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Macrophages are important in the activation of innate immune responses and in a tissue-specific manner in the maintenance of

organ homeostasis. Testicular macrophages (TM), which reside in the testicular interstitial space, comprise the largest leukocyte

population in the testes and are assumed to play a relevant function in maintaining testicular immune privilege. Numerous studies

have indicated that the interstitial fluid (IF) surrounding the TM has immunosuppressive properties, which may influence the phe-

notype of TM. However, the identity of the immunosuppressive molecules present in the IF is poorly characterized.We show that the

rat testicular IF shifted GM-CSF–induced M1 toward the M2 macrophage phenotype. IF-polarized M2 macrophages mimic the

properties of TM, such as increased expression of CD163, high secretion of IL-10, and low secretion of TNF-a. In addition, IF-

polarized macrophages display immunoregulatory functions by inducing expansion of immunosuppressive regulatory T cells. We

further found that corticosterone was the principal immunosuppressive molecule present in the IF and that the glucocorticoid

receptor is needed for induction of the testis-specific phenotype of TM. In addition, TM locally produce small amounts of

corticosterone, which suppresses the basal expression of inflammatory genes as a means to render TM refractory to inflammatory

stimuli. Taken together, these results suggest that the corticosterone present in the testicular environment shapes the immuno-

suppressive function and phenotype of TM and that this steroid may play an important role in the establishment and sustenance of

the immune privilege of the testis. The Journal of Immunology, 2017, 198: 4327–4340.

T
esticular immune privilege, which is a means to protect
neoantigens on germ cells from autoattack, is mechanis-
tically established and maintained by a number of factors,

namely the blood–testis barrier, high levels of intratesticular an-
drogens, and somatic cells with immunosuppressive characteris-
tics (1, 2). Notably, recent advances now imply that testicular

macrophages (TM), which represent the largest pool of immune
cells in the testis, also contribute to the maintenance of the testes’
immune privilege by skewing innate immune responses (3–5). In
this regard, TM exhibit an attenuated inflammatory response by
expression of low levels of TLR signaling pathway genes and by
inhibiting the activation of the NF-kB signaling pathway by
impairing the ubiquitination of phosphorylated IkBa (4). Al-
though in TM the NF-kB signaling pathway is blocked, they
paradoxically secrete proinflammatory cytokines through the AP-1
and CREB signaling pathways, albeit at lower levels than peritoneal
macrophages (PM), for example (4). Moreover, TM retain bacte-
ricidal and phagocytic activities. Hence, in noninflammatory con-
ditions, TM display ideal properties to both maintain the normal
homeostasis of the testis, while being able to adequately respond to
infectious challenge.
Conventionally, macrophages are classified into a classical

inflammatory-activated (M1) state and an alternatively activated
immunosuppressive (M2) state (6, 7). M1 macrophages facilitate
the clearance of invading pathogens by secreting proinflammatory
mediators, whereas M2 macrophages are essential for tissue ho-
meostasis, immune surveillance, and inflammation resolution.
Macrophages are polarized to the M2 phenotype upon stimulation
with multiple mediators, such as IL-10, TGF-b, PG, glucocorti-
coids, IL-4, and IL-13 (7). M2 macrophages are characterized
by the expression of the scavenger receptor CD163, the secretion
of a large amount of the anti-inflammatory cytokine IL-10, and a
low amount of the proinflammatory cytokine TNF-a (8). Tissue-
resident macrophages, such as those of the lung, skin, heart, and
pancreas, are typical M2 macrophages (9–12). Similarly, the
majority of resident macrophages of the testis are also categorized
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as M2 macrophages. In support, several in vitro studies showed
that the treatment of TM with inflammatory stimuli induced the
secretion of large amounts of IL-10 and a low amount of TNF-a
(4, 13). Moreover, TM activate the anti-inflammatory STAT3
signaling pathway (4).
Accumulating evidence suggests that local microenviron-

mental factors contribute to the specialization of tissue-specific
macrophage phenotypes and functions (14, 15). In the brain,
locally produced TGF-b influences the phenotype of microglia
through the SMA protein-mothers against decapentaplegic and
IFN regulatory factor 7 pathways (16). Similarly, retinoic acid
contributes to the functional polarization of PM through the
GATA6 transcription factor (17). TM may also acquire an M2
macrophage phenotype via an irreversible differentiation pro-
gram dependent on unique master regulators and transcription
factors, controlled by the testicular microenvironment through
consistent exposure to the interstitial fluid (IF). Numerous
studies have indicated that the IF of the testis has immunosup-
pressive properties that influence the activity of immune cells
(18–20). For example, adult rat testicular IF was shown to inhibit
stimulated T cell activation and/or proliferation (18). Although
the immunosuppressive properties of IF have been known for a
considerable time now, the molecules involved have not been
fully characterized. Moreover, whether and how chronic expo-
sure to IF polarizes macrophages to the M2 phenotype has not
been investigated.
In this study we tested the hypothesis that the alternative M2

macrophage phenotype of TM is due to the immunosuppressive
molecules present in the IF. Blood monocytes, following chronic
exposure to IF, undergo functional and phenotypic changes that
render them refractory to the signals that otherwise induce the
switch from a pro‐ to an anti‐ inflammatory phenotype under
inflammatory conditions. In our study, we found that chronic ex
vivo exposure of IF to GM-CSF–treated blood monocytes caused
a transition from the M1 to the M2 macrophage phenotype. We
further identified corticosterone as the key molecule present in
the IF, which regulates the M1–to–M2 polarization in the testis.
Corticosterone also suppresses the basal expression of proin-
flammatory cytokines/chemokines, and attenuates the inflam-
matory response of TM. Of note, TM are the principle source of
the previously unrecognized endogenous production of cortico-
sterone in the testis, implying a paracrine and/or autocrine mode
of action.

Materials and Methods
Animals

Adult male Wistar rats were purchased from Charles River Laboratories
(Sulzfeld, Germany). Animal experiments were conducted in accordance
with the recommendations specified in the Guide for the Care and Use of
Laboratory Animals of the German Law of Animal Welfare. The protocol
was approved by the Committee on the Ethics of Animal Experiments of the
Regierungspraesidium Giessen (permit number GI 20/23–No. A31/2012,
Giessen, Germany). For adrenalectomy (ADX), adult male rats were bred
at the Center of Experimental Animals, Zhejiang Chinese Medical Uni-
versity (Hangzhou, China) in specific pathogen free conditions. ADX ex-
periments were performed in accordance with the Zhejiang Province
Science and Technology Office (Hangzhou, China) and the protocol was
approved by the animal ethics committee of Zhejiang Chinese Medical
University (permit number ZSLL-2016-22).

Adrenalectomy

Bilateral ADX procedures were conducted in adult male rats by a midline
incision through the abdominal wall under continuous ether anesthesia.
Sham-ADX rats were treated identically to ADX rats except their adrenal
glands were not removed. Testicular IF and blood were collected 14 d after
ADX for corticosterone measurement.

Isolation of testicular cells

TM and PM were isolated from adult Wistar rats as previously described
(21, 22). Primary Sertoli cells (SC), peritubular cells (PTC), and Leydig
cells (LC) were isolated according to a reported procedure (23, 24).

Collection of testicular IF and serum

Testicular IF was collected from adult testes of Wistar rats (10–12 wk old).
The testes were washed several times with cold PBS to remove residual
blood. A small incision was made in the distal end of the testicular capsule
without injury of the seminiferous epithelium. Subsequently, testes were
hung in a 15 ml Falcon tube for 16–20 h at 4˚C. IF samples were
centrifuged at 300 3 g for 5 min to remove possible cellular contaminants
and then filtered through 0.45 mM membrane filters (BD Biosciences, San
Jose, CA). The IF was stored at280˚C for further analyses and treatments.

Isolation of blood-derived monocytes

Rat blood monocytes were isolated by density gradient centrifugation using
Ficoll-Paque PLUS (GE Healthcare, Uppsala, Sweden), as previously
described. The isolated cells were suspended in RPMI 1640 medium
supplemented with 10% FCS (PAA Laboratories, Cölbe, Germany), 1%
penicillin/streptomycin (PAA Laboratories), 10 mM 4-HEPES (Life
Technologies, Paisley, U.K.), 1 mM sodium pyruvate, 1% MEM, and 50
mM 2-ME. The cell viability was determined by the trypan blue exclusion
method, and 1 3 106 cells were seeded into 24-well plates. After 6 h of
culture, the floating cells were carefully removed by washing with PBS
and then treated with 50 ng/ml GM-CSF alone or together with IF (10%) or
rat serum (10%) for 6 d. On the seventh day, the cells were washed with
fresh RPMI 1640 medium and treated with 100 ng/ml LPS for 3 h.

T cell isolation

T cells were isolated from adult healthy rats by centrifugation of splenocyte
suspensions with a Ficoll-Paque PLUS gradient (GE Healthcare). Single-
cell suspensions of the spleen were obtained by injecting RPMI 1640
medium, subsequent dissection, and passing through a 100 mM filter
(BD Biosciences). RBCs were removed using RBC lysis buffer (Qiagen,
Hilden, Germany). T cells were isolated through positive selection using
magnetic beads coated with monoclonal mouse anti-rat pan T cell Ab and a
MACS column (Miltenyi Biotec, Bergisch Gladbach, Germany). Isolated
T cells were suspended in complete RPMI 1640 medium containing 10%
FCS (PAA Laboratories), 1% MEM (Sigma-Aldrich, Steinheim, Ger-
many), 1 mM sodium pyruvate (Life Technologies), 10 mM HEPES (Life
Technologies), 100 U/ml penicillin, 100 mg/ml streptomycin (PAA Lab-
oratories), and 50 mM 2-ME (Life Technologies). The purity of the posi-
tively selected T cells (�95%) was determined by flow cytometric analysis
using anti-CD3 and anti-CD4 Abs (BD Biosciences). To determine an
immunosuppressive property of IF and TM, isolated TM or IF were in-
dividually cocultured with T cells. After 96 h of culture, T cells were
collected and stained with CD4, CD25, and Foxp3 Abs to analyze their
differentiation to regulatory T cells (Treg). Briefly, after incubating the
cells with anti-CD16/32 Ab (Fc block; BD Biosciences) for 10 min, CD4
and CD25 Abs were added and incubated for 30 min. Prior to the intra-
cellular staining of Foxp3, the samples were washed, fixed and per-
meabilized, and stained with anti-Foxp3 Ab at 4˚C. Flow cytometry analysis
was performed by using a MACSQuant Analyzer 10 flow cytometer (Miltenyi
Biotec), and data were analyzed with FlowJo software version X (Tree Star,
Ashland, OR).

Flow cytometric analysis of TM

Rats were euthanized by CO2 asphyxiation and cervical dislocation. To
obtain single-cell suspensions, the testes were decapsulated and enzy-
matically digested in a shaking water bath for 30 min at 37˚C in RPMI
1640 medium containing collagenase I (1 mg/ml; Roche, M€unchen, Ger-
many), DNAse I (Roche), and 10% FCS (PAA Laboratories). The digested
cells were further mechanically dispersed with a 1 ml syringe and filtered
through a 70 mm cell strainer (BD Biosciences). The cells were pelleted by
centrifugation at 350 3 g for 7 min, and RBC were lysed in RBC lysis
buffer (Qiagen). For flow cytometric analyses, 5 3 106 cells were incu-
bated with anti-CD32/16 (Fc block, BD Biosciences) in HBSS buffer
containing 1% BSA for 10 min at 4˚C. Subsequently, Abs (Table II) were
added and incubated for 30 min at 4˚C. After excluding cell aggregates and
doublets based on side scatter A (SSC-A) versus SSC-H plot, live cells
were analyzed (eFluor exclusion) to identify the TM population in CD45+

cells. Flow cytometry analysis was performed by using a MACSQuant
analyzer 10 flow cytometer (Miltenyi Biotec), and data were analyzed with
FlowJo software version X (Tree Star).
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Quantitative real time PCR analysis

Quantitative real time PCR (qRT-PCR) was performed as previously de-
scribed (4, 25). The primer sequences are listed in Table I.

ELISA

The levels of TNF-a (eBioscience, San Diego, CA) and IL-10 (BD Bio-
sciences) in cell culture–conditioned media, serum, and IF were quantified
using specific sandwich ELISA. The concentration of TGF-b1 in serum
and IF were measured by using the TGF-b1 (R&D Systems, Minneapolis)
ELISA kit. Corticosterone was measured using an ELISA kit from Enzo
Life Sciences (Lörrach, Germany) following the manufacturer’s protocols.

Phagocytosis assay

TM (13 106 cells) were incubated with Texas Red conjugated Zymosan A
Saccharomyces cerevisiae bioparticles (Thermo Fisher Scientific, Wal-
tham, MA) for 60 min at 37 and 4˚C according to the manufacturer’s
guidelines, and subsequently analyzed by flow cytometry and visualized by
using immunofluorescence microscopy.

Western blotting

Following treatments, cell lysates and immunoblot analyses were performed
as previously described (25). The Abs are listed in Table II.

Two-dimensional gel electrophoresis

Serum and testicular IF samples (three replicates each) were clarified by
centrifugation (20,000 3 g for 10 min at 10˚C). One milliliter of the su-
pernatant was applied to the ProteoMiner Enrichment Kit (Large Capacity
Kit; Bio-Rad, M€unchen, Germany) according to the manufacturer’s in-
structions. Eluents were diluted 3-fold with H2O and subjected to acetone
precipitation. For two-dimensional (2D) gel electrophoresis, the proteins
were solubilized in 6 M urea, 2 M thiourea, 4% CHAPS, 1% DTT, and 2%
Pharmalyte 3–10. Immobilized pH gradient strips (pH 3–10) were rehy-
drated at 20˚C with the protein extract. On each strip, 125 or 250 mg of
protein was applied, and isoelectric focusing was performed at 32.05 kVh.
After focusing, the immobilized pH gradient strips were equilibrated for 10
min in 2 ml of equilibration stock solution (ESS; 6 M urea, 0.1 mM EDTA,
0.01% bromophenol blue, 50 mM Tris-HCl pH 6.8, and 30% glycerol) for
15 min in 2 ml of ESS I (10 ml of ESS containing 200 mg of SDS and 100
mg of DTT) followed by 15 min in ESS II (10 ml of ESS containing 200
mg of SDS and 480 mg of iodoacetamide). Protein separation in the second
dimension was performed by electrophoresis on 12.5% SDS PAGE as
described previously (26). Electrophoresis was conducted using a Hoefer
600 system with the following program: 15 min at 15 mA and 5 h at
110 mA at 25˚C. Gels were stained with Flamingo (Bio-Rad) and scanned
with a Typhoon 9100 instrument (GE Healthcare). Densitometric analysis
of the gels was performed with PDQuest (Bio-Rad). Protein spots showing
statistically significant differences in abundance between the serum and
testicular fluid samples were selected for further analysis.

Tryptic in-gel protein digestion

Selected spots were digested after reduction and carbamidomethylation
with trypsin using an automated liquid handling system (MicroStarlet;
Hamilton Robotics, Martinsried, Germany). The tryptic peptides were
eluted from the gel plugs with 1% trifluoric acid.

Matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry

Matrix-assisted laser desorption/ionization time-of-flight (TOF) mass
spectrometry (MS) was performed on an Ultraflex TOF/TOF mass spec-
trometer (Bruker Daltonics, Bremen, Germany) equipped with a nitrogen
laser and a LIFT tandem MS (MS/MS). The instrument was operated in
positive-ion reflectron mode using 2,5-dihydroxybenzoic acid and meth-
ylenediphosphonic acid as the matrix. Sum spectra consisting of 200–400
single spectra were acquired. For data processing and instrument control,
the Compass 1.1 software package, which consists of FlexControl 2.4,
FlexAnalysis 3.0, and BioTools 3.0 (Bruker Daltonics), was used.

Database search

Proteins were identified by MASCOT peptide mass fingerprint search
(http://www.matrixscience.com) using the rat IPI database v3_73 (39711
sequences; 21109946 residues). For the search, a mass tolerance of 75 ppm
was allowed, and the carbamidomethylation of cysteine as a global mod-
ification and oxidation of methionine as a variable modification were used.
A false positive rate of 5% was allowed.

PG determination

PG were extracted and determined by liquid chromatography MS/MS (LC–
MS/MS). For liquid-liquid extraction, 200-ml samples were incubated with
extraction buffer containing 600 ml of ethyl acetate, 100 ml of 150 mM
EDTA, and 20 ml of internal standard solution (25 ng/ml each of of [2H4

]-PGE2, [2H
4]PGD2 and [2H4]TXB2, and 10 ng/ml each of [2H4]PGF2a

and [2H4]-6-keto-PGF1a in methanol). The samples were homogenized
using a Mixer Mill MM400 (Retsch, Haan, Germany) and centrifuged at
20,000 3 g for 150 s. The extraction was repeated, and extraction solvents
were removed at 45˚C under a gentle stream of nitrogen and stored at280˚C
until measurement. The residues were reconstituted with 50 ml of aceto-
nitrile:water:formic acid (20:80:0.0025, v/v, pH 4) and injected into the
LC–MS/MS. PGs were separated with a Synergi 150 3 2.0 mm Hydro-RP
column (Phenomenex, Aschaffenburg, Germany) and determined with a
triple quadrupole MS (5500 Q-TRAP; Sciex, Darmstadt, Germany) (27).

Gas chromatography MS/MS steroid hormone measurement

These measurements were collected using 0.5 ml of rat serum or up to 10 ml
of IF spiked with a mixture of internal standards containing [16,16,17-2H3]
testosterone (d3-T), [7,7-2H2]4-androstenedione (d2-4A), [16,16,17-2H3]5a-
androstane-3a,17b-diol (d3-AD), [11,11,12,12-2H4]17-hydroxyprogesterone
(d4-17OHP), [1a,2a-2H2]11-deoxycortisol (d2-S), and [2,2,4,6,6,17a,21,21-
2H8]corticosterone (d8-B). After equilibration, extraction with ethyl acetate
and purification by gel chromatography (Sephadex LH-20), the samples were
derivatized using heptafluorobutyric anhydride (28). Via gas chromatography
MS/MS (GC–MS/MS) analysis (Thermo Scientific Trace 1310 Gas Chro-
matograph with a TriPlus RSH Autosampler coupled to a TSQ8000 Triple
Quadrupole mass spectrometer), the following transitions were observed for
the analytes and their corresponding internal standards: m/z 665/665 for T,
668/668 for d3-T, m/z 482/482 for 4A, 484/484 for d2-4A, m/z 455/241 for
AD, 458/244 for d3-AD m/z 465/109 for 17OHP, m/z 469/113 for d4-17OHP,
m/z 465/109 for S and m/z 467/109 for d2-S and 705/355 for B, 712/359 for
d8-B.

Microarray analysis

cRNA synthesis and hybridization. Extracted RNAwas subjected to cRNA
synthesis, cRNA fragmentation, and finally hybridization on CodeLink Rat
Whole Genome using the CodeLink Expression Assay Kit (GE Healthcare,
Buckinghamshire, U.K.) according to the manufacturer’s instructions.
Bioarrays were stained with Cy5-streptavadin (GE Healthcare) and scan-
ned using the GenePix 4000 B scanner and the GenePix Pro 4.0 Software
(Axon Instruments, Arlington). A total of 2 3 2 = 4 array images were
subjected to data analysis. Spot signals of CodeLink bioarrays were
quantified using CodeLink System Software 5.0.0.31312, which generated
local background corrected raw as well as median centered intraslide
normalized data.

Quality control of microarray data. The genes represented by probe sets
were annotated using the biocLite package (BioConductor) with the library
“rwgcod.db” for CodeLink Rat Whole Genome arrays. The intraslide
normalized data were processed by an automated workflow that includes
omitting of control genes, removal of genes with poor quality control or
negative sign removal of probe sets with too high proportion ($50%) of
missing values per group or with not any group having at least 50% of
values flagged as G = good and 50% values above threshold, and removal
of outliers (expression values deviating more than four times from the
median). A total of 23,879 probe sets remained after quality control with
missing values imputed by probabilistic principal component analysis
using the R-package pcaMethods. The imputed dataset was quantile nor-
malized using the R-package limma (29), and logarithmized to the base of
two. The Rank Products test (30) has been applied and significant differ-
ential gene expression has been postulated for probe sets with a false
discovery rate ,0.05. Microarray data have been submitted to the Gene
Expression Omnibus database (https://www.ncbi.nlm.nih.gov/geo/, acces-
sion number GSE24780).

Results
TM display immunosuppressive phenotypic and functional
characteristics

To identify the macrophage population in the adult rat testes by
flow cytometry, we employed a gating strategy to exclude cell
debris, doublets, and dead cells. The TM population was readily
identified in enzymatically dispersed live testicular CD45+ (efluor2)
cells by the expression of the surface receptor markers CD68 and
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CD163. TM were comprised of two distinct populations:
CD68+–CD1632 (25%) and CD68+–CD163+ cells (75%;
Fig. 1A, Supplemental Fig. 1A). TM were further character-
ized by the expression of costimulatory molecules CD80,
CD86, and MHC class II. In the CD68+–CD1632 macrophage

population, ∼75% were MHC class II positive, whereas in the
CD68+–CD163+ macrophage population, only ca. 40% were
positive for MHC class II (Fig. 1A). Notably, the expression
of both CD80 and CD86 was negligible in both populations
(Fig. 1A).

FIGURE 1. Phenotypically and functionally, TM display immunosuppressive M2 macrophage properties. (A) Testicular single-cell suspension was obtained

by enzymatic digestion. Cell aggregates and doublet cells were excluded on the basis of SSC-A versus SSC-H plots, whereas dead cells were excluded by

eFluor staining. The total leukocyte population was identified in live cells by the expression of CD45, and gated for identification of macrophage subsets by the

expression of CD68 and CD163 surface markers. The population of CD68+ and CD163+ were further stratified by analyzing the expression of the costimulatory

molecules MHC class II, CD80, and CD86. Contour plots are representative of three independent experiments from six rats. (B) Phagocytic activity of TM from

adult rat testes was analyzed by uptake of Texas Red conjugated Zymosan A S. cerevisiae bioparticles for 60 min at 37 and 4˚C (control). (C) Histogram shows

percentage of the phagocytic TM population (n = 3 independent experiments, mean 6 SD). ****p , 0.0001. (D) The morphological appearance of isolated

adult rat TM was analyzed by May Gr€unwald–Giemsa staining (n = 3). (E) TM and T lymphocytes were cocultured for 96 h, before determining the population

of regulatory T cells (CD25+ Foxp3+) in the CD4+ population. Contour plots are representative of three independent experiments, and (F) the histogram

represents the summary of all the experiments. The unpaired Student t test was employed for statistical analysis. **p , 0.01.
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As an indicator of classical functional activity, TM displayed
high phagocytic activity as evidenced by engulfing fluorescently
labeled Zymosan A S. cerevisiae bioparticles (Fig. 1B, 1C,
Supplemental Fig. 1B). In support, the presence of large vacu-
oles further corroborated the high phagocytic activity of TM
(Fig. 1D).
Intrinsic immunosuppressive properties of TM were demon-

strated by in vitro coculture of TM and splenic T cells. After 4 d,
flow cytometry revealed an expansion of the immunosuppressive
Treg, characterized by an increased number CD25+ Foxp3+ cells in
the CD4+ population (Fig. 1E, 1F).

Testicular IF polarizes macrophages to the immunosuppressive
M2 macrophage phenotype

To determine whether IF could influence the TM phenotype, the
immunosuppressive properties of IF were analyzed by coculturing
splenic T cells and IF for 4 d. Flow cytometric analysis showed that
IF treatment significantly increased the number of CD25+ Foxp3+

Treg within the CD4+ population (Supplemental Fig. 1C, 1D).
After the immunosuppressive properties of IF were confirmed, it
was then tested whether IF could influence the macrophage phe-
notype. For this purpose, rat blood monocytes were cultured in the
presence of GM-CSF with and without the addition of IF or serum
as control. Treatment with GM-CSF alone promoted the polari-
zation of blood monocytes to the M1 macrophage phenotype,
whereas the addition of IF caused a shift in the GM-CSF–induced
M1 macrophage population to the M2 macrophage phenotype, as
determined by the increased number of CD163+ cells (Fig. 2A).
This shift in the macrophage phenotype was also documented by
qRT-PCR. Here, the expression levels of M1 macrophage marker
genes, such as Inos, Il-6, and Tnf were significantly reduced,
whereas the M2 macrophage markers Il-10 and Cd163 were sig-
nificantly increased (Table I, Supplemental Fig. 1E). In addition,
ELISA results further confirmed the IF-induced polarization to
M2 macrophages as evidenced by secretion of high amounts of IL-
10 with concomitantly low levels of TNF-a upon challenge with
LPS (Fig. 2B). Notably, the addition of serum did not change the
phenotype of GM-CSF–induced M1 macrophages (Fig. 2A, 2B).
Next, the activation of inflammatory signaling pathways was
assessed in GM-CSF– and IF-treated macrophages after stimula-
tion with LPS. In GM-CSF–polarized macrophages, IkBa (an
inhibitor of the proinflammatory transcription factor NF-kB) was
readily degraded upon LPS treatment, whereas in IF-polarized
macrophages, IkBa degradation was attenuated, and the recov-
ery to control levels was faster. This result indicated that in IF-
treated macrophages the NF-kB signaling pathway is suppressed
(Fig. 2C). Importantly, the activation of the anti-inflammatory
signaling pathways CREB and STAT3 were much more pro-
nounced in IF-polarized macrophages than in control (Fig. 2C,
Table II). To determine if IF-polarized macrophages can func-
tionally mimic TM, IF-polarized macrophages were cocultured
with splenic T cells. Flow cytometric analyses data clearly dem-
onstrated that IF-derived macrophages induced expansion of Treg
similar to TM (Figs. 1E, 1F, 2D, 2E). These combined results
clearly indicate that testicular IF can influence the phenotype and
function of TM.

No indication of differences in immunosuppressive proteins in
IF and serum

TM in their testicular environment are found exclusively in the
interstitial space and are exposed to IF. In contrast to serum, IF
displays immunosuppressive properties as shown above. To char-
acterize the nature of the molecules in the IF that are responsible
for the observed effect on polarization of blood monocytes to

the M2 phenotype, IF and serum were analyzed by a proteomic
approach consisting of a combination of 2D gel electrophore-
sis and matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry. Although a total of 68 proteins were found
at different levels in the IF and serum, no such differences were
observed in the levels of established immunosuppressive pro-
teins (Fig. 3A, Supplemental Table I). IL-10 and TGF-b were
not identified in the proteomics approach and the subsequent
analysis by ELISA did not detect IL-10, TNF-a, or the inactive
form of TGF-b1 in either the IF or serum (data for TGF-b1
not shown; Fig. 3B). However, following acid activation, the level
of TGF-b1 was significantly higher in the serum than in the IF
(Fig. 3B). Taken together, these results did not suggest a role for
known immunosuppressive proteins in IF in subverting the TM
phenotype.

IF contains high levels of PG

PG are established modulators of the macrophage phenotype
(31). LC–MS/MS analyses revealed that IF contains substantial
amounts of PGE2 and PGI2 (each ca. 3000 3 higher than serum),
PGD2 (ca. 35 3 higher than serum), and PGF2a (ca. 12 3 higher
than serum). As the concentration of PGF2a (ca. 3 ng/ml) in IF
was very low in comparison with those of PGE2, PGD2, and
PGI2, further experiments were conducted with these PG and not
PGF2a. Serum concentrations were consistently close to the
detection limit in all cases. In contrast, the levels of thromboxane
B2 were significantly lower (ca. 50%) in IF as compared with
serum (Fig. 4A, Supplemental Fig. 2A). In the next step, the
influence of PG on the M2 macrophage polarization was exam-
ined. The treatment of GM-CSF–stimulated monocytes with
PGE2 and PGI2 shifted the macrophage phenotype from M1 to
M2 as shown by more CD163+ cells within the CD68+ cell
population (PGE2 from 0.21 to 7.53%; PGI2 from 0.21 to 3.49%).
In support, PGE2 and PGI2 significantly enhanced the secretion
of IL-10, whereas TNF-a levels were decreased significantly
in LPS stimulated macrophages (Fig. 4B, 4C, Supplemental
Fig. 2C). In addition, PGE2 suppressed the activation of the
NF-kB signaling pathway by deferring IkBa degradation, par-
alleled by a concomitant strong activation of the CREB and
STAT3 anti-inflammatory signaling pathways (Fig. 4D). PGD2 had
no effect on macrophage polarization and cytokine expression
(Fig. 4B, 4C).

High levels of steroid hormones are present in IF

As a first step to determine a possible role for steroid hormones in
influencing the TM phenotype, the concentration of steroid hor-
mones in IF was analyzed by GC–MS/MS. In agreement with
previous studies, significant levels of testosterone, 4-androstene-
dione, and 5a-androstane-3a,17b-diol (5a-androstanediol) were
found in the IF (Fig. 5A, Supplemental Fig. 2B). Importantly and
previously unnoticed, the IF contains very high levels of corti-
costerone. Although established to be synthesized mainly by the
adrenal gland, the levels in IF were ∼73 higher than in serum
(Fig. 5A). Flow cytometric analyses demonstrated that testos-
terone and corticosterone polarized GM-CSF–induced blood
monocytes from the M1 to the M2 macrophage phenotype as
demonstrated by significantly increased numbers of CD163+

macrophages in the CD68+ population. In this regard, corticoste-
rone (from 0.75 to 45.8%) was much more potent in polarizing the
macrophage phenotype than testosterone (to 8.05%) (Fig. 5B,
Supplemental Fig. 2D). In accordance with the increased number of
CD163+ macrophages, testosterone- and corticosterone-polarized
macrophages were characterized by the secretion of high amounts
of IL-10 and low levels of TNF-a after LPS stimulation, compared
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FIGURE 2. IF polarizes blood monocyte–derived M1 macrophages toward the M2 macrophage phenotype. (A) Blood monocytes were stimulated with

GM-CSF alone or GM-CSF (ctrl) with IF/serum for 7 d, and flow cytometric analysis was used to analyze the differentiation of blood monocyte to M1 (CD68+–

CD1632) and M2 macrophages (CD68+–CD163+). Contour plots are representative of at least three independent experiments (n = 6–8 rats). (B) Macrophages

polarized by GM-CSF alone or GM-CSF with IF/serum were subsequently incubated with LPS (100 ng/ml) for 3 h. Conditioned media from cells were

analyzed for IL-10 and TNF-a secretion by ELISA. Data are presented as the mean6 SD of three to four independent experiments. The one-way ANOVA test

was employed for statistical analysis (***p, 0.001, *p, 0.05). (C) Blood-derived monocytes were treated with GM-CSF with or without IF for 7 d, and then

stimulated with LPS (100 ng/ml) for the indicated time points. Cell lysates were subjected to Western blot analysis using Abs directed against IkBa, phos-

phorylated CREB, and phosphorylated STAT3. b-actin was used as a loading control. All experiments performed three times and representative image shown in

the figure. (D) GM-CSF (ctrl-macrophage) and GM-CSF+ IF (IF-macrophages) derived macrophages were cocultured with T cells (Figure legend continues)
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with control (Fig. 5C). Notably, 4-androstenedione (Fig. 5C) and
5a-androstanediol (data not shown) did not influence the mac-
rophage phenotype. Impaired activation of the NF-kB signaling
pathway was visible by only partial degradation of IkBa in
testosterone-treated and LPS-stimulated macrophages. In con-
trast, treatment with corticosterone did not attenuate the activa-
tion of the NF-kB signaling pathway. Although testosterone and
corticosterone differentially regulated the NF-kB signaling path-
way, both were found to activate CREB signaling. Of note, acti-
vation of STAT3 was similar to control in corticosterone stimulated
cells (data not shown).
Among the PG and steroid hormones tested, testosterone and

particularly corticosterone demonstrated the highest immunosup-
pressive potency and thus represent promising candidate molecules
responsible for the establishment and maintenance of the immu-
nosuppressive properties of IF on TM. As testosterone and corti-
costerone mediate their functions through the androgen receptor
and glucocorticoid receptor (GR), respectively, specific androgen
receptor and GR antagonists (flutamide and RU486, respectively)
were used for subsequent studies. Of note, RU486 could significantly
suppress the IF-induced M2 macrophage polarization, whereas the
effect of flutamide did not reach statistical significance (Fig. 5D).

TM are the main producers of corticosterone in the testis

As the above results suggest, corticosterone is the principal mol-
ecule in IF that influences the TM phenotype. Hence, a possible
intratesticular origin of corticosterone supplementing production of
the adrenal gland was investigated. To evaluate this possibility,
bilateral ADX was performed in rats with subsequent analysis of
the corticosterone levels by ELISA. In ADX animals the con-
centration of corticosterone was dramatically reduced in both
serum and IF, suggesting that adrenal corticosterone production is
the main provider of intratesticular corticosterone (Fig. 6A,
Supplemental Fig. 3A). Of note, although at low levels, the cor-
ticosterone concentrations in the IF of ADX rats remained sig-
nificantly higher than those in serum, which indicates local
production by the testis. Analyzing the TM phenotype in ADX
rats, flow cytometry data found no difference in the TM phenotype

in sham control and ADX rats (Fig. 6B, Supplemental Fig. 3B). In
addition, both groups of rats secreted the same amounts of IL-10
and TNF-a after stimulation of isolated TM with LPS (Fig. 6C).
To evaluate possible intratesticular production of corticosterone

as an explanation for the higher levels in IF both in sham and ADX
animals compared with serum, basal secretion of corticosterone
was assessed in isolated testicular cell types, namely SC, PTC, LC,
and TM. Corticosterone production in isolated SC, PTC, and LC
was barely detectable, whereas surprisingly TM were found to
secrete substantial amounts of corticosterone (Fig. 6D). Thus,
locally produced corticosterone could be a factor in maintaining
the immunosuppressive phenotype and function of TM.

Corticosterone suppresses the expression of inflammatory
genes

TM are refractory to inflammatory stimuli relative to other tissue
macrophages, such as PM (4, 32). To demonstrate that secreted
corticosterone could suppress the secretion of proinflammatory
cytokines in TM, the basal secretion of corticosterone by TM was
compared with that of PM. In contrast to TM, PM secrete sig-
nificantly lower levels of corticosterone (Fig. 7A). PM cultured in
TM-conditioned medium for 24 h, prior to LPS challenge showed
significantly reduced levels of TNF-a, which was abrogated by
addition of the GR inhibitor RU486 to TM-conditioned medium
(Fig. 7B). Thus, the results obtained so far strongly indicate that
the attenuated inflammatory response of TM was attributable to
the constitutive endogenous secretion of corticosterone by TM.
Because glucocorticoids suppress the expression of inflammatory
cytokines, chemokines, and adhesion molecules, whole genome
transcriptome analyses were performed to investigate the differ-
ential expression of proinflammatory genes in TM and PM. The
basal expression levels of several inflammatory genes, such as Il-6
and Tnf-a, were higher in PM than in TM (Fig. 7C). To determine
whether the high basal expression of inflammatory genes in PM
can be attributed to the low endogenous secretion of corticosterone
in these cells, subsequent qRT-PCR analyses of corticosterone-
treated PM were performed. The results revealed a significant
suppression of the expression of proinflammatory genes, such as
Il-6, Inos, Ccl2, and Ifn-b. Notably, corticosterone treatment of
PM induced the expression of the anti-inflammatory cytokine Il-
10 and increased the expression of the M2 macrophage marker
Cd163 (Fig. 7D). Hence, these results indicate that endogenous
corticosterone secreted by TM suppresses the basal expression of
proinflammatory cytokines and chemokines, and thus this steroid
represents a major factor responsible for the subdued immune
response characteristic for these cells.

Discussion
The immunosuppressive properties of testicular IF have been
documented in many studies (18), but very little is known about
their influence on the phenotype and function of TM. In this study,
we demonstrated that testicular IF skews classical M1 macro-
phages toward the alternative M2 macrophage phenotype. Using
GC–MS/MS analysis, we identified corticosterone as one of the
most potent molecules present in IF that could shape the pheno-
type and function of TM. Notably, TM constitutively secrete
corticosterone at basal levels that in turn can substitute systemic
levels originating from the adrenal gland by acting in a paracrine/
autocrine manner to maintain the TM in the immunosuppressive
M2 macrophage phenotype.

Table I. List of primers

Genes Primer Sequence (59–.39)

Inos-fw CCTCTTCCAAGGTGTTTGCCT
Inos-rv CCTCTTCCAAGGTGTTTGCCT
Cd68-fw CGCATCTTGTACCTGACCCA
Cd68-rv TGAGAGAGCCAAGTGGGGAT
Cd163-fw TCCGGTTGAAGTTTTGTGACC
Cd163-rv GTGGTCCCGATGACCGTATT
Il-6-fw GCCCTTCAGGAACAGCTATG
Il-6-rv GTCTCCTCTCCGGACTTGTG
Il-10-fw CATCCGGGGTGACAATAACT
Il-10-rw TGTCCAGCTGGTCCTTCTTT
Ccl2-fw CAGGTCTCTGTCACGCTTCT
Ccl2-rw AGTATTCATGGAAGGGAATAG
Ifn-a-fw AGCAGATCCAGAAGGCTCAA
Ifn-a-rw TCCGTCCTGTAGCTGAGGTT
Ifn-b-fw GGTGGACCCTCCACATTGCGT
Ifn-b-rw ACGGGTGCATCACCTCCATAGGG
Tnf-a-fw GCCTCTTCTCATTCCTGCTC
Tnf-a-rw CCCATTTGGGAACTTCTCCT
b2-microglobulin-fw CCGTGATCTTTCTGGTGCTT
b2-microglobulin-rv AAGTTGGGCTTCCCATTCTC

for 96 h, and expansion of Treg (CD25+ Foxp3+) cells were analyzed by flow cytometry. Contour plots are representative of three independent experiments,

and (E) the histogram shows the summary of all the experiments. The unpaired Student t test was employed for statistical analysis (*p , 0.05).

The Journal of Immunology 4333

 at M
onash U

niversity on Septem
ber 4, 2019

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 



TM are the most abundant immune cell present in the testes (5,
13). However, their phenotype and function remain poorly char-
acterized (33). In previous studies, the phenotypic characterization
of rat TM was mainly achieved through immunohistochemical
analysis, which revealed that TM express either CD68 or CD163
surface markers. In addition, it was widely believed that CD68+

macrophages (∼20%) are newly arrived, originating from blood
monocytes, whereas CD163+ macrophages are resident (33, 34).
In this study, we readily identified a unique heterogeneous mac-
rophage population in the testis, which was composed of a mixture
of CD68+–CD1632 and CD68+–CD163+ macrophages (Fig. 1A).
Using flow cytometry, we showed that in contrast to previous studies,
all macrophages are positive for CD68+ and that ∼80% are positive
for both CD68 and CD163.

Macrophages are APCs that express high levels of costimulatory
molecules to activate T cells and, thereby, induce adaptive im-
munity. Surprisingly, approximately half of the TM population
does not express MHC class II, and the expression of CD80 and
CD86 was completely absent (Fig. 1A). The lack of costimulatory
molecules in TM could result in impaired presentation of Ags to
T cells and, thus, hinder the activation of adaptive immunity, a
process beneficial to prevent autoattack against the neoantigens
present of developing germ cells, and thus preserves immune
privilege. Similar to TM, intestinal and lung macrophages also do
not express CD80 and CD86, a means believed to maintain the
normal homeostasis of these organs (35, 36). Similar to isolated
TM, IF-polarized macrophages inhibit the activation of the NF-kB
signaling pathway after LPS stimulation by attenuating the

FIGURE 3. Immunosuppressive protein was not found in the IF. (A) Equal amounts of proteins from testicular IF (n = 3 rats) and serum (n = 3 rats) were

resolved using 2D gel electrophoresis. 2D gel image overlay of the IF (red) and serum proteins (green) is shown. (B) Cytokine levels in serum and IF. Levels

of TGF-b1, IL-10, and TNF-a were measured in IF (n = 5 rats) and serum (n = 5 rats) using specific sandwich ELISA. The Student t test was employed for

statistical analysis (****p , 0.0001).

Table II. List of Abs

Abs Fluorochrome Company Clone Catalogue Number

Abs used for flow cytometry analysis
CD45 PE-Cy7 BioLegend OX-1 202214
CD68 AlexaFluor 488 AbD Serotec ED1 MCA-341A488
CD163 AlexaFluor 647 AbD Serotec ED2 MCA-342A647
CD80 PE BioLegend 3H5 200205
CD86 PE BD Biosciences 24F 551396
MHC class II PE BD Biosciences OX-6 554929
CD4 PE BioLegend OX-35 203307
CD25 FITC BioLegend OX-39 201203
Foxp3 eFluor 660 eBioscience FJK-16s 50-5773-80

Ab used for Western blot analysis
IkBa Santa Cruz SC371
p-STAT3 Cell Signaling Technology 9145
p-CREB Cell Signaling Technology 9198
b-actin Sigma-Aldrich A5541

Abs used for immunofluorescence analysis
CD68 AbD Serotec MCA-341A488
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FIGURE 4. High levels of PG influence the phenotype of macrophages. (A) The levels of PG (PGE2, PGD2, PGI2) were analyzed in rat testicular IF and

serum by liquid chromatography–mass spectrometry. Data were obtained from seven rats and presented as mean 6 SD. The unpaired Student t test was

employed for statistical analysis (****p , 0.0001). (B) Blood monocytes were stimulated with GM-CSF alone or GM-CSF with PG (PGE2, PGI2, PGD2)

for 7 d, and flow cytometric analysis was used to determine the differentiation of blood monocytes to M1 (CD68+–CD1632) and/or M2 macrophages

(CD68+–CD163+). Data were obtained from at least three different experiments and the representative images are presented. (C) Blood-derived monocytes

were incubated with GM-CSF (Ctrl) or GM-CSF +/2 with PG (PGE2, PGD2, PGI2) for 7 d followed by treatment with LPS (100 ng/ml) for 3 h. The

secretion of IL-10 and TNF-a in conditioned media were analyzed by ELISA. Data are presented as the mean 6 SD of three to four independent ex-

periments. The one-way ANOVA test was employed for statistical analysis (***p , 0.001, **p , 0.01, *p , 0.05). (D) Blood-derived monocytes were

incubated with GM-CSF 6 PGE2 for 7 d followed by treatment with LPS (100 ng/ml) for the indicated time points. Cell lysates were analyzed by Western

blot using Abs against IkBa, p-CREB, p-STAT3. b-actin served as a loading control. Each experiment has been performed at least three times and a

representative experiment is shown.
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FIGURE 5. Corticosterone polarizes macrophages toward the M2 macrophage phenotype. (A) The concentrations of steroid hormones in rat testicular IF

and serum were measured by GC-MS/MS. Data were obtained from five rats, and presented as mean 6 SD. **p , 0.01, *p , 0.05. (B) Blood monocytes

were treated with GM-CSF alone or GM-CSF with steroid hormones (testosterone, corticosterone and 4-androstenedione) for 7 d. Flow cytometric analysis

was used to analyze the differentiation of blood monocytes from M1 (CD68+–CD1632) to M2 macrophages (CD68+–CD163+). Contour plots are rep-

resentative of three independent experiments. (C) Blood-derived monocytes were incubated with GM-CSF (Ctrl) +/2 steroid hormones (testosterone,

corticosterone, 4-androstenedione) for 7 d followed by treatment with LPS (100 ng/ml) for 3 h. Levels of IL-10 and TNF-a were analyzed in conditioned

media by ELISA. Data are presented as the mean 6 SD of three to four independent experiments. The one-way ANOVA test was employed for statistical

analysis (**p , 0.01, ****p , 0.0001). (D) Blood monocytes were stimulated with GM-CSF alone or GM-CSF with IF/serum for 7 d. Simultaneously, IF-

treated macrophages were incubated with glucocorticoid receptor (RU486) and androgen receptor (flutamide) antagonists, (Figure legend continues)
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kinetics of IkBa degradation and by activating the STAT3 and
CREB signaling pathways. Thus, immunosuppressive signals present
in the testicular environment could polarize macrophages toward a
testis-specific phenotype.
Tissue-resident macrophages are highly heterogeneous and

persistently exposed to tissue-specific signals that determine their
development, phenotype, and function. TM are also highly het-
erogeneous in terms of their functions and phenotypes, and local
testis-specific molecular signals present in the interstitial fluid
surrounding TM are assumed to regulate the phenotypic and
functional polarization of TM. In support, previous studies indicate
that the testis contains abundant immunosuppressive proteins, such
as TGF-b and IL-10. However, the results of the current study
revealed that the testicular IF is devoid of such high levels of
immunosuppressive proteins confirming earlier results which
demonstrated that TGF-b was not required for the inhibitory activity
of IF (18). However, the IF is known to contain nonproteinaceous
factors such as the T cell inhibitor, lyso-glycerophosphocholine, and
PG (37). In the testis, PG are mainly produced by SC, LC, PTC, and
TM (38–40). PG have also been implicated in polarizing macro-
phage phenotypes by inhibiting the production of TNF-a and up-
regulating the production of IL-10 via cAMP-CREB (41, 42). Based
on these earlier observations, the high level of PG in the IF suggests
that the TM phenotype and function may be regulated by locally
produced PG. Indeed our data demonstrate that PGE2 and PGI2
polarize macrophages toward the M2 macrophage phenotype as

evidenced by increased CD163 expression and the secretion of
large amounts of IL-10 concomitant with low TNF-a production.
In addition, PGE2 suppresses NF-kB activation and activates the
STAT3 signaling pathway. Although the level of PGD2 was high
in IF, polarization of M1 macrophages to the M2 phenotype was
not detected. Thus, PGE2 and PGI2 present in the IF could sus-
tain the immunosuppressive M2 phenotype of TM.
In steroid hormone production, the testis and adrenal gland are

established as the main producers of testosterone and glucocorticoids,
respectively. In this regard, it was surprising to find corticosterone
levels in IF significantly higher than in serum and ∼10-fold higher
than in the aqueous humor of the anterior chamber of the eye, which
is another immune privileged organ (43). Corticosterone modulates
the immune response by altering the phenotypes and functions of
many immune cells. Our study provides evidence that corticosterone
in IF is the principal factor that causes the polarization of M1
macrophages toward the M2 macrophage phenotype, a finding so-
lidified by application of GR antagonists. In addition to cortico-
sterone, PG (PGE2, PGI2) and testosterone may also exert minor
influences on the phenotype and function of TM.
The results of the ADX studies support the idea that the majority

of the corticosterone levels in the IF are primarily contributed by
the adrenal glands. However, corticosterone levels in IF in ADX
rats remained significantly higher than in serum. It appears,
therefore, that local production is responsible for the amounts of
corticosterone exceeding serum levels, probably by a concerted

respectively. Flow cytometric analysis was used to analyze the M1 (CD68+–CD1632) and M2 macrophage (CD68+–CD163+) populations. Contour plots are

representative of three independent experiments, and the histogram shows the summary of all the experiments. Data were obtained from three experiments

and presented as mean 6 SD. ***p , 0.001, ****p , 0.0001.

FIGURE 6. TM constitutively secrete corticosterone. (A) Levels of corticosterone were measured by ELISA in serum and IF of sham control (n = 6) and

adrenalectomized (ADX) rats (n = 5). Data are presented as the mean 6 SD. Student t test was employed for statistical analysis (***p , 0.001). (B) The

percentage of CD163+ in the CD68+ macrophage population was analyzed by flow cytometry in sham control (n = 6) and ADX rat testes (n = 5). (C) TM

were isolated from sham control and ADX rat testes, and treated with LPS (10 mg/ml) for 24 h. Secretion of IL-10 and TNF-a were analyzed by ELISA in

cell supernatants. Data are presented as the mean 6 SD. (D) Corticosterone levels were measured in conditioned medium of isolated testicular somatic

cells, namely LC, SC, PTC, and TM. All data are shown as mean6 SD of at least three independent experiments. The one-way ANOVA test was employed

for statistical analysis (**p , 0.01, ***p , 0.001).
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FIGURE 7. Corticosterone in IF suppresses inflammatory responses in macrophages. (A) 1 3 106 TM and PM were cultured in 12-well plates for 24 h.

Subsequently corticosterone levels were measured by ELISA in conditioned medium of TM and PM. All data are shown as mean 6 SD of at least three

independent experiments. Student t test was employed for statistical analysis (****p , 0.0001). (B) PM were cultured in TM-conditioned medium with or

without the presence of the glucocorticoid receptor antagonist RU486 for 24 h followed by treatment with LPS (1 mg/ml) for 6 h. Cell culture supernatants

were analyzed for secretion of TNF-a by ELISA. All data are shown as mean 6 SD of at least three independent experiments. The one-way ANOVA test

was employed for statistical analysis (*p , 0.05, ***p , 0.001). (C) Gene expression profile for chemokines (left) and ILs and corresponding receptors

(right) were determined by CodeLink Rat Whole Genome arrays in unstimulated TM and PM. The gene expression values are centered and scaled (mean of

all data points subtracted from each individual data point, then divided by the SD of all points) with red showing expression above mean and blue ex-

pression below mean. Data were obtained from two independent experiment (three rats TM and PM were pooled for one experimental group). (D) PM were

treated with corticosterone and RU486 as indicated in the figure for 24 h. Expression levels of inflammatory genes were analyzed by qRT-PCR. Results

were normalized to expression levels of b-microglobulin. Data were obtained from three different experiments and the Student t test was employed for

statistical analysis (*p , 0.05, **p , 0.01, ***p , 0.001).
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action of macrophages and LC, which are intricately linked by
specialized cellular connections. LC and TM express the 11b-
hydroxysteroid dehydrogenase 1 enzyme, which reduces 11-
dehydrocorticocosterone to the active hormone corticosterone in
rodents (data not shown). In ADX rats neither infiltration of im-
mune cells in the testis nor a change in the phenotype of TM was
observed. In addition, testicular weights remained unchanged in
both control and ADX animals (data not shown). This clearly
suggests that a drop in corticosterone levels did not polarize
macrophages from the M2 to the M1 phenotype and that as a
possible consequence spontaneous autoimmune orchitis—as char-
acterized by testicular weight reduction—was not elicited. This is in
accordance with previous studies, which also demonstrated that
spontaneous autoimmune orchitis did not develop in ADX animals
(44). In this regard, it needs to be noted that the ADX model in-
vestigates a putative polarization from M2 to M1, whereas our
in vitro studies look at the opposite. Therefore, we speculate that
chronic exposure to high levels of a combination of immunosup-
pressive molecules including corticosterone may irreversibly lock
macrophages in the M2 state, possibly by an epigenetic mechanism,
a means that cannot be reversed by reduction of corticosterone.
Although we have identified that corticosterone is the most potent
molecule present in the IF to determine the phenotype and function
of TM, other factors such as PGE2, PGI2, and testosterone are also
involved in maintaining the phenotype of TM, albeit to a lesser
degree. In this regard it is important that TM were identified as the
main local producers of locally synthesized corticosterone. Al-
though TM production of glucocorticoids occurs at moderate levels,
these findings suggest that corticosterone produced by TM acts in a
paracrine or autocrine manner to maintain the immunosuppressive
phenotype and function of TM. This possibly involves activation of
the GR, known to interact with proinflammatory transcription fac-
tors such as AP-1 and NF-kB, which in turn regulate the expression
of proinflammatory cytokines (45–47). In support, we found that TM
supernatant could inhibit the LPS-induced secretion of TNF-a in PM,
which normally express much higher levels of proinflammatory
cytokines compared with TM (4, 32). Therefore, low amounts of
corticosterone combined with testosterone, PGE2, and PGI2 could
preserve the M2 phenotype of TM in ADX rats. Hence, blocking
one of these molecules alone in vivo may not be sufficient to result
in a shift from the M2 to the M1 phenotype in TM.
In terms of their molecular mechanism of action in skewing

macrophages to the M2 phenotype, the mode of action of corti-
costerone and testosterone as well as PGE2 and PGI2 seems to be
distinct from each other. Testosterone and PGE2 inhibit NF-kB
activation by delaying the degradation of IkBa. In contrast, cor-
ticosterone does not influence the degradation of IkBa, however,
it can suppress the activation of NF-kB signaling further down-
stream by direct interaction of the GR with the NF-kB tran-
scription factor (45, 47). IL-10 exerts its anti-inflammatory
properties through the activation of the STAT3 signaling pathway.
In our study, corticosterone, testosterone, and PGE2 induced the
secretion of IL-10, but activation of STAT3 was not observed in
corticosterone polarized M2 macrophages. Together, this indicates
that different mechanisms are in place to determine how these
molecules exert polarization of macrophages, the details of which
need to be disentangled in future studies.
In summary, data obtained from this study support the hypothesis

that the testicular microenvironment establishes and sustains the
alternative immunosuppressive M2 macrophage phenotype of TM.
Our study provides evidence that PGE2, PGI2, testosterone, and
corticosterone are important immunoregulatory molecules present
in the IF with corticosterone playing a dominant role in shaping
the phenotype and function of TM.
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