT for 15minutes and centrifuged in a
micro plate centrifuged for 1 minute at 750g. Then, 50 mL of
enzyme assay diluent was added to all reaction wells and
supernatants were transferred onto a new plate and incubated
with 100mL of the 2X enzyme assay reagent containing G3P.
Finally, 50 mL of 1X detection reagent was added to each well,
and the plate was read by using a luminometer immediately.

The equation used to calculate percentage cytotoxicity is as
follows.

%Cytotoxicity ¼ 1003
�

GAPDHCoculture$

– GAPDHTarget alone$ – GAPDHEffector alone$

��

�

GAPDHMaximum Targetp – GAPDHBackgroundpp

�

where $ refers to values from three wells that were averaged;
one asterisk refers to maximum target, obtained by completely

lysing 5000 target cells (target cell number used for all data
points); and two asterisks refer to media only.

Cytokine antibody array
After treatment with RAW264.7 with DHT 100 nM for 24

hours, cytokines in the conditioned medium were measured by
using Mouse Cytokine Array C2000 and Mouse Cytokine
Array C7 (RayBiotech, Norcross, GA). Precise details of the
cytokine antibody array are shown in an online repository (31,
32). Arrays were used following the manufacturer’s recom-
mendation. Briefly, antibody array membranes were incubated
with blocking solution for 30 minutes. Then, 1 mL of condi-
tioned medium was added and incubated for 5 hours at room
temperature. After washing three times with PBS, biotinylated
antibody cocktail was added and incubated for 2 hours at room
temperature. Again, the membrane was washed three times and
incubated for 2 hours at room temperature after the addition of
horseradish peroxidase streptavidin solution. Finally, signal was
detectedwith aChemiDoc touchmachine (Bio-Rad,Hercules, CA).

Chromatin immunoprecipitation
THP-1 cells were differentiated with PMA and washed

twice with sterilized PBS. The cells were cultured in RPMI-
1640/1% cFBS with 100 nM DHT for 2 days and cross-linked
with 1% formaldehyde and lysed with lysis buffer (20 mM
Tris-HCl (pH, 7.5), 150 mM NaCl, 1 mM Na2EDTA, 1 mM
EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM b-
glycerophosphate, 1 mM Na3VO4, 1 mg/mL leupeptin).
Chromatin was sheared and immunoprecipitated with anti-AR
antibody (Santa Cruz Biotechnology) or control normal IgG.
The immunoprecipitated DNAs were subjected to quantita-
tive PCR. The primers used in this study were hTRAIL ChIP1
(forward: 50-GGCTGTGTGTCTTGTGCATT-30; reverse: 50-
TGAACCTAACACTATTTGAACACACTT-30) and hTRAIL
chromatin immunoprecipitation (ChIP) negative (forward: 50-
CCTGAGCAACTTGCACTTGA-30; reverse: 50-TCCTCCTG-
AAATCGAAAGTATGT-30), mTRAIL ChIP1 (forward: 50-
GAGCACGAGGACCTTAGCTT-30; reverse: 50- AGCTCAC-
ACAGGGATCTTCC-30) and mTRAIL ChIP negative (for-
ward: 50-AGGGCATGCATCTGGAAATGA-30; reverse: 50-
CAAGCTAGAGAAGCAAGCCA-30).

Apoptosis assay
Apoptotic level was measured using Thermo Fisher Apo-

DETECT Annexin V-FITC kit (catalog no. 33-1200). The pro-
tocol recommended by the vendor was used. Briefly, after
treatment with various concentrations of DHT for 24 hours, cells
were fixed with 80% ethanol and washed with PBS three times.
Then, fixed cells were incubated with Annexin V-FITC in PBS
solution for 30minutes at room temperature. After washing three
times with PBS, cells were treated with 300 nMDAPI in PBS for 5
minutes at room temperature. Finally, after washing three times
with PBS, mounting solution (catalog no. H-1400; Vector Lab-
oratories, Burlingame, CA) was added to stained cells and vi-
sualized by using immunofluorescence microscopy.

For paraffin-embedded xenograft mice tumor tissue staining,
a modified protocol was used. Briefly, after elimination of par-
affin, Annexin V-FITC (1:20 dilution) solution was incubated
overnight 4°C degree. Then it was washed three times with PBS.
Using antifade mounting medium with DAPI (catalog no.
H-1200; Vector Laboratories), the stained slide was mounted.

doi: 10.1210/en.2019-00367 https://academic.oup.com/endo 2051
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TRAIL neutralization
Abcam antibodies were used for TRAIL neutralization [for

humans (33), catalog no. ab9959; for mice (34), catalog no.
ab10516; Abcam]. Two mg of each antibody was used. After
seeding of 50,000 TRAMP-C2 or DU145 cells in 24-well plates
(DMEM 1% FBS for TRAMP-C2/RAW264.7 or RPMI1640
1% FBS for DU145/THP-1), the same numbers of RAW264.7
or activated THP-1 (with 5 ng/mL PMA for 24 hours) were
added by using a Boyden chamber (catalog no. 662641; Greiner
Bio-one, Kremsmunster, Austria). Cells were cocultured for
48 hours and TRAMP-C2 and DU145 were counted.

For the human and mouse small interfering RNA (siRNA)
study, lipofectamine 3000 reagent and Qiagen siRNAs were
used (for human, catalog no. ENSG00000121858; for mouse,
catalog no. ENSMUSG00000039304; Qiagen, Germantown,
MD). Briefly, 100 nM siRNA and 3 mL lipofectamine 3000
solution were mixed and incubated for 10 minutes. Next this
mix was added to RAW264.7 or THP-1 and cultured for
24 hours. Then a coculture study was carried out as above.

Immunofluorescence (IF) for mouse tumor

and quantification
All harvested tumors from mice were fixed with formalin,

embedded in paraffin, and stained with hematoxylin and eosin.
These sections were stained with TRAIL antibody (35) (1:100
dilution, 4°C overnight; Bioss, Woburn, MA) and mouse F4/80
antigen purified antibody (36) (1:100 dilution, 4°C overnight,
Affymetrix eBioscience, San Diego, CA). Briefly, each antibody
was incubated with 1:100 dilution, 4°C overnight, and washed
three times with PBS. All stained slides were scanned by an
Olympus VS120 Florescence/Bright-Field whole-slide scanner
(Olympus Scientific Solutions Americas Corp., Waltham, MA)
and individually quantified by ImageJ V1.50i software (Na-
tional Institutes of Health, Bethesda, MD). Values are shown as
mean fluorescence intensity.

Luciferase assay
RAW264.7 cells (13 105 cells per well) were plated onto six-

well plates and transfected with 1 mg of plasmids with androgen
response element containing prostate-specific antigen (PSA)
promoter-luciferase (PSA-lux) or androgen response element
tandem repeated sequence of the probasin promoter-luciferase
plasmid (ARR-lux) and 0.2 mg of Renilla luciferase plasmids
using lipofectamine 2000 (Thermo Fisher Scientific). Forty-eight
hours later, cells were treated with the indicated concentrations
of DHT for 48 hours. Luciferase level was measured by using the
Dual-Luciferase Reporter Assay System (Promega). All luciferase
assay values were calculated to fold changes after normalizing to
those of the vehicle-treated control group.

Flow cytometry analysis for macrophage infiltration

in TRAMP-C2 xenograft mice tumor
Briefly, xenografts were digested by collagenase type II

(catalog no. LS004202; Worthington Biochemical Corp.,
Lakewood, NJ), and resulting cells were divided into aliquots
as a 100-mL suspension with F4/80-FITC conjugated antibody
(catalog no. MA5-16628; Thermo Fisher Scientific). After in-
cubating for 30 minutes, cells were washed with PBS, resus-
pended in 0.2 mL of 0.5% paraformaldehyde/PBS, and
subjected to flow cytometry.

Statistical analyses
For all statistical analyses, a Student t test was used. P, 0.05

was considered to indicate a statistically significant finding. All
in vitro experiments were performed at least three times.

Supplemental Data
Supplemental tables and figures can be found in an online

repository (31, 32, 37).

Results

Macrophages express conventional

androgen receptor
Previously, it was suggested that macrophages express

membrane bound and not the conventional AR (6, 12).

Therefore, we initially examined the status of the con-

ventional AR expression in the murine macrophage cell

line RAW 264.7 and primary murine peritoneal mac-

rophages. The AR-negative human prostate cancer cell

lines DU145 and PC3 were used as negative controls. In

both RAW 264.7 and peritoneal macrophages, RT-PCR

and immunoblot demonstrated the expression of con-

ventional AR (Fig. 1A and 1B, respectively). The human

peripheral blood monocytes and monocyte THP-1 also

expressed AR mRNA (Fig. 1C). The authenticity of the

RT-PCR product was confirmed by sequencing (31, 32).

Effects of DHT on RAW 246.7 cells
To determine whether the conventional AR is func-

tional in macrophages, RAW 264.7 was transiently

transfected with luciferase reporter constructs containing

either the PSA promoter (PSA-lux) or the probasin pro-

moter (ARR-lux) (38).When transfected cells were treated

with DHT for 24 hours, luciferase activity increased in a

concentration-dependent manner without affecting the

cellular proliferation (Fig. 1D and 1E). After treatment for

24 hours with the physiologically relevant DHT concen-

tration of 1 nM, luciferase activity increased by 50% and

100% following transfection with PSA-lux and ARR-lux,

respectively. This DHT-stimulated luciferase activity was

completely reversed when cells were treated with the

antiandrogen enzalutamide at 10 mM. Morphologically,

RAW 264.7 cells treated with DHT resembled macro-

phages activated by LPS (Fig. 1F). Again, this morpho-

logical change was largely blocked by coincubating with

10 mM enzalutamide. Furthermore, immunofluorescence

microscopy revealed the nuclear translocation of AR in

RAW 264.7 cells when treated with 100 nM DHT for 6

hours (Fig. 1G). In addition, immunoblot against the

cellular compartments demonstrated that DHT treatment

increased AR protein in the nucleus but not cytosol

(Fig. 1H). To exclude the possibility of an endotoxin effect

of DHT, we measured released alkaline phosphatase by

using QUANTI-Blue endotoxin assay kit after treating

2052 Lee et al DHT Increases Cytotoxic Activity of Macrophages Endocrinology, September 2019, 160(9):2049–2060
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RAW264.7 with various concentrations of DHT. The

results showed no endotoxin effect by DHT treatment (31,

32). These results collectively suggest that there is an active

androgen signaling pathway in macrophages through the

conventional AR.

Effect of DHT on cytotoxic activity of macrophages
Because cytotoxicity is one commonly assessed func-

tion of macrophages, we next investigated the effect

of DHT on the cytotoxic activity of RAW 264.7 cells

using a coculture model with the androgen-resistant

murine CaP cell line, Tramp C2. Using the commer-

cially available assay based on GAPDH release, we found

that cell death induced by increasing effector/target ratio

is DHT concentration–dependent after 24 hours; this

increase in cytotoxicity was reversed by the addition of

10 mM enzalutamide (Fig. 2A). To determine whether a

direct cell-cell contact is necessary for this DHT-induced

cytotoxic effect of RAW 264.7 on TRAMP-C2 cells, the

coculture study was carried out in the presence of tissue

culture inserts. The results demonstrated that TRAMP-

C2 cell count again decreased significantly when cultured

Figure 1. Macrophages have a functional conventional AR. Unless specified, cells were treated with the indicated concentrations of

dihydrotestosterone (DHT) for 24 h. (A) Through use of RT-PCR, AR mRNA was detected in the murine macrophage cell line RAW264.7 and

primary peritoneal macrophages (PM). The androgen-sensitive murine prostate cancer cell line, TRAMP-C1, was used as the positive control cells.

Primer sequences are provided in an online repository (25). (B) Immunoblot detected 110-kDa AR protein in RAW 264.7, PM, Tramp C1 (positive

control), LNCaP (positive control), DU145 (negative control), and PC3 (negative control). (C) RT-PCR also showed AR mRNA expression in human

macrophages. THP-1 human monocyte cell line was differentiated into macrophages by using PMA before isolating mRNA for RT-PCR. LNCaP is

a human prostate cancer cell line used as a positive control; DU145 and PC3 are human prostate cancer cell lines used as negative controls. (D)

Androgen signaling axis is functional in macrophages. The androgen response reporter vectors, PSA-lux and ARR-lux, were transfected into RAW

264.7 cells and cultured with 0 to 100 nM of DHT and/or enzalutamide (Enz) 10 mM for 24 h. At 1 nM DHT, luciferase activity increased 50%

to 100% and a concentration-dependent increase was observed. Enzalutamide at10 mM reversed the induction of luciferase activity. (E) DHT has

no significant effect on the proliferative capacity of macrophages. After treatment of RAW264.7 with DHT up to 72 h, no significant change in

cell number was detected. The data represent a 72-h study. (F) DHT induced a profound morphological change in macrophages. When

RAW264.7 was treated with 100 nM DHT for 24 h, cells developed multiple processes as well as intracellular vacuole-like structures. The

morphological change elicited by DHT was nearly identical to that by LPS. Enzalutamide at10 mM inhibited the cellular morphological change by

DHT. (G) Nuclear translocation of AR in RAW264.7 after DHT treatment. After treatment with 100 nM DHT for 6 h, AR nuclear translocation

was detected by immunofluorescence microscopy. (H) Immunoblot demonstrated increased AR protein in the nuclear but not cytosol fraction. As

controls, GAPDH was used for the cytosol fraction and Ki-67 for nuclear fraction. Error bars indicate average 6 SEM. *P , 0.05 compared with

vehicle-treated control group in all experiments. Control (Con) means only vehicle treatment group. PBMC, human peripheral blood mononuclear

cell.
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with RAW 264.7 and increasing concentrations of DHT

(Fig. 2B). Again, 10 mMenzalutamide treatment reversed

the decrease in cell count following exposure to DHT. As

previously reported (13), DHT at 10 and 100 nM had no

observable effect on the cell number of TRAMP-C2 cells

when cultured alone. Next, an identical experiment was

carried out by using a THP-1 human monocyte cell line

and tissue culture inserts. DU145 and PC3 androgen-

independent human CaP cell lines were used as the target.

As with that of RAW 264.7, coculture with THP-1 de-

creased DU145 and PC3 cell numbers with increasing

concentrations of DHT; 10 mM enzalutamide treatment

completely blocked the decrease in DU145 and PC3 cell

count when cocultured with THP-1 at 100 nM DHT for

24 hours (31, 32).

DHT-stimulated cytotoxic activity and M1

macrophage polarization
To determine the underlying mechanism for the ob-

served effect of DHT on macrophages, we assessed

whether the decrease in prostate cancer cell count was

due to apoptosis. As shown in Fig. 2C, TUNEL assay

demonstrated an increase in apoptosis of TRAMP-C2

when cocultured with RAW 264.7 at 100 nM DHT for

24 hours. Again, treatment with 10 mM enzalutamide

completely blocked the effect on apoptosis. In the

TRAMP-C2 xenografted mice experiment, castration

decreased apoptosis. These observations again suggest

that in AR-unresponsive prostate cancer cells, castration

may not be optimal (31, 32). Next, we treated RAW

264.7 with 100 nM DHT for 24 hours and investigated

the expression status of cytokines using the RayBio®

Mouse Cytokine Array C2000 (RayBiotech) and Mouse

Cytokine Array C7 (RayBiotech). The results demon-

strated that DHT significantly increased the expression

of TRAIL and TNF-a (Fig. 2D) (31, 32). Quantitative

PCR and immunoblot revealed that DHT after 24 hours

increased TRAIL and TNF-a both at the mRNA and

protein levels in a concentration-dependent manner in

RAW 264.7 and THP-1 cells (Fig. 3A and 3B). As ex-

pected, enzalutamide at 10 mMabrogated this increase in

TRAIL and TNF-a induction by DHT in macrophages.

Figure 2. DHT increases cytotoxic activity of macrophages and TRAIL expression. (A) When TRAMP-C2 CaP cells and RAW 264.7 cells were

cocultured for 3 d with increasing concentration of DHT (0 to 100 nM) and GAPDH release was measured as an indicator of cell viability, there

was a concentration-dependent and effector/target ratio-dependent increase in cytotoxic effect. Enzalutamide (Enz) treatment, 10 mM, reversed

the increase of cytotoxicity by DHT. Cocultures were carried out for 24 h. Each well contained 5000 target cells and varying number

of RAW264.7 cells based on the indicated ratio. (B) Direct cell-cell contact is not required for DHT-induced cytotoxic activity of murine

macrophages. When TRAMP-C2 was cocultured with RAW264.7 in the presence of a cell culture insert for 24 h, DHT again decreased the count

of TRAMP-C2 in a concentration-dependent manner. Enzalutamide treatment, 10mM, completely reversed the increase of cytotoxic activity in

macrophages at 100 nM DHT. (C) Upon DHT treatment, macrophages induced apoptosis in TRAMP-C2 cells. After cocultures RAW264.7 and

TRAMP-C2 using the tissue culture inserts, Annexin V-FITC assay was carried out on TRAMP-C2 after removal of the macrophages. The results

demonstrated an increase in apoptosis level with increased concentrations of DHT. Enzalutamide, 10 mM, totally abrogated the macrophage-

mediated apoptosis induced by 100 nM DHT. Blue indicates DAPI staining; green indicates DNA fragments. (D) Cytokine antibody array including

TRAIL was analyzed. After treatment of RAW264.7 cells with 100 nM DHT for 24 h, cell extracts were used to assess the expression of various

cytokines. In this array, increased TRAIL protein was detected. Error bars indicate average 6 SEM. *P , 0.05 in all experiments. Control means

only vehicle treatment group. Con, TRAMP-C2 with vehicle without RAW264.7.
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To investigate whether TNF-a or TRAIL mediates the

DHT-induced cytotoxic activity of macrophages, we

carried out the aforementioned coculture studies with

neutralizing antibodies and siRNAs. The results revealed

that both the pretreatment with TRAIL neutralizing

antibody and transfection with TRAIL short hairpin

RNA reversed the cytotoxic activity of RAW 264.7

on TRAMP-C2 cells (Fig. 3C). The control in which

TRAMP-C2 was treated directly with TRAIL (100 ng/mL)

showed a ;40% decrease in cell count after 24 hours.

A similar result was obtained with the human system

(THP-1/DU145 coculture) (Fig. 3D). The effect of

siRNA on blocking TRAIL expression in RAW 264.7

and THP-1 was confirmed by using an immunoblot (31,

32). To study the DHT-stimulated cytotoxic activity of

macrophages against AR-positive prostate cancer cells,

the human prostate cancer cell line 22Rv1was cocultured

with THP-1 cells. The magnitude of cytotoxic effect was

similar to that of TRAMP-C2/RAW264.7 and 22Rv1/

THP-1 coculture studies (31, 32). In contrast to blocking

TRAIL, blocking TNF-a with a neutralizing antibody in

coculture had no effect on CaP cell count (data not

shown). Because increased TNF-a and TRAIL expression

levels are consistent with M1 differentiation (7, 14, 39),

we next assessed the effect of DHT on the M2 markers,

Arg1 andMrc1. In contrast to theM1 factors TNF-a and

TRAIL, DHT had no significant effect on Arg1 andMrc1

mRNA expression levels in both RAW 264.7 and THP-1

Figure 3. DHT induces M1 polarization of macrophages. (A) DHT induced the expression of TNF-a and TRAIL mRNAs in both the murine and

human macrophages (RAW264.7 and THP-1, respectively) and enzalutamide (Enz; 10 mM) treatment completely neutralized the increase in TNF-a

and TRAIL mRNAs. Cells were cultured with 100 nM DHT for 24 h. Then, RNA was isolated and quantitative PCR was carried out. (B) DHT increased

TNF-a and TRAIL protein levels in both RAW264.7 and THP-1 cells. After culturing cells with 100 nM DHT for 24 h, immunoblot was carried out.

Again, 10 mM enzalutamide partially blocked the increase of TNF-a and TRAIL proteins. (C) RAW264.7/TRAMP-C2 cocultures using tissue culture

inserts were pretreated with the TRAIL neutralizing antibody for 1 h. Subsequently, 100 nM DHT was added and cocultures were incubated for 24

h. After removal of RAW264.7 cells in the top compartment, remaining TRAMP-C2 cells in the lower chamber were counted. As a complementary

approach, TRAIL short hairpin RNA was used. After transfecting RAW264.7 cells with short hairpin RNA and incubating for 24 h, they were added

to the top compartment of the coculture. Twenty-four h later, the top chamber was removed and the remaining TRAMP-C2 was counted. As

control, TRAMP-C2 was cultured without RAW264.7. Where denoted negative (2), appropriate volume of vehicle was used. As a positive control,

100 ng/mL of TRAIL was used. The results demonstrated that both the neutralizing antibody and short hairpin RNA partially restored the decrease in

cell count seen in the presence of RAW264.7 and 100 nM DHT. (D) Identical study was carried out using the human system: THP-1 and DU145.

Again, TRAIL neutralizing antibody and short hairpin RNA partially reversed the decrease in DU145 cell numbers in the presence of THP-1 and

100 nM DHT. To prevent cell-cell contact, tissue culture inserts were used. (E) After culturing RAW264.7 and THP-1 with 100 nM DHT for 24 h,

mRNA was isolated and M2 polarization markers Arg1 and Mrc1 were quantitated with qPCR, and there was no significant effect on M2

polarization of macrophages. Error bars indicate average 6 SEM. *P , 0.05 in all experiments. Control means only vehicle treatment group.
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cells (Fig. 3E). Collectively, these results indicate that

DHT increases cytotoxic activity of macrophages on CaP

cells via stimulating the polarization of macrophages

toward the M1 phenotype.

Induction of TRAIL expression by DHT
To determine the underlying mechanism for the

observed effect of DHT on macrophages’ cytotoxic

activity, we investigated the kinetics of DHT-stimulated

TRAIL expression. The results demonstrated that

100 nMofDHT inducedTRAILmRNAexpression in 6 to

12 hours (Fig. 4A). ELISA confirmed that 100 nMDHT

increased TRAIL protein level by more than twofold in

the conditioned medium of RAW 264.7 cells within

24 hours (Fig. 4B). Enzalutamide at 10 mMagain inhibited

the increase in TRAIL protein in the RAW 264.7-

conditioned medium. In contrast, the effect of DHT on

TNF-a in the conditionedmediawasmoremodest (31, 32).

Because the time frame within which DHT increases

the expression of TRAIL mRNA suggests a direct acti-

vation of transcription, we next analyzed the human

TRAIL promoter region located within 22000 bp of the

transcription start site with the computer program

PROMO (40, 41). We found one potential AR element

on the human TRAIL promoter at;21,382 bp (Fig. 4C;

AR element marked as a red box). An analysis of the

murine counterpart revealed several putative AR ele-

ments (21603 bp, 21315 bp, 2628 bp, and 2574 bp).

ChIP confirmed direct binding of AR to TRAIL promoter

when THP-1 and RAW264.7 were treated with 100 nM

of DHT for 24 hours (Fig. 4D). These results support the

concept that DHT directly activates the transcription of

TRAIL, which, in turn, mediates the cytotoxic effect of

macrophages on CaP cells.

Castration decreases antitumor activity of

macrophages in mice
To test the effect of DHT on the cytotoxic effect of

macrophages in vivo, we carried out a mouse xenograft

study using the TRAMP-C2 androgen-resistant murine

CaP cell line in syngeneic mice. Although TRAMP-C2

cells are not responsive to DHT in tissue culture, cas-

tration increased the tumor growth rate when compared

with the control sham group (Fig. 5A). No significant

Figure 4. AR directly activates the transcription of TRAIL mRNA in macrophages. (A) RAW264.7 was treated with 100 nM DHT and cells were

harvested after the indicated time and mRNA isolated. TRAIL mRNA was measured by using qPCR. TRAIL mRNA expression values were normalized by

subtracting the levels of the vehicle-only group for each time point. The results demonstrated that DHT induced TRAIL mRNA in a time-dependent

manner. (B) To measure the effect of DHT on TRAIL expression at the protein level, ELISA was carried out using the conditioned media. RAW264.7

was treated with 1 to 100 nM DHT for 24 h and the conditioned media were collected. The results demonstrated that DHT increased TRAIL protein

levels in the conditioned media in a concentration-dependent manner. Enzalutamide (Enz; 10 mM) treatment decreased the DHT-induced TRAIL

secretion. (C) There are potential AR binding sites within the human and mouse TRAIL promoter. By using the computer program PROMO, the

consensus androgen-responsive element within the TRAIL promoter was assessed. (D) RAW264.7 and THP-1 were treated with 100 nM DHT for 24 h.

Then, genomic DNA was isolated ChIP was carried out. The results demonstrated that AR binding to the TRAIL promoter region increased upon

treatment with DHT 100 nM. Error bars indicate average 6 SEM. *P , 0.05. ARE, androgen response element; Rel-A, transcription factor p65.
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histopathological differences were found in tumors ob-

tained from the two groups (31, 32). Immunofluores-

cence study revealed that the level of TRAIL was higher

in control tumors than in castrated tumors, but the

magnitude of macrophage infiltrations (F4/80) was not

significantly different grossly between the two groups

(Fig. 5B and 5C). Next, we repeated the castration study

after the removal of macrophages by administering

clodronate liposomes (42, 43). Results demonstrated that

the depletion of macrophages reduced tumor size when

compared with the control group (Fig. 5D). Again, there

was no significant difference in histology (31, 32). As

expected, the level of infiltrated macrophages was de-

creased in clodronate-treated tumor (Fig. 5E). To rule out

the possibility that the decrease in tumor volume fol-

lowing clodronate was due to the absolute reduction of

macrophages, flow cytometry was carried out after

dissociating the tumor xenografts. The results demon-

strated that the fraction of macrophages (F4/80) de-

creased from 1.3% to 0.3% of the tumors (31, 32). Such

small values suggest that the decreased tumor volume

is not likely due to an absolute reduction in tumor-

infiltrating macrophages.

Finally, because we previously reported that macro-

phages regulate neuroendocrine differentiation (44),

we assessed the expression status of the neuroendo-

crine markers, parathyroid hormone-related protein and

chromogranin A, as well as AR (31, 32). The results

demonstrated that castration increased the expression levels

of parathyroid hormone-related protein and chromogranin

and decreased that of AR.

Discussion

In this study, we demonstrated that DHT increases the

cytotoxic activity of macrophages via the upregulation of

TRAIL. Simultaneously, DHT induced morphological

changes similar to that of LPS treatment and M1 po-

larization. In vivo, we have observed that castration

induces the proliferation of androgen-resistant CaP cells

by decreasing the activity of macrophages. Taken to-

gether, our findings show that androgens activate mac-

rophages, and the current observations potentially have

important implications on the implementation of im-

munotherapy in CaP.

Figure 5. Macrophages enhance tumor growth of androgen-resistant prostate cancer cells following castration in vivo. (A) To determine the

impact of androgens on macrophages in vivo, C57B/6 mice with established androgen-resistant TRAMP-C2 xenograft were castrated and tumor

volume was measured weekly. The results demonstrated that castration increased tumor growth. n 5 5 per group. (B) At the end of 6 wk, all

tumor xenografts were harvested and analyzed. Immunofluorescence microscopy demonstrated a significant increase in the protein levels of

TRAIL within the tumor xenografts following castration. However, no detectable effect was seen on the magnitude of macrophage infiltration

(F4/80). (C) To quantify the immunofluorescence, mean fluorescence intensity was measured by using ImageJ V1.50i software. TRAIL

fluorescence intensity but not that of F4/80 significantly increased with castration. (D) When macrophage was removed with intraperitoneal

injections of clodronate liposome every 3 d following castration, the protumorigenic effect of castration in mice with TRAMP-C2 xenograft was

reversed. Control mice were injected with PBS liposome. (E) Administration of clodronate-liposome decreased macrophage infiltration in TRAMP-

C2 xenografts. Again, the mean fluorescence intensity levels of TRAIL and F4/80 were quantified by using ImageJ V1.50i software. Values are

means 6 SEM. n 5 5 per group. *P , 0.05.
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Immunotherapy is emerging as the next frontier in

cancer treatment. Accordingly, the effect of androgens on

the immune system is a critical question for men with

end-stage CaP because androgen ablation is a first-line

treatment of metastatic CaP. Classically, androgens have

been considered to be immune suppressors and not ac-

tivators. For example, compared with women, men show

low susceptibility to autoimmune diseases, such as sys-

temic lupus erythematosus and Hashimoto thyroiditis

(45, 46). Similarly, it has been reported that castration

activates T-cell activity (47, 48). In this framework,

immunotherapy in CaP has largely been disappointing.

With the exception of sipuleucel-T, no other therapeutics

that target the immune system in CaP have shown sig-

nificant clinical activity (49). Indeed, the most recent

advances in immunotherapy that target programmed cell

death-1 and programmed cell death ligand-L1 have

shown minimal clinical activity in castration-resistant

prostate cancer (50–53). Given that castration is usu-

ally continued in these patients undergoing immuno-

therapy, it is possible that low serum androgen levels may

not be optimal for immune-based therapeutics in CaP.

Consistent with this hypothesis, it has recently been re-

ported that sipuleucel-T is more effective when sequenced

before ADT (54). Efficacy of sipuleucel-T can also be

better prior to ADT because its immunogen prostate acid

phosphatase is an AR-target gene whose expression is

likely to decrease following ADT (54).

In support of the concept of androgens as an acti-

vator of the immune response, results of the current

study suggest that androgens stimulate rather than

suppress antitumor activity in macrophages. Specifi-

cally, we have demonstrated, using both tissue culture

and animal studies, that DHT increases the cytotoxic

activity of macrophages. Importantly, with androgen-

resistant CaP xenografts, castration increased the tumor

growth rate and this protumorigenic effect of castra-

tion was largely reversed by the removal of macro-

phages. Taken together, these observations question the

continuation of ADT in patients with CaP receiving

immunotherapy.

Macrophages play a critical role in regulating the

immune response. Previously, it has been reported that

testosterone and DHT regulate the production of IL-1

and IL-6 in macrophages (55, 56). In addition, functional

AR was identified in macrophage-like synoviocytes and

infiltrating macrophages in skin (57, 58). Accordingly,

these observations suggest that sex steroids likely have an

important effect on the immune system andmacrophages

(59). In this context, we have found that DHT stimulates

M1 polarization and production of TRAIL. TRAIL is a

member of the death receptor ligand superfamily and

triggers apoptotic signaling via receptor-mediated death

through interaction with death receptors on cancer cells

(60). Of interest, different CaP cell lines have differential

sensitivity to TRAIL-induced cell death. Androgen-insensitive

human CaP cells, DU145 and PC-3, are sensitive to

TRAIL-induced cell death, but the androgen sensitive

LNCaP is resistant (61). It has been reported that an-

drogens sensitize LNCaP cells to TRAIL-induced cell

death by upregulating death receptors of cancer cells in a

dose-dependent manner (62). In the current study, we

used androgen-insensitive human CaP cell lines DU145

and PC3. Therefore, we have excluded the direct effect of

androgens on CaP cells and confirmed the induction of

TRAIL-mediated immune response via AR activation in

macrophages. This indicates that the cytotoxic effect of

androgen in our cocultures is achieved, in part, by the

direct interaction between androgens and macrophages

rather than androgens and cancer cells.

The implication of the current study on sequencing

immunotherapy and ADT contradicts the recommen-

dations made based on the reported effects of androgens

on T-cell activity (47, 48). Specifically, it has been

demonstrated that castration enhances antitumor T-cell

activity. Thus, it is entirely possible that androgens have

an opposite effect on T cells and macrophages. Ac-

cordingly, additional studies will be necessary to de-

termine the overarching effect of androgens on the

immune system. Another note of caution in interpreting

our data is that most functional studies involving mac-

rophages were conducted by using the higher-than-

physiologic DHT concentration of 100 nM. Such a

high DHT concentration was used to ensure that the AR

signaling capacity was fully saturated within the time

frame of our experiments (24 hours). Nevertheless, the

findings of the current report are clinically relevant be-

cause the significant effect of DHT on the androgen-

responsive promoter activity of PSA and probasin was

observed at DHT concentrations as low as 1 nM. In

addition, 1 nMDHT treatment of 24 hours increased the

protein levels of TNF-a in both RAW 264.7 and THP-1.

Finally, results of the in vivo studies demonstrated de-

creased levels of TRAIL with castration, thereby sup-

porting our hypothesis that androgens stimulate TRAIL

production. Indeed, the precise reason for the in vivo

mice castration experiments was to demonstrate that our

in vitro study is not an artifact of the tissue culture

system.

In conclusion, we have demonstrated that DHT

stimulates the cytotoxic activity of macrophages. Mech-

anistic study revealed that DHT stimulates the activation

of androgen signaling and upregulates TRAIL expression

by directly binding to its promoter. Our future study will

focus on investigating the effect of castration on im-

munotherapy in CaP.
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