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Editorial on the Research Topic

The immunology of the male genital tract
Research on organ-specific autoimmune disease generally covers both systemic and

local regulations. In contrast, studies on the testis are focused mainly on local

mechanisms. This is because of the general belief that haploid germ cell-specific

antigens (Ag) are sequestered within the seminiferous tubule (SFT) by the blood–testis

barrier (BTB) and do not communicate with the immune system and that the late

ontogeny of haploid germ cell Ag precludes neonatal tolerance induction. However, these

arguments are not evidence-based, and recent findings indicate they are not valid.

As observed by Harakal et al., Ag sequestration applies only to some sperm Ag. Other

haploid sperm Ag continuously egress the normal SFT. The physiological sperm Ag

lactate dehydrogenase 3 (LDH3) enters the residual body (RB), egresses into the testis

interstitial space, and forms immune complexes with circulating antibodies (Ab). LDH3

first egresses at postnatal week 5 when RB formation begins. Ag-specific systemic

tolerance to LDH3 is documented in male wild-type (WT) mice, but not in male

LDH3 -/- mice or Treg-depleted male WT mice. When Tregs are depleted from adult

mice expressing the transgenic Foxp3-diphtheria toxin receptor, they spontaneously

develop LDH3 Ab and severe autoimmune orchitis (AO), and both are preventable with

Treg from WT male donors. Therefore, the egress of the sperm Ag from the SFT beyond

the neonatal period is protected by Treg-dependent systemic tolerance. A similar

mechanism applies to autoantigens in mouse stomachs, ovaries, prostates, and lacrimal

glands (1–4). Although egress is documented herein only for LDH3, other investigators

detected numerous rodent and human sperm proteins in the testis interstitial fluid and

circulation via mass spectroscopy (5).

Normally sequestered sperm Ag are exemplified by the acrosomal zonadhesin

(ZAN). Although systemic tolerance for ZAN is undetected in normal mice, when

ZAN is exposed by unilateral vasectomy, it induces Ag-specific Treg-dependent tolerance

in 7 days. Thus, when unilaterally vasectomized mice are immunized with the brain Ag or

testis Ag, they develop an autoimmune disease in the brain but not in the testis. When
frontiersin.org
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unilaterally vasectomized mice are 60% Treg-depleted, they

develop ZAN Ab and severe bilateral AO.

The rapid Treg response to the exposed sequestered sperm

Ag resembles the response against microbial Ag, which may

reduce collateral tissue damage and enhance infection chronicity

(6). The newly appreciated sequel of murine vasectomy suggests

that should receive further investigation, and that vasectomy

should be avoided in rodent infection models. The fact that the

sequestered sperm Ag are protected by Treg-dependent

tolerance also raises new questions regarding the high

immunogenicity of the “foreign” cancer/testis Ag (7) and

whether vasectomy can lead to a predisposition to neoplasia.

Lustig et al. reviewed the overall functional anatomy of the

testis and described the cells located in the testis interstitial

space. They also describe in detail local mechanisms that operate

in rat experimental AO (EAO). First, indoleamine 2,3-

dioxygenase (IDO) produced by Sertoli cells and other cell

types. The essential amino acid trytophan is deprived by IDO,

and it leads to the production of kynurenine. Second, the

cytokines IL6 and TNFa disrupt the BTB integrity and expose

sperm Ag. Third, the dendritic cells (DC) present testis Ag to T

cells and include Treg in draining the lymph node (LN). (8).

Fourth, Treg spreads in the testis and regional LN during EAO,

but they do not suppress T-cell response. Fifth, the activins

promote fibrosis. Sixth, the testis macrophages increase.

The study from Bhushan et al. details the macrophages in two

unique locations. Those in close contact with Leydig cells are yolk

sac-derived and they self-renew. They are essential for Leydig cell

function, including steroidogenesis that maintains BTB integrity,

the hypothalamic–pituitary–gonadal axis, and spermatogenesis.

Moreover, the macrophages co-localized with the spermatogonia

are BM-derived and renewed from blood, and they support pre-

meiotic germ cell development. The peri-tubular macrophages

may also process and present endogenous and exogenous Ag to

Ag-specific T cells locally and in the regional LN. The M2

macrophages in a normal testis express high levels of CD163

and IL10 and minimal levels of nitric acid and TNFa. They
stimulate a Treg response and maintain local and systemic

tolerance for testis Ag. However, when the testis is inflamed

from AO, infections, or LPS exposure, the macrophages switch

from M2 to M1. M1 macrophages are major histocompatibility

complex class II+ (MHC Class II+), and they produce

proinflammatory cytokines (TNFa and IL6) and chemokines. A

new in vitro study by Fan et al. on the small Ca2+ binding protein

S100A9 documented its effect on the immunosuppressive

property of M2 macrophages. The process requires the

activation of the P13kt pathway; and S100A9 and/or P13K

inhibitors prevent the activation of M2 macrophages in vitro.

The immunology of the epididymis is quite different from

the immunology of the testis, as described by Pleuger et al.

and Zhao et al. Importantly, the proximal caput epididymis is

structurally and functionally distinct from the distal cauda

epididymis. The caput has a complex epithelial lining with
Frontiers in Immunology
6

intraepithelial lymphocytes surrounded by a network of

dendritic cells and F4/80+ and CD11c+ macrophages. The

latter projects cytoplasmic processes into the lumen to

contact intraluminal cell contents (9). Interestingly, the

caput lumen is the location where most cytoplasmic

droplets (CD) are discarded by the epididymal sperm.

Because CD shares a common origin with the RB, the caput

is potentially a location of sperm Ag exposure. Two

regulatory pathways are documented in the caput. The first

is TGFb (10). Mice deficient in dendritic cell-specific TGFb
receptor 2 spontaneously develop epididymitis and sperm Ab

and accumulate Treg in the epididymis and testis. The second

is IDO, activated by activin A, and is expressed in the caput

(11). Mice deficient in IDO express pro-inflammatory

cytokines and show epididymitis and abnormal sperm

contents. In contrast, the cauda epididymis is lined by a

simple epithelium, and it is more responsive to mechanical

injury (vasectomy) and bacterial infections. The caudal

interstitial macrophages express NFkB and toll-l ike

receptors, mount innate responses against infectious agents,

and are prone to granulomata and fibrosis.

The findings in this review suggest future directions for

exploration that may better clarify the nature of human gonadal

diseases. Said findings include how an autoimmune disease

develops as well as what and how testis autoantigens are

selected based on different mechanisms of autoimmunity,

including those driven by infection. Future studies will benefit

from active collaboration between research on local and

systemic mechanisms.
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Influence of Experimental
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Experimental autoimmune prostatitis (EAP) is a well-established model induced by
an autoimmune response to prostate antigen. The symptomatic, pathological, and
immunological characteristics of EAP animals are highly consistent with human chronic
prostatitis/chronic pelvic pain syndrome (CP/CPPS), which makes EAP an ideal model
for this disease. Here, we investigate the influence of EAP on male rat sexual function
and the efficacy of anti-inflammatory therapy with celecoxib. EAP rat models were
established using male Wistar rats. Rats were randomly assigned to a normal control
group, an EAP model group, or an EAP model with celecoxib treatment group (celecoxib
group). Behavioral changes, sexual behavioral changes, and erectile function were
estimated using an open-field test, a sucrose consumption test, mating experiments,
and by intracavernous pressure/mean arterial pressure ratio (ICP/MAP). Histological
changes in the prostate were observed by HE staining, and the serum inflammatory
factors IL-1β and TNF-α levels were measured by enzyme-linked immunosorbent assay.
In addition, serotonin (5-hydroxytryptamine, 5-HT), 5-HT1A receptor, 5-HT2C receptor,
and serotonin transporter (SERT) expression levels in the hippocampus and spinal cord
(T13–L1, L5–S2) were examined by immunohistochemistry and western blot analysis.
Results showed that EAP rats exhibited characteristics of depression, decreased sexual
drive, premature ejaculation, and increased threshold of penile erection. Moreover, all
these changes were effectively alleviated by celecoxib. Significant increases in prostatic
interstitial infiltration by inflammatory cells and in serum IL-1β and TNF-α levels were
observed in EAP rats, and these were partially reduced by celecoxib. Additionally, the
expression pattern of serotonin system regulators in the hippocampus and spinal cord
were altered in EAP model rats, including a decrease in 5-HT levels and an increase
in 5-HT1A receptor levels. In conclusion, autoimmune prostatitis impaired rat sexual
function, and this was effectively prevented by anti-inflammatory therapy with celecoxib.
Moreover, a serotonin system disorder in the central nervous system was likely mediated
via inflammation in EAP rats.

Keywords: experimental autoimmune prostatitis, chronic prostatitis/chronic pelvic pain (CP/CPP) syndrome,
sexual dysfunction, depression, celecoxib, serotonin
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INTRODUCTION

Chronic prostatitis/chronic pelvic pain syndrome (CP/CPPS)
is an inflammatory disease affecting around 8.2% of the male
population throughout the world (1). Common complications
of CP/CPPS patients include sexual dysfunction and anxiety-
related disorders (2, 3), as confirmed in our previous study
(4). In our single-center study, the incidences of premature
ejaculation (PE) and erectile dysfunction (ED) in CP/CPPS
patients were about 45.3 and 47.4%, respectively (4), while
the prevalence of PE was reported up to 64.1 and 36.9% in
prostatitis-like symptom and chronic prostatitis group from
another epidemiological investigation (5). According to a
previous study (6), the incidence of anxiety-related disorders
was reported to be 37–60%, including but not limited to
depression, anxiety, and trauma-related disorders. Moreover,
anxiety-related disorders comprised the highest risk factors for
sexual dysfunction in CP/CPPS based on our data (4). However,
the relationship among CP/CPPS, anxiety-related disorders, and
sexual dysfunction was difficult to clarify because of the various
confounding factors.

The cellular and molecular mechanisms underlying CP/CPPS
remain largely unknown. Bacterial infection, urine reflux,
autoimmune response, neuroendocrine disorder, and anxiety-
related factors have been reported to associate with CP/CPPS
(7). Based on the theory that immunopathogenic mechanisms
(8) are involved, an experimental autoimmune prostatitis
(EAP) animal model was established in rodents by generating
an autoimmune response to various antigens, including
an homogenate of male accessory glands (MAG) (9) or
prostate (10), human prostate acid phosphatase (PAP) (11),
prostate steroid binding protein (PSPB) (12), and peptide T2
(13). EAP rat is characterized by a prostate-specific cellular
and humoral immune response with active inflammatory
monocyte infiltration (14). In addition, the rodent model is
associated with signs of chronic pelvic pain (15). Since the
symptomatic, pathological, and immunological characteristics
of the EAP model are highly consistent with human CP/CPPS,
EAP rat is an ideal model to investigate effects related to
prostate inflammation.

Celecoxib is a non-steroidal anti-inflammatory drug (NSAID)
that reduces the production of prostaglandin by specifically
inhibiting cyclooxygenase-2 (COX-2), thus producing anti-
inflammatory and analgesic effects (16). Several clinical studies
have reported that anti-inflammatory therapy with celecoxib
alleviated the symptoms of CP/CPPS (17, 18). Also it’s
noteworthy that celecoxib was reported to benefit the treatment
of depression (19, 20). As an important central neurotransmitter,
serotonin (5-HT) is closely related to premature ejaculation and
depression (21), which are both manifested in CP/CPPS patients.
In clinical practice, selective serotonin reuptake inhibitors
(SSRIs) are widely used to treat PE through the inhibition of
reabsorption of serotonin in the synaptic gap (22). Thus, the
association between inflammation and the serotonin system may
be a factor of interest in these investigations.

In the present study, we report that autoimmune prostatitis
caused depression-like behavior and impairment of sexual

function in the EAP rat model. In addition, the expression
patterns of serotonin system regulators in the central nervous
system and serum inflammatory factors were altered in EAP
rat, and these changes could be prevented by anti-inflammatory
therapy with celecoxib.

MATERIALS AND METHODS

Experimental Animals
Specific pathogen-free (SPF) Wistar rats were procured from
the experimental animal center of Sun Yat-sen University
(Guangzhou, China). Rats were housed in an SPF environment
in a standard housing room under controlled temperature (15–
25◦C), relative humidity (50–70%), and artificial light (12 h
light/dark cycle), and were provided free access to food and water.
All animal protocols were approved by the ethics committee
of The First Affiliated Hospital of Sun Yat-sen University
(Guangzhou, China).

Animal Model and Study Design
Adult male Wistar rats (3 months old, weighing 250–300 g)
were randomly divided into EAP model group (n = 16),
normal control group (n = 10), and EAP model with celecoxib
treatment group (celecoxib group) (n = 10). In addition, prostate
protein was extracted from another 18 adult male rats. The
EAP rat model was established in the EAP model group
and celecoxib group following a modified classical modeling
method of two-step immunization (9). Briefly, prostates excised
from Wistar rats were homogenized in 0.5% Triton X-100
(Sigma, Aldrich, United States) with an electric homogenizer
(HZYBDJ, Hangzhou, China). Prostate protein extract was
obtained by centrifugation (12,000 g, 30 min) of prostate
homogenate and used as antigen. The protein concentration of
the supernatant was determined using a BCA Protein Assay
Kit (Cwbiotech, Beijing, China), and the supernatant was then
diluted to 40 mg/mL. To generate the EAP model, a 1 mL
suspension of prostate protein extract (20 mg) and complete
Freund’s adjuvant (0.5 mL, Sigma, Aldrich, United States) was
injected subcutaneously on day 0, and a 1 mL suspension
of prostate protein extract (20 mg) and incomplete Freund’s
adjuvant (0.5 mL, Sigma, Aldrich, United States) was injected
on day 21 again. In the normal control group, 1 mL of
0.15 M saline was injected subcutaneously. On the day of
model establishment, celecoxib (Pfizer Inc., New York, NY,
United States) was administered in the celecoxib treatment
group by gavage (18 mg/kg/day). In the model group and
the normal control group, 0.15 M saline was administered by
gavage (0.1 mL/kg/day).

Open-Field Test
Rats were tested in a self-made square box (80 cm by 80 cm; by
40 cm in height) painted black on the inside. The box bottom was
divided into 25 small squares. At the start, the rat was positioned
in the central square, and all movements within the next 5 min
were recorded by camera. The number of squares that all four
limbs of the rat had entered during exploration was taken as a
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score of horizontal movement. The number of times the rats’
forelegs lifted off the bottom or climbed the wall of the box was
taken as a score of vertical movement. The tests were repeated
twice by two researchers who were blinded to the grouping of
rats, and an average value was taken as the final score. Each rat
was tested before model establishment and 8 weeks after.

Sucrose Consumption Experiment
The Sucrose consumption experiment was performed according
to previously published protocols (23). Prior to the start of
the experiment, the rats were behaviorally adapted to drinking
1% sucrose water for 2 days. For the first 24 h, two bottles
containing 1% sucrose water were placed in each cage. For the
second 24 h, one bottle was filled with 1% sucrose water, and
the other bottle with pure water. After 24 h water deprivation,
each rat was given one bottle filled with 1% sucrose water and
one bottle filled with pure water. The total liquid consumption
and sucrose water consumption of each rat was determined 1 h
later. The sucrose water preference was calculated as follows:
Sucrose water preference = [(sucrose water consumption/total
liquid consumption) × 100%]. Each rat was tested before model
establishment and 8 weeks after.

Mating Experiment
For mating experiments, 36 adult female Wistar rats (3 months
old, weighing 220–240 g) were castrated by bilateral ovariectomy
following anesthesia by intraperitoneal injection of pentobarbital
sodium (35 mg/kg). Two weeks after the procedure, estrus was
induced in castrated female rats at 48 and 4 h prior to mating.
Estrus was induced by subcutaneous injection of 20 µg estradiol
benzoate (Kingyork, Tianjin, China) and 500 µg progesterone
(Kingyork, Tianjin, China) dissolved in 0.1 mL olive oil. The
mating experiment was conducted between 19:00 and 21:00.
Each male rat was carefully placed into the observation cage
for 10 min of adaptation. An estrous female rat was then
carefully transferred into the cage. The mating behaviors over
30 min were observed and recorded by camera. The following
parameters were evaluated: (i) Mount latency (ML), the time
interval between the beginning of the test and the first time that
the male rat mounts the female rat, with or without intromission;
(ii) Intromission latency (IL), the time interval between the
beginning of the test and the first time that the male rat
intromits; (iii) Ejaculation latency (EL), the time interval between
the first intromission and ejaculation; (iv) Mount Frequency
(MF), a count of mount behaviors in 30 min; (v) Intromission
frequency (IF), a counts of intromission behaviors in 30 min;
(vi) Ejaculation Frequency (EF), a count of ejaculation in 30 min;
(vii) Postejaculatory interval (PEI), the time interval between two
successive ejaculations.

Intracavernous Pressure (ICP) and Mean
Arterial Pressure (MAP) Measurement
Anesthesia was performed by intraperitoneal injection of
pentobarbital sodium (35 mg/kg). The left common carotid
artery was exposed by a median cervical incision and a PE-
50 catheter connected to a pressure transducer was inserted for
continuous MAP measurement. Crus penis and cavernous nerve

(CN) were exposed by a lower abdominal incision. A bipolar
electrode engaged the right CN with electrical stimulation (20 Hz,
5 V, 0.2 ms pulse duration) for 1 min. A 23G needle connected to
a pressure transducer was inserted into either corpus cavernosum
through the crus penis for ICP measurement. After 5 min,
the electrical stimulation and measurement were repeated. To
eliminate the interference of blood pressure, ICP/MAP was
adopted to assess erectile function.

HE Staining of Prostate
After measuring ICP and MAP, the rat’s prostate was harvested,
washed with 0.15 M saline, fixed in 4% paraformaldehyde, and
embedded in paraffin at 4◦C overnight. Serial 4 µm thick sections
were stained with hematoxylin and eosin (HE). After HE staining,
pathological changes of the prostatic tissue in each group were
observed under light microscopy (Olympus, Japan).

Serum TNF-α and IL-1β Enzyme-Linked
Immunosorbent Assay (ELISA)
Blood samples were collected before rat sacrifice and centrifuged
(3,000 g, 15 min, 4◦C) to obtain serum. Serum was stored
at −70◦C until assayed. TNF-α and IL-1β were analyzed by
ELISA kits (R&D Systems, Minneapolis, MN, United States)
according to manufacturer’s protocols. Serum TNF-α and IL-1β

levels were determined following measurement of absorbance at
450 nm using a Bio-Rad microplate reader (Bio-Rad, Hercules,
CA, United States).

Immunohistochemistry (IHC)
The expression levels of 5-HT, 5-HT1A receptor, 5-HT2C receptor,
and SERT in the central nervous system were analyzed by IHC
as follows. Brain and spinal cord (T13–L1 and L5–S2) tissues
were harvested and fixed with 4% paraformaldehyde, dehydrated
with ethanol and graded concentrations of xylene, and finally
embedded in paraffin. The paraffinized tissues were then stored
in liquid nitrogen until further processing. Sections of 4 µm
thickness were blocked by BSA (Santa Cruz, CA, United States)
for 1 h at room temperature, and then incubated overnight with
primary antibodies against 5-HT (ab10385, Abcam, Cambridge,
United Kingdom, 1:200), 5-HT1A receptor (sc-10801, Santa Cruz,
CA, United States, 1:200), 5-HT2C receptor (sc-10802, Santa
Cruz, CA, United States, 1:200), and SERT (sc-13997, Santa
Cruz, CA, United States, 1:200) at 4◦C. The sections were then
washed and incubated with secondary antibodies and visualized
using a DAB kit (K5007, DAKO, Glostrup, Denmark) according
to manufacturer’s protocols. Images were obtained using an
LSM800 or LSM 710 confocal microscope (Zeiss, Heidenheim,
Germany). For quantitative analysis, the results were presented as
integrated optical density (IOD) using Image-Pro Plus 6.0 (Media
Cybernetics, United States).

Western Blot
The expression levels of 5-HT, 5-HT1A receptor, 5-HT2C
receptor, and SERT in the central nervous system were
analyzed by western blot as follows. Brain and spinal cord
(T13–L1 and L5–S2) tissues were lysed in 1 × RIPA buffer
(Servicebio, Wuhan, China) to extract total protein. Total
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protein concentrations were determined using the BCA Protein
Assay Kit (Cwbiotech, Beijing, China). A standardized western
blotting protocol was adopted. Briefly, 10–20 µg of protein
per channel was separated through 10% SDS-PAGE and then
transferred to polyvinylidene difluoride (PVDF) membranes
(Millipore, Billerica, MA, United States). After blocking with
BSA (Roche, Basel, Switzerland) for 1 h, membranes were
incubated with primary antibodies against 5-HT (ab10385,
Abcam, Cambridge, United Kingdom, 1:1000), 5-HT1A receptor
(sc-10801, Santa Cruz, CA, United States, 1:1000), 5-HT2C
receptor (sc-10802, Santa Cruz, CA, United States, 1:1000),
and SERT (sc-13997, Santa Cruz, CA, United States, 1:1000)
at 4◦C overnight. The membranes were washed, incubated
with secondary antibody, and visualized using the DAB Kit
(Servicebio, Wuhan, China) according to the manufacturer’s
protocols. Specific bands were detected using a Gel Imaging
System (Nikon, Japan). Gray values were quantified using
Image-Pro Plus 6.0 (Media Cybernetics, United States) using
β-actin as a control.

Statistical Analyses
SPSS 19.0 statistical software (SPSS Inc., Chicago, IL,
United States) was used for statistical analyses. The data
are presented as mean ± SD and comparisons between groups
were performed using one-way ANOVA. A result with P < 0.05
was considered statistically significant.

RESULTS

Depression-Like Behaviors in EAP Rats
Behavioral changes were evaluated using the open-field test and
the sucrose consumption test. EAP model rats exhibit typical
depressive behaviors; thus, exploratory activity and sucrose water
preference were reduced (Figure 1). These behaviors could be
rescued by celecoxib treatment. Before model establishment,
all rats exhibited normal active behaviors, and no significant
difference in horizontal movement score, vertical movement
score, or sucrose water preference was observed between the
three groups (P > 0.05). However, 8 weeks after establishment
of the EAP rat model, horizontal movement score (Figure 1A),
vertical movement score (Figure 1B), and sucrose water
preference (Figure 1C) were significantly reduced compared with
the same rats before modeling (P < 0.001) or with the rats
in the normal control and celecoxib groups (P < 0.001). No
significant behavioral change was observed in the celecoxib or
normal control groups during the study period (P > 0.05), and
no difference was observed between the celecoxib group and the
normal control group.

Sexual Behavior Changes and Erectile
Function of EAP Rats
The sexual behavior and erectile function of rats in all
three groups were analyzed. While sexual behavior changes

FIGURE 1 | Results of the open-field test and sucrose consumption test for all three rat groups. Horizontal movement score (A), vertical movement score (B), and
sucrose water preference (C) of EAP rats were reduced compared with the same rats before modeling or with the rats in the normal control and celecoxib groups.
MP < 0.001 compared with the normal control group; *P < 0.001 compared with rats from the same group before establishment of the model; NC, Normal Control
Group.

TABLE 1 | Sexual behavior parameters of rats in different groups.

Parameters EAP (n = 12) NC (n = 10) Celecoxib (n = 10) F-value P-value

Mount latency (ML) (s) 169.3 ± 52.9 117.0 ± 23.0** 124.2 ± 22.9** 6.489 0.005

Intromission latency (IL) (s) 180.8 ± 51.8 127.2 ± 21.7** 134.1 ± 22.0** 7.272 0.003

ejaculation latency (EL) (s) 192.5 ± 64.5 323.0 ± 80.0*** 294.2 ± 85.5** 9.016 0.001

Postejaculatory interval (PEI) (s) 648.3 ± 140.5 391.0 ± 71.8*** 388.0 ± 73.8*** 23.308 0

Mount frequency (MF) 22.2 ± 3.7 30.4 ± 5.8** 31.5 ± 5.9*** 11.002 0

Intromission frequency (IF) 15.9 ± 3.8 22.8 ± 4.9** 22.6 ± 4.0** 9.649 0.001

Ejaculation frequency (EF) 1.6 ± 0.5 2.2 ± 0.4* 2.2 ± 0.6* 5.095 0.013

*P < 0.05, **P < 0.01, ***P < 0.001 compared with EAP group.
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FIGURE 2 | Autoimmune prostatitis impaired rat sexual function. Mount latency (ML) was increased in EAP rats compared with celecoxib group and normal control
group rats (A). In addition, intromission latency (IL) was elongated (B), and Ejaculation latency (EL) and postejaculatory interval (PEI) were shortened (C,D) in EAP
rats. Mount frequency (MF), intromission frequency (IF), and ejaculation frequency (EF) were all reduced (E–G). No significant differences between the celecoxib
group and the normal control group were observed. The representative ICP/MAP of the rats in all three groups were all above 0.70 (H). *P < 0.05, **P < 0.01,
***P < 0.001 compared with EAP group.

were observed in EAP rats when compared with the normal
control group, no such changes were observed in the celecoxib
group (Table 1 and Figures 2A–G). Mount frequency (MF),

intromission frequency (IF), and ejaculation frequency (EF) were
all significantly reduced in EAP rats compared with the celecoxib
and normal control groups (P < 0.05) (Figures 2E–G), and
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FIGURE 3 | Inflammatory changes of prostate and increased serum IL-1β in EAP rats. Representative inflammatory changes in the prostate gland (HE staining) in
EAP rats are shown (A); TNF-α and IL-1β levels were increased in EAP group rats compared with the normal control (NC) group (B). **P < 0.01 compared with EAP
group. Scale bar = 25 µm.

mount latency (ML) was increased (P < 0.05) (Figure 2A).
Moreover, intromission latency (IL) and postejaculatory interval
(PEI) were increased in EAP rats (Figures 2B,D), while
ejaculation latency (EL) was reduced (Figure 2C). No significant
difference in any of the variables was observed between the
celecoxib group and the normal control group (P > 0.05).
The ICP/MAP were normal (above 0.70) in all three groups
(Figure 2H), and no significant difference was observed between
any two groups (P > 0.05).

Inflammatory Changes of Prostate and
Increased Serum IL-1β in EAP Rats
To evaluate prostate and systemic inflammatory effects,
histological examinations of rat prostate glands were performed
and serum IL-1β and TNF-α concentrations were investigated.
Characteristic inflammatory changes in the prostate gland
were observed in 12 (out of 16) EAP group rats (Figure 3A).
The lumens of these prostate glands were irregular in shape,
secretions in the glandular cavity were scattered unevenly,
the glandular epithelium showed segmental necrosis, and a
large number of inflammatory cells had infiltrated into the
interstitium. In the other 4 EAP group rats, HE staining showed
normal morphology; this was adjudged to be due to the failure
of modeling, and the data from these four rats were removed in
all subsequent statistical analyses. In addition, serum IL-1β and
TNF-α were both significantly increased compared with normal
control group levels (P < 0.01) (Figure 3B). A comparison of
celecoxib group and EAP group rats revealed that celecoxib
treatment reduced infiltration of inflammatory cells and lowered
serum IL-1β and TNF-α levels (Figure 3B); however, the
observed reduction in TNF-α was not statistically significant. No

significant differences were observed between celecoxib group
and normal control group rats (P > 0.05) (Figure 3B).

Expression of 5-HT System Regulators
Was Altered in Hippocampus of EAP
Rats
To investigate changes in the 5-HT system in the hippocampus
related to depression, the expression levels of 5-HT, 5-HT1A
receptor, 5-HT2C receptor, and SERT in rat hippocampus
were evaluated by immunohistochemistry and western blot
analysis (Figure 4). In the EAP group, 5-HT expression in
rat hippocampus was significantly decreased compared with
the normal control group (P < 0.05) and celecoxib group
(P < 0.05) rats (Figures 4B,C). In contrast, 5-HT1A, 5-HT2C,
and SERT expression were all significantly increased (P < 0.05)
(Figures 4B,C). No significant differences were observed between
celecoxib group and normal control group rats. The western
blot analyses were consistent with the results of quantitative
analysis with IHC.

Expression of 5-HT System Regulators
Was Altered in Spinal Cord (T13-L1,
L5–S2) of EAP Rats
We also investigated changes in the 5-HT system in spinal
segments controlling prostate sensation (Figures 5, 6).
Expression of 5-HT was significantly decreased in T13–L1
spinal cord segments in EAP rats and expression of 5-HT1A
receptor was increased compared with normal control group
(P < 0.05) and celecoxib group (P < 0.05) rats (Figures 5B,C).
Again, expression levels in celecoxib group rats were restored to
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FIGURE 4 | Expression levels of 5-HT, 5-HT1A, 5-HT2C receptor, and SERT in rat hippocampus. In the EAP group (EAP), 5-HT was significantly decreased
compared with the normal control group (NC) and celecoxib group (celecoxib), while 5-HT1A, 5-HT2C, and SERT were significantly increased (B). Result were verified
by IHC (A) and western blot (C). *P < 0.05, **P < 0.01, ***P < 0.001 compared with EAP group. Scale bar = 25 µm.

similar levels as observed in normal control group rats. In L5–S2
segments of the spinal cord, 5-HT expression decreased, while
5-HT1A, 5-HT2C, and SERT expression levels increased in the
EAP group, compared with the normal control group (Figure 6).
In the celecoxib group, HT1A and SERT expression levels were
reduced compared with the EAP group (Figures 6B,C). However,
no significant differences in 5-HT and 5-HT2C expression levels
were observed between the celecoxib group and the EAP group.
Furthermore, no significant differences were observed between
the celecoxib group and normal control group rats. Similar
results were obtained from IHC and western blot. The expression
levels of serotonin regulators in the central nervous system
of EAP rat are compared with those of normal control group
rats in Table 2.

DISCUSSION

Chronic prostatitis/chronic pelvic pain syndrome is a
multifactorial disease. Therefore, it is difficult to recapitulate
all the characteristics of CP/CPPS in a single animal model.
Animal models of CP/CPPS commonly used include the EAP
model (14), spontaneous prostatitis model (24), hormone and
castration induced model (25), urine reflux model (26), and
the chemically induced model (27). In each of these models,
a specific trigger causes inflammation in the prostate via a
non-bacterial route. This commonality confirms the central role
of inflammation during the process of CP/CPPS initiation and
development. Evidence supporting the association of CP/CPPS
with autoimmunity is increasing, and includes the detection of
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FIGURE 5 | Expression levels of 5-HT, 5-HT1A, 5-HT2C receptor, and SERT in rat T13–L1 segments of spinal cord. 5-HT levels were decreased and 5-HT1A receptor
levels were increased in the EAP group (EAP) compared with the normal control group (NC) and celecoxib group (celecoxib) (B). Results were verified by IHC (A) and
western blot (C). *P < 0.05, **P < 0.01, ***P < 0.001 compared with EAP group. Scale bar = 25 µm.

prostate antigen specific T lymphocytes in CP/CPPS patients
(28). No obvious signs of infection were found in most of the
CP/CPPS patients with increased semen leukocytes (29).

It may be concluded that EAP provides an ideal animal model
of CP/CPPS. The EAP model is characterized by prostate specific
inflammation, good stability, and long-term maintenance (30).
Nonetheless, the success rate of EAP model establishment varies
according to method and rodent animal used. In the present
study, we constructed EAP model rats with a success rate of 75%
(12/16). Although the success rate in establishing EAP mouse
models can reach 100%, by using the rat model, intromission
and ejaculation can be clearly observed. Additionally, the
average ejaculation latencies of rat and human are more similar
(about 5 min), although there are, of course, large individual

differences both in human and rats (21). The characteristic
inflammatory changes in the prostate demonstrated in our model
provide a basis for the study of behavioral changes, sexual
behavioral changes, and erectile function in our animal model
of CP/CPPS, and for investigating the anti-inflammatory therapy
efficacy of celecoxib.

The high risk of depression associated with CP/CPPS was
confirmed in a clinical study and in EAP mice (6, 31).
The depressive state of animals is mainly manifested by a
decrease in overall activity, reduced social communication
activities, reduced exploratory activities, and defects in aggression
and pleasure sensation (23, 32). In our present study, the
depressive behavior pattern observed in EAP rat was relieved by
celecoxib treatment.
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FIGURE 6 | Expression levels of 5-HT, 5-HT1A, 5-HT2C receptor, and SERT in rat L5–S2 segments of spinal cord. 5-HT levels were significantly decreased
compared with normal control group (NC), while 5-HT1A, 5-HT2C, and SERT levels were significantly increased (B). Result were verified by IHC (A) and western blot
(C). *P < 0.05, **P < 0.01, ***P < 0.001 compared with EAP group. Scale bar = 25 µm.

TABLE 2 | Serotonin regulators changes in EAP group compared to
normal control group.

Regulators Hippocampus T13-L1 L5-S2

5-HT L L L

5-HT1A H H H

5-HT2C H N N

SERT H N H

L, lower than normal control group; H, higher than normal control group; N, No
statistical significance.

Sexual dysfunction is common in CP/CPPS patients. However,
sexual dysfunction in the EAP rat model has not been
previously confirmed. In the current study, we report impaired
sexual function in EAP rats, confirming that this is an ideal
model to study CP/CPPS related sexual dysfunction. In mating

experiments, reduced MF, IF, and EF, and elongated ML,
all reflect a decline in sexual drive. Moreover, a shortened
EL implied a reduced ejaculation threshold (or a condition
with premature ejaculation), while elongated IL and shortened
PEI indicated increased threshold of erection (33). Following
anti-inflammatory treatment in the celecoxib group, all these
parameters of sexual behavior were rescued to normal levels. This
result provides further evidence that autoimmune inflammation
is a critical factor in the pathological mechanisms underlying
CP/CPPS. To our surprise, the ICP/MAP under electrical
stimulation of CN showed no significant change, which may
indicate that no apparent organic lesion was caused in
EAP rats. However, under an electrical stimulation condition,
we were not able to assess the erectile function of rats
in the natural state. And it should be noted that male
rats as well as many other mammals have a baculum
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in the penis (34) which limit a rigorous assessment of
erectile function.

Anti-inflammatory therapy using steroidal or non-steroidal
anti-inflammatory drugs has been validated for the treatment
of CP/CPPS. A meta-analysis has provided evidence that
patients receiving anti-inflammatory treatment alone were 80%
more likely to have favorable responses than patients receiving
placebo. Moreover, α-blockers combined with anti-inflammatory
treatment were associated with significantly better pain scores
than placebo (18). In clinical practice, celecoxib has already been
employed in the treatment of CP/CPPS, although the therapeutic
effect faded 2 weeks after the end of treatment (17). The
underlying mechanisms associated with prostate inflammation
and anti-inflammation activity remain unclear. Several studies
have shown that the proinflammatory factors TNF-α and IL-
1β were increased in prostatic fluid, seminal plasma, or serum
of CP/CPPS patients (35–37). Here, we detected significantly
higher serum IL-1β and TNF-α levels in EAP rats compared
with normal rats. In a comparison between the celecoxib and
EAP groups, while IL-1β levels were significantly decreased in
the celecoxib group, an observed decrease in TNF-α levels was
not significant. These results demonstrate the anti-inflammatory
efficacy of celecoxib and indicate that proinflammatory factors
such as IL-1β are involved in CP/CPPS.

The serotonin system plays an important role in the
occurrence of depression and male sexual dysfunction. However,
studies researching the role of the serotonin system in sexual
dysfunction are very limited. It has previously been suggested that
low brain 5-HT levels (and 5-HT1A receptor and 5-HT2C receptor
levels) were related to the pathogenesis of depression, though the
conclusions are controversial (38). Increased serotonin levels in
the central nervous system elevate the ejaculatory threshold (21,
22). However, 5-HT1A receptors and 5-HT2C receptors may play
opposing biological roles in ejaculation. While 5-HT1A receptors
reduced ejaculation threshold, shortened ejaculation latency, and
accelerated ejaculation, 5-HT2C receptors delayed ejaculation
(21). In addition, SERTs on the presynaptic membrane function
by reabsorbing 5-HT, reducing the concentration of 5-HT in the
synaptic gap, so as to increase ejaculation threshold and delay
ejaculation (39). Based on these findings, we investigated the
possible association between proinflammatory factors and the 5-
HT system. Interestingly, the expression pattern of 5-HT system
regulators was significantly altered in EAP rats. 5-HT expression
levels were decreased and 5-HT1A receptors expression levels
were increased in the hippocampus and spinal cord (T13–L1
and L5–S2), and this may contribute to the depression-like
behavior and PE. It is interesting to note that 5-HT1A receptors
are mainly distributed in the dorsal horn of the spinal cord
and their expression can be upregulated by pain (40). Thus,
pelvic pain in the EAP rat may attribute to the increased 5-
HT1A receptor expression in T13–L1 and L5–S2 segments, which
are the segments of spinal cord controlling prostate sensation.
Additionally, current evidence shows that depressive symptoms
can be improved by administration of celecoxib in rats (19) as
well as in humans (20), suggesting that celecoxib might relieve
sexual dysfunction by psychological improvement exclusively, or
combined with relief in prostate symptoms.

According to present understanding, proinflammatory
cytokines can reduce 5-HT expression levels in the central
nervous system in various ways (41): (i) an increase in
proinflammatory cytokine levels leads to hyperactivity of the
hypothalamic–pituitary–adrenal (HPA) axis, which stimulates
the secretion of corticotropin releasing hormone (CRH) by
paraventricular nuclei (PVN). CRH can reduce 5-HT release
by acting on CRH receptors distributed in the limbic system
(hippocampus, amygdala) and other parts of the brain; (ii)
activation of indoleamine 2,3-dioxygenase (IDO) can be induced
by NF-κB and p38 MAPK pathways. IDO can enhance the
metabolism of tryptophan, a 5-HT precursor, and thus reduce
the synthesis of 5-HT; (iii) the expression and activity of SERT
can be up-regulated through the p38 MAPK pathway, which
is activated by TNF-α and IL-1β. Uptake of 5-HT is promoted
by SERT, and the level of 5-HT is lowered (42). Our findings
support our preliminary hypotheses that inflammation can cause
depression and sexual dysfunction via the serotonin system,
and that this can be relieved by celecoxib via suppression of
inflammatory factors. However, we acknowledge the limitations
that the local levels of IL-1β and TNF-α in prostate were
not assessed, and that other inflammatory factors related to
CP/CPPS were not included in the present study. Moreover,
the possible roles of the signal pathways mentioned above
have not been elucidated. Therefore, more detailed studies are
needed to understand the molecular mechanisms pertaining to
inflammation and the 5-HT system.

In summary, our study provides a new insight into the
mechanism of CP/CPPS in EAP rats. We demonstrate that
autoimmune prostatitis can cause sexual function and depression
in this rat model. And a serotonin system disorder in the
central nervous system was likely mediated via inflammation
in EAP rats. Moreover, we show that anti-inflammatory
therapy with celecoxib was effective in relieving CP/CPPS
characteristics in EAP rats.
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Background: A complex interplay between different cell types in the epithelium leads to
activation of the luminal acidifying capacity of the epididymis, a process that is crucial for
sperm maturation and storage. Basal cells sense the luminal angiotensin II (ANG II) and
stimulate proton secretion in clear cells through nitric oxide (NO). Our previous study has
shown the chemokine regulated upon activation normal T-cell expressed and secreted
(RANTES) was expressed in the F4/80 positive macrophages of human epididymis.
The objective of this study was to explore the involvement of RANTES in regulating the
luminal acidification in the rat epididymis.

Methods: The role of RANTES was investigated by in vivo perfusion with recombinant
RANTES, Met-RANTES, and PBS of different pH values. Furthermore, rats vasectomy
was performed to alter the epididymal luminal pH. RIA was used to measure the
tissue homogenate ANG II concentration. Real time-PCR and western blot were
employed to examine the expression levels of AGTR2, RANTES, CCR1, CCR5, and
iNOS in epididymis.

Results: RANTES was restricted to the basal macrophages of epididymal ducts and
co-localized with its receptors CCR1 and CCR5. Both V-ATPase and iNOS were up-
regulated in the cauda epididymis after perfused with recombinant RANTES, while
the antagonist Met-RANTES perfusion led to a complete abrogation of the increased
expression of V-ATPase in the apical membrane of clear cells and iNOS in macrophages.
Upon alkaline perfusion, RANTES expression was significantly increased and the apical
accumulation of V-ATPase in the clear cells was induced in the cauda epididymis. The
luminal pH in the cauda epididymis increased after vasectomy. The concentration of the
ANG II and the expression levels of AGTR2, RANTES, CCR1, CCR5, and iNOS dropped
in the cauda epididymis following vasectomy.

Conclusion: Upon the activation of basal cells, RANTES might induce the NO release
from macrophages by interacting with its receptors, which increases proton secretion
by adjacent clear cells. Thus, RANTES is possible to participate in the crosstalk among
basal cells, macrophages and clear cells for the fine control of an optimum acidic luminal
environment that is critical for male fertility.

Keywords: RANTES, epididymis, epididymal epithelium, luminal acidification, macrophages, iNOS
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INTRODUCTION

The epididymis establishes a low luminal pH of 6.5–6.8
to maintain spermatozoa in a quiescent state during their
maturation and storage in this organ (1). Acidification of the
epididymal luminal fluid is critical for post-testicular maturation
and acquirement of appropriate motility (2, 3), which is
controlled by the intricate interaction of different types of cells in
the highly specialized epididymal pseudostratified epithelium (4–
6). Among the epithelial cells, angiotensin I (ANG I) is secreted
by principal cells to the epididymal lumen (7), and is catalyzed by
angiotensin-converting enzymes (ACE) to produce angiotensin
II (ANG II) (8, 9). Then, ANG II binds with the receptor
AGTR2, which is solely expressed on the surface of basal cells,
stimulating the clear cells to increase the proton secretion via the
activation of nitric oxide (NO)/cGMP pathway (4, 10). However,
the intrinsic mechanism as to how AGTR2 activation regulates
the NO production, still remains undiscovered.

Macrophages, as classical innate immune cells, play important
roles in maintaining homeostasis such as phagocytizing
foreign substances and secreting cytokines in the process
of immunoreactivities (11, 12). In addition to their classical
function in immune system, the non-classical function of
macrophage in peripheral, non-lymphoid organs has been
widely investigated (13). For example, in the small intestinal
mucosal system (14, 15), macrophages can stretch out their
long protuberances to the intestinal lumen to monitor the
luminal composition changes so as to regulate the absorption
of nutrients and secretion of goblet cells by interacting with
intestinal epithelial cells (16, 17). Similar to the intestinal tract,
macrophages in the initial segment of epididymis also extend
long slender projections to the epididymal lumen to sample
the fluid components in the lumen (18, 19). Besides, there still
exists another type of macrophages whose morphology is distinct
from those with long projections, presenting basal round-like
distribution in the distal segments of the epididymis (4). The
function of this subtype of macrophages still remain unknown.

The chemokine regulated upon activation normal T-cell
expressed and secreted (RANTES) was initially recognized as a
kind of chemo-attractant for immune cells (20–23). The receptors
of RANTES include high affinity receptors CCR1 and CCR5,
and low affinity receptor CCR3, all of which belong to seven
transmembrane G protein coupled receptor family (22, 24). With
the researches deepening, RANTES have been found to possess
some new biological characteristics (25), such as facilitating
breast tumor progression and metastasis (26, 27), and triggering
drug-resistance in breast, ovarian, and prostate cancers (28–30).
Our previous work has demonstrated that RANTES was mainly
expressed in F4/80 positive macrophages in the basal region
of human epididymal epithelium (31). RANTES has also been
proved to promote the activity of macrophages by increasing their
production of NO (32). Furthermore, it has been reported that the
expression of RANTES can be promoted by ANG II in aorta (33)
and glomerular endothelial cells (34).

Based on the aforementioned evidence, we hypothesized
that RANTES expressed in the epididymal basal macrophages
might be involved in the crosstalk between basal cells and clear

cells when regulating the luminal acidification. To address this
hypothesis, we examined the expression of RANTES and its
receptors in rat epididymis and further investigated whether
RANTES function in the acidification of the luminal fluid by
in vivo perfusion and vasectomy model.

MATERIALS AND METHODS

Animals
Adult male Sprague Dawley (SD) rats were purchased from
the Laboratory Animal Center of the Fourth Military Medical
University. The animals were housed in individual cages and fed
with food and water ad libitum. They were kept in a controlled
environment on a 12 h/12 h light/dark cycle. The adult rats
(12-week-old) were procured. Experimental procedures were
approved by the local ethical committee.

Vasectomy
Adult male rats were distributed randomly into two groups:
8 weeks sham vasectomy (n = 7) and 8 weeks bilateral
vasectomy (n = 7). Surgical procedures of animals vasectomy
was accomplished as reported previously (35). The operative
process was completed to minimize postoperative adhesion
and inflammation. The surgery was performed under
sodium pentobarbital anesthesia [60 mg/kg body weight,
intraperitoneally (i.p.)].

In vivo Perfusion of the Distal Cauda
Epididymis
Adult male Sprague-Dawley rats were anesthetized with sodium
pentobarbital as described above. The vas deferens was
cannulated through the lumen with a micro cannula (0.31 mm
OD, 0.16 mm ID; Anilab Software & Instruments Co., PE-0402)
connected to a 1-ml syringe. A small incision was made in the
distal cauda epididymal region to allow the perfusate to exit
the tubule. Perfusion was performed retrogradely at a rate of
20 µl/min using a syringe pump (78-0120S, Stoelting). The lumen
was initially washed free of sperm with PBS (0.01M, pH 6.8) for
usually 10 min. Then, vas deferens and cauda epididymis were
perfused with recombinant RANTES (PeproTech, United States),
Met-RANTES (R&D Systems, United States), and PBS of
different pH values, respectively. The perfusion was performed
retrogradely at a rate of 5 µl/min, and the luminal solution was
sustained for 1 h. At the end of the experimental period, the cauda
epididymis was harvested and extracted for the RNA and the
protein. Or tissues were then washed in PBS, pH 7.4, and perfused
with a solution containing 4% paraformaldehyde for 15 min for
frozen sections.

Semi-Quantitative RT-PCR and
Real-Time Quantitative RT-PCR
Total RNA was extracted from the caput, corpus, and cauda
regions of the rat epididymis, using TRIzol Reagent (Takara,
Shiga, Japan) according to the supplier instructions, and semi-
quantitative RT-PCR for RANTES, CCR1, CCR3 and CCR5 were
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performed as described previously (36). Real-time quantitative
PCR analysis of V-ATPase, RANTES, CCR1 and CCR5, iNOS,
AGTR2 expression in the different epididymal regions were
performed with the MiniOpticon system (Bio-Rad, Hercules,
CA, United States). Each reaction was performed in triplicate
by using 10 ng of cDNA from each sample and SYBR Primix
Ex Taq (TaKaRa, Shiga, Japan). The relative abundance of target
transcript was quantified using the comparative Ct method.
The β -actin or GAPDH from the same exacts were used
as internal control. Data obtained from three independent
experiments was calculated. Primers for PCR and qPCR were
designed according to the rat sequences found in GenBank
(Supplementary Tables 1, 2).

Western Blotting
The protocol for protein extracts from rat epididymis was
designed, based on previously described procedures (36). Sample
aliquots containing equal amounts of protein were separated
via SDS-PAGE and transferred onto polyvinylidene difluoride
membranes. The membranes were blocked in 5% non-fat milk
for 1 h at room temperature, and incubated overnight at 4◦C with
rabbit anti-RANTES (Abcam, Cambridge, United Kingdom),
rabbit anti-V-ATPase (GeneTex, Irvine, CA, United States),
rabbit anti-iNOS (Abcam, Cambridge, United Kingdom), rabbit
anti-AGTR2 (GeneTex, Irvine, CA, United States), rabbit anti-
CCR1 (Abcam, Cambridge, United Kingdom), rabbit anti-
CCR5 (GeneTex, Irvine, CA, United States), mouse anti-
β-actin (Invitrogen, United States) and mouse anti-GAPDH
(Invitrogen, United States). The membranes were then washed
with TBST buffer and incubated with an appropriate secondary
antibody (HRP-conjugated anti-rabbit IgG or HRP-conjugated
anti-mouse IgG, Sigma, St. Louis, MO, United States) for 2 h
at room temperature. After extensive washing, the densities
of labeled protein bands on the blots were detected using an
enhanced chemiluminescence reagent (Thermo, Rockford, IL,
United States) and captured using a ChemiDoc MP System
(Bio-Rad, Hercules, CA, United States).

Immunohistochemistry
The avidin-biotin technique was applied as previously described
(31). After H2O2 treatment, paraffin-embedded sections were
blocked for 30 min with 10% donkey serum at room temperature
and incubated with the related anti-RANTES primary antibodies
(5 mg/mL) overnight at 4◦C, then followed by the 1:300-
diluted biotinylated secondary antibody. The negative controls
were performed in the absence of primary antibody. The
same method was used in the experiment to detect the
localization of CCR1 and CCR5 in rat epididymis, where the
goat anti-CCR1 antibody and goat anti-CCR5 antibody (Santa
Cruz Biotechnology) were used, with secondary antibodies,
biotinylated anti-goat IgG (Sigma, St. Louis, MO, United States),
applied for immunohistochemical staining.

Tissue Fixation and Immunofluorescence
Fixed tissues were dehydrated in 30% sucrose for 2 h at room
temperature, embedded in Tissue-Tek OCT compound, and
mounted and frozen on a cutting block. Tissues were cut

in a Reichert Frigocut microtome at 10 µm thickness and
sections were placed onto Superfrost Plus microscope slides.
Sections were rehydrated in PBS for 10 min and pretreated
with 1% (w/v) SDS. After three washes in PBS, slides were
preincubated in 1% (w/v) BSA in PBS with 0.02% Na-azide
for 30 min to block non-specific staining, after which they
were incubated with different primary antibodies for 2 h
at room temperature. The antibody included mouse anti-V-
ATPase (Santa Cruz Biotechnology, Dallas, TX, United States)
and rabbit anti-iNOS (Abcam, Cambridge, United Kingdom).
Subsequently, the sections were incubated with an appropriate
secondary antibody (FITC-conjugated goat anti-mouse, or Cy3-
conjugated goat anti-rabbit, Beyotime, Shanghai, China) for 2 h
at room temperature in the dark. Double Immunofluorescence
Labeling with rabbit anti- RANTES antibody and rat anti-F4/80
antibody (Abcam, Cambridge, United Kingdom), the rabbit
anti-RANTES antibody and goat anti-CCR1/CCR5 antibody,
the goat anti-iNOS antibody and rat anti- F4/80 antibody,
followed by the mixed secondary antibodies (Alexa 488-
conjugated goat anti-rabbit, or Cy3-conjugated mouse anti-goat,
Invitrogen, United States). The sections were then mounted in
50% glycerol and examined with the fluorescence microscope
(Zeiss, Jena, Germany).

Statistical Analysis
All the results were expressed as mean ± SEM of independent
experiments repeated for at least three times. Statistical analysis
was performed with GraphPad Prism 5 software. Relative mRNA
levels in different epididymal regions were compared by one-
way ANOVA followed by Dunnett’s multiple comparison test.
Comparisons between two groups were carried out by Student’s
t-test. P-values < 0.05 were accepted as significant.

RESULTS

The Expression Profile of RANTES and
Its Receptors in the Rat Epididymis
As a first step to determine the regional expression profile
of RANTES in the rat epididymis, RT-PCR was performed in
different segments and 430 bp positive products, the result of
which indicated that RANTES was ubiquitously expressed in
caput, corpus and cauda segments (Figure 1A). Moreover, the
results of Western Blot analysis using the specific antibody
against RANTES also confirmed the wide expression of RANTES
in different segments of rat epididymis (Figure 1B). The
immunohistochemical staining was carried out to elucidate the
accurate localization of RANTES in the epithelium. Consistent
with previous results (31), RANTES was found mainly distributed
in the basal compartment of the caput, corpus and cauda
segments while no detectable positive signals was found in the
initial segment and in negative control (Figure 1C). Considering
the specific morphology of these positive cells, which appear
to be hemispherical, adhere to the basement membrane and
locate underneath the columnar epithelial cells, we postulate that
these cells could either be basal cells or basal macrophages. To
further confirm the cell types that express RANTES, macrophage
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markers, F4/80 antibody, was stained by immunofluorescence to
distinguish the two cell types, showing the location of RANTES
particularly in the macrophages (Figure 1D).

Several membrane receptors such as CCR1, CCR3, and CCR5
have been validated to be responsible for transducing the signal
of RANTES in a context-dependent manner in different cellular
processes (29). To identify the specific downstream receptors
of RANTES in rat epididymis, we detected the expression
profile of CCR1, CCR3 and CCR5 in the epididymis. We found
the remarkable expression of CCR1 and CCR5 and the weak
expression of the CCR3 in rat epididymis (Figure 2A). Similar
to the distribution pattern of RANTES, the expression of CCR1
and CCR5 were mainly observed as positive brown granules in
the basal compartment of the caput, corpus and cauda regions
but disappeared in the initial segment and negative control
(Figure 2B). The confocal imaging results also showed that both
CCR1 and CCR5 proteins were co-localized with RANTES in
the macrophages along the epididymis duct (Figure 2C). Thus,
in rat epididymis, RANTES and its receptors CCR1 and CCR5
are predominantly expressed in the F4/80 positive macrophages
which are located at the basal compartment of caput, corpus
and cauda segments rather than the macrophages localized at the
initial segment.

A significant difference was found in the morphology between
the macrophages localized at the initial segment and those in
other segments of the epididymal epithelium. The macrophages
with long processes in the initial segment were mainly distributed
in the adluminal compartment, while those in other segments
of the epididymis exhibited basal round-like cells. No significant
functional difference between these two subsets of macrophages
was reported in previous studies. The unique localization of
RANTES and its receptors in basal macrophages may indicate
the difference of RANTES-mediated function between the two
subtypes of macrophages which will be discussed later in the
section “Discussion.”

RANTES Induces the Epididymal Luminal
Proton Secretion
In the epididymis, epithelial cells work in a concerted manner to
establish a luminal acidic milieu which is essential for the post-
testicular maturation and storage of spermatozoa. To examine
whether RANTES is involved in the regulation of the unique
acidic microenvironment in epididymal lumen, in vivo cauda
microperfusion model was used to further determine the direct
effects of RANTES on the luminal acid-base state. In the
epididymal epithelium, V-ATPases in the clear cells are the final
effectors which are responsible for the proton secretion and are
sensitive indicators to evaluate the state of acid secretion. The
effects of recombinant RANTES and Met-RANTES on V-ATPase
were then examined in the in vivo perfusion model. After
RANTES perfusion, the expression of V-ATPase was significantly
up-regulated compared to the control group (pH of 6.8).
Meanwhile, the immunofluorescent staining showed a notable
accumulation of V-ATPases in the apical membrane of clear cells.
Yet, the expression levels of V-ATPase were decreased with Met-
RANTES replenishment compared with those in the RANTES

perfusion group. Correspondingly, the immunofluorescent
staining indicated that the accumulation of V-ATPases in the
apical membrane of clear cell disappeared (Figure 3A).

Previous studies have elaborated that the expression of proton
pumping V-ATPase in the apical membranes of epididymal clear
cells is remarkably up-regulated via the activation of NO/cGMP
pathway, leading to increased acid secretion. INOS is the enzyme
which is responsible for NO production and used to assess the
cellular ability to produce NO (37). We found that iNOS was also
expressed in the F4/80 positive macrophages in the epididymal
lumen (Supplementary Figure 1). So, it is possible that the
intrinsic mechanism of RANTES regulates the expression of
V-ATPases through the activation of NO/cGMP pathway. Real-
time PCR and Western blot demonstrated that both mRNA and
protein of iNOS were up-regulated by the addition of RANTES
compared to the control group (pH of 6.8). Meanwhile, the
immunofluorescent staining showed a stronger signal of iNOS
in the macrophages. And the expression level of iNOS decreased
with Met-RANTES replenishment compared with those in the
RANTES perfusion group. The immunofluorescent staining,
correspondingly, indicated weakened signal intensity of iNOS in
macrophages (Figure 3B).

The Aberrant Alkaline Luminal
Environment Induces the Expression of
RANTES and Proton Secretion
While the pH values of the epididymal lumen in different
segments are maintained at a relative stable state, the intrinsic
mechanism still remains uncertain. To examine RANTES’ role
in maintaining the acidic environment, we used the alkaline
perfusion model (PBS at pH 7.8) to simulate the luminal
acid-base fluctuation. Compared with the control group (pH
6.8 PBS), the expression of RANTES in cauda epididymis
were remarkably enhanced after perfusion with pH 7.8 PBS
(Figure 4A). Besides, we also observed significantly upregulated
mRNA of V-ATPase in cauda epididymis (Figure 4B), and
intensive enrichment of V-ATPase in the apical membranes
of clear cells under the alkaline condition, suggesting the
induction of luminal acid secretion after alkaline microperfusion
(Figure 4C). Therefore, we confirmed that abnormal alkaline
environment could induce the production of RANTES, which
could in turn promote acid secretion to restore the original acidic
microenvironment.

RANTES Is Involved in the Abnormal
Luminal Acid-Base State in the
Vasectomy Model
Vasectomy is a classic surgical intervention for male
contraception, which is also one of the frequently used
animal models for the research into male reproductive function.
Previous research has reported remarkable increase of lumen
pH after vasectomy the yet no report regarding the underlying
mechanism was found (35). Therefore, we constructed a rat
vasectomy model to investigate whether RANTES is involved in
the abnormal acid-base changes after vasectomy. Interestingly,
after the vasectomy, we did find some prominent changes in the
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FIGURE 1 | Expression and cellular localization of RANTES in the adult rat epididymis. (A) RT-PCR analysis of RANTES in the caput (Cap), corpus (Cor) and cauda
(Cau) regions of the epididymis. The PCR products were found in all three regions. (B) Protein extracted from different segments of the epididymis was analysis by
WB. RANTES was detectable in the caput (Cap), corpus (Cor) and cauda (Cau). (C) Immunohistochemistry of RANTES in rat epididymis. Positive reactions were
found restricted in partial basolateral cells (black arrows) of the epididymal ducts. (D) The cellular location of RANTES in cauda epididymis was detected by double IF.
The green signal of RANTES (Alexa 488 labeled) coincide with the red signal of F4/80 (Cy3 labeled). White arrows: positive signals for RANTES or F4/80.
Bar = 20 µm.

epididymal lumen. First, consistent with previous studies, the pH
value of cauda in the experimental group was significantly higher
than that in the sham-operated group (Figure 5A). Besides, the
expression of V-ATPases in the apical membranes of clear cells
was found decreased in the vasectomy group compared with the
sham-operated group (Figure 5B), and iNOS was also found to
decline in the cauda (Figure 5C). Finally, by real-time PCR and
Western blot analysis were performed to detect the expression
levels of RANTES and its receptors and we found both of them
decreased significantly in the cauda segments (Figure 5C),

suggesting the down-regulated expression of RANTES as a
potential factor causing decreased acid secretion.

Though our research confirmed that aberrant RANTES
expression could account for the abnormal outcome of alkaline
luminal fluid after vasectomy, no investigation was done to
reveal the upstream mechanism regulating RANTES expression.
Recent reports showed that ANG II could stimulate V-ATPase-
dependent proton extrusion and NO could be produced in the
macrophages and function as one of the downstream effectors of
AGTR2. These clues suggest that RANTES could be responsible
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FIGURE 2 | Expression of RANTES receptors CCR1, CCR3 and CCR5 in the adult rat epididymis. (A) Expression of CCR1, CCR3 and CCR5 in rat epididymis were
detected by RT -PCR. (B) Immunohistochemistry of CCR1 and CCR5 in rat epididymis. Black arrows: positive signals for CCR1 or CCR5. (C) Double IF staining was
applied to detected the co-localization of RANTES with CCR1 and CCR5 in rat epididymis. The green signal of RANTES (Alexa 488 labeled) coincide with that of the
red signal of CCR1 and CCR5 (Cy3 labeled). Bars = 20 µm.

for the transduction of ANG II/AGTR2 signal pathway in
regulating NO synthesis. To further investigate the upstream
pathway of RANTES, we measured the concentration of ANG
II and the expression of AGTR2 in the vasectomy group and
control group. As expected, the results showed a clear-cut
demotion of ANG II in the vasectomy group (Figure 5D).
Real-time PCR and Western blot were performed to detect the
expression of AGTR2 and the data presented declined mRNA
and protein of ANG II in the cauda of epididymis (Figure 5D).
The results indicated that the decreased expression of RANTES

may attribute to the abrogation of ANG II/AGTR2 signals but
the direct regulatory relation between them needs to be validated
in further experiments.

DISCUSSION

The results from the present study showed that RANTES
and CCR1, CCR5 were constitutively expressed in the basal
macrophages of rat epididymis, and played an essential role
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FIGURE 3 | Effects of RANTES and Met-RANTES on V-ATPase and iNOS in perfusion model. Rat cauda epididymis were perfused luminally in vivo with recombinant
RANTES and Met-RANTES. Real-time PCR and WB analysis of the mRNA and protein levels of V-ATPase (A) and iNOS (B) were up-regulated by the addition of
RANTES compared to the control group (pH of 6.8), but decreased with the antagonist Met-RANTES replenishment. Immunofluorescence staining showed a notable
accumulation of V-ATPase in the apical membrane of clear cells (A) and a strong signal of iNOS (white arrows) in the epididymis (B) by the addition of RANTES,
whereas it decreased with Met-RANTES replenishment. **P < 0.01, *P < 0.05, N = 5–6, Bar = 20 µm.
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FIGURE 4 | Changes of RANTES and V-ATPase upon rat cauda epididymis alkaline perfusion. Rat cauda epididymal lumen was perfused in vivo with PBS (pH
values 6.8 or 7.8). (A) Real-time PCR and WB revealed that upon alkaline treatment (pH of 7.8), the expression level of RANTES in cauda epididymis was significantly
up-regulated compared with that in the control group (pH of 6.8). Meanwhile, (B) expression of V-ATPase mRNA was increased examined by real-time PCR,
N = 5–6. (C) The Results of CLSM showed that the alkaline pH also induced the apical accumulation of V-ATPase in the clear cell. **P < 0.01, *P < 0.05, N = 5–6,
Bar = 20 µm.

in the process of acidification in the luminal milieu. RANTES
up-regulated the expression of iNOS in the macrophages and
V-ATPase in the apical membrane of clear cells. Moreover,
the expression of RANTES decreased and the pH value of the
epididymal lumen increased following vasectomy.

In the epididymis, macrophages are widely distributed in
different segments, exhibiting unique phenotypes and function
to establish and maintain an appropriate environment for sperm
maturation and storage (18, 38, 39). Epididymal macrophages
can be divided into two subsets according to their distinguished
appearances. Intraepithelial macrophages in the initial segment
extend slender projections through the epithelial cells toward
the lumen. This unique morphological characteristic was not
observed in macrophages from the basal compartment of
distal regions. Macrophages in the initial segment is mainly
responsible for presenting antigen to the lymphocytes and
eliminating defective epithelial cells and abnormal spermatozoa
in epididymis, as well as the defense reaction in luminal
infection (19, 40–42). Yet, the function of macrophages restricted
to the basal region of the tubule is still unclear. Our study
found that RANTES and its receptors CCR1 and CCR5 were
specifically expressed in these basolateral macrophages, while

they were absent in the initial segment. Thus, RANTES-positive
macrophages might display some functions distinctive from
those with long projections in the initial segment through its
receptors CCR1 and CCR5.

In addition to the well-known chemotactic function, the non-
canonical function of RANTES in sperm maturation seems more
complicated than we previously thought (41). The present study
showed the direct effects of RANTES on regulating the luminal
acidification in the epididymis. RANTES perfusion induced the
accumulation of V-ATPase in the apical membrane of clear
cells and the expression of iNOS in the macrophages. A potent
RANTES receptor antagonist Met-RANTES (43) was used to
address the role of RANTES signaling through its receptors
CCR1 and CCR5. Met-RANTES perfusion led to a complete
abrogation of the increased expression of V-ATPase and iNOS
in the epididymal epithelium. Since RANTES is a small protein
of 8-kDa, we postulate that luminal perfused RANTES might
directly bind to its specific 7-transmembrane G protein-coupled
receptors, namely CCR1 and CCR5, on the surface of basal
macrophages in the epithelium. Additional experiments such
as using the methods of confocal microscopy and western blot
should be done in the follow-up studies. It has been shown that
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FIGURE 5 | Effects of rat vasectomy on the luminal pH and the expression of V-ATPase, RANTES, CCR1, CCR5, iNOS, and RAS. (A) 8 weeks after rat bilateral
vasectomy, luminal fluid pH of cauda epididymis increased and remained alkaline. (B) The expression of V-ATPase in rat cauda epididymis was detected by Real
time-PCR, WB and IF staining. (C) 8 weeks after rat bilateral vasectomy, the expression levels of RANTES, CCR1, CCR5, and iNOS mRNA and protein in cauda
epididymis were decreased revealed by Real time-PCR and WB. (D) The tissue homogenate ANG II concentration were measured by RIA and the expression of
AGTR2 was detected by Real time -PCR and WB. *P < 0.05, N = 5–6, Bar = 20 µm.

proton was secreted by epididymal clear cells via activation of the
NO/cGMP pathway (10). Therefore, RANTES might stimulate
proton secretion by epididymal clear cells via activation of the
NO released from macrophages. On the other hand, in the
experiments detailed here, alkaline PBS induced the expression
of RANTES within the epididymis and the accumulation of
V-ATPase in the apical membrane of clear cells, indicating that
the expression of RANTES could be increased responsively upon
the exogenous luminal alkaline treatment in the epididymis.

We utilized the vasectomy model to further explore the
function of RANTES in the epididymis. The luminal pH
in the cauda epididymis increased as compared to control
by 8 weeks post vasectomy, consistent with previous reports
that luminal pH in the proximal cauda epididymis was
significantly more alkaline (35). Accordingly, the accumulation
of V-ATPase in the apical membrane of clear cells was
decreased. Interestingly, the expression levels of RANTES, CCR1,
CCR5, and iNOS were all significantly reduced in the cauda
epididymis following vasectomy. This observation suggests that
the decreased expression of RANTES and its receptors in the
cauda epididymis may be one of the causes of the luminal
alkaline pH in the vasectomy model. Previous study revealed that
vasectomy altered the renin-angiotensin system (RAS) expression

in the epididymis (7), which is coincided with our findings that
both ANG II and AGTR2 decreased significantly in the cauda
epididymis following vasectomy. It has been reported that ANG
II promoted the expression of RANTES in glomerular endothelial
cells through AGTR2 (34), and that AGTR2 was solely expressed
in basal cells in the epididymal epithelium (10). All these studies
strongly point to ANG II/AGTR2 as a factor regulating RANTES
expression in the cauda epididymis to maintain the acidity
of luminal fluid.

CONCLUSION

In conclusion, our findings indicate that macrophages at the
basal part of epididymal duct facilitates the luminal acidification
via RANTES. In another words, activation of AGTR2 in basal
cells by luminal ANG II may stimulate RANTES in basal
macrophages to induce the production of NO, which results in
the accumulation of V-ATPase and increases proton secretion
by adjacent clear cells (Figure 6). This study highlights a novel
biological activity for RANTES, a chemokine best known for the
ability to induce directional cellular recruitment. By participating
in the crosstalk among basal cells, macrophages and clear cells,
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FIGURE 6 | Schematic representation of RANTES in the basal macrophages contributing to the intricate luminal acidic regulation in the epididymis. Firstly,
epididymal luminal ANG II binds with its receptors AGTR2 expressed on the membrane of basal cells, inducing the expression of RANTES and its receptors, CCR1
and CCR5 in the basal macrophages. Secondly, RANTES could function with CCR1 and CCR5 to increase the expression of iNOs, which will lead to the
up-regulation of NO. Finally, NO will diffuse to the adjacent clear cells to stimulate the expression of V-ATPase, causing the increased secretion of proton to the
epididymal lumen to maintain the normal acidic microenvironment.

RANTES may regulate acidic luminal environment that is critical
for male fertility.
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Infection and inflammation of the male reproductive tract are relevant causes of infertility.

Inflammatory damage occurs in the special immunosuppressive microenvironment

of the testis, a hallmark termed testicular immune privilege, which allows tolerance

to neo-antigens from developing germ cells appearing at puberty, long after the

establishment of systemic immune tolerance. Experimental autoimmune orchitis (EAO)

is a well-established rodent model of chronic testicular inflammation and organ specific

autoimmunity that offers a valuable in vivo tool to investigate the pathological and

molecular mechanisms leading to the breakdown of the testicular immune privilege.

The disease is characterized by the infiltration of the interstitium by immune cells

(mainly macrophages, dendritic cells, and T cells), formation of autoantibodies against

testicular antigens, production of pro-inflammatory mediators such as NO, MCP1, TNFα,

IL6, or activins and dysregulation of steroidogenesis with reduced levels of serum

testosterone. EAO leads to sloughing of germ cells, atrophic seminiferous tubules and

fibrotic remodeling, parameters all found similarly to changes in human biopsies from

infertile patients with inflammatory infiltrates. Interestingly, testosterone supplementation

during the course of EAO leads to expansion of the regulatory T cell population and

inhibition of disease development. Knowledge of EAO pathogenesis aims to contribute

to a better understanding of human testicular autoimmune disease as an essential

prerequisite for improved diagnosis and treatment.

Keywords: testicular inflammation, autoimmunity, experimental autoimmune orchitis (EAO), infertility, testis

immunoregulation

INTRODUCTION

Infection and inflammation of the male reproductive tract are relevant causes of infertility
with a prevalence of 6–10% (1, 2). Bacterial infections eliciting epididymo-orchitis are either
sexually transmitted or originate from urinary infections often resulting from ascending canalicular
infections of the male excurrent ducts. Also, a number of systemically transmitted viruses (mumps
virus, HIV and ZIKV virus, among others) are able to induce orchitis. Inflammation of the male
reproductive tract is associated not only with infections but also with aging and diseases that
damage germ cells (GC) including testis cancer, obesity, cryptorchidism and systemic autoimmune
diseases, as well as trauma and toxic agents (3–7).
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Autoimmune infertility has long been postulated as one of the
causes of infertility, even though a well-defined entity has not yet
been established. However, it is relevant that focal lymphocytic
infiltrations have been detected in 25–30% of testicular biopsies
from infertile patients (8, 9). Anti-sperm antibodies (ASA) have
been mainly detected in patients with obstructive azoospermia
(10). However, there is so far no close association between ASA
and male genital tract inflammation (11, 12) except for some
reports associating ASA with idiopathic granulomatous orchitis
(13, 14) and a history of epididymitis/orchitis (15). Our own
studies reported significantly elevated titers of autoantibodies
against disulphide isomerase family A, member 3 (ER-60)
in sera from infertile azoospermic patients with histologically
confirmed low-grade testicular inflammation (16). Further, the
major evidence for an autoimmune basis of human orchitis
comes from patients with autoimmune polyendocrine syndrome
APS-type 1 caused by AIRE gene mutation which induces testis
impairment and antibodies to Leydig cell antigens (17).

Experimental autoimmune orchitis (EAO) is a
well-established rodent model of organ specific autoimmunity
that provides a very valuable in vivo tool to investigate
pathological, immune and molecular mechanisms involved in
chronic testicular inflammation.

EXPERIMENTAL MODELS OF
AUTOIMMUNE ORCHITIS

Research on spontaneous autoimmune orchitis in mink (18,
19) and rodents after vasectomy (20), thymectomy (21, 22), or
genetic manipulation (23) have constructed a body of evidence
for better understanding of systemic and peripheral tolerance.
Studies in classical rodent EAO models induced by antigen
immunization have also clarified pathological mechanisms of
autoimmune-based testicular inflammation [reviewed in (8, 24)].

The first report on a classical EAO model was published by
Voisin et al. (25) who injected testicular tissue and adjuvants into
guinea pigs. However, it was Freund et al. (26) who clarified the
organ and species specificity of the model. In a murine model,
EAO susceptibility depends of genetic background of each strain
(27). Further progress on the pathogenesis of EAO has come
from mouse and rat models, initiated by Tung and colleagues
(28) and Doncel et al. (29), respectively. A description of the
histopathology, mechanisms of disease initiation and testicular
inflammation are discussed below.

Current rat and mouse EAO models utilizing testicular
homogenate in complete Freund’s adjuvant plus pertussis toxin
(8), vasectomized mouse model (20), and mouse EAO model
without adjuvants (30) have provided novel insights into
orchitogenic antigens. Most of these antigens, identified by sera
obtained from animals with EAO, are not testis-specific except
zonadhesin or outer dense fiber major protein 2 (30–32).

IMMUNE PRIVILEGE OF THE TESTIS

Testicular homeostasis that protects GC from immune attack
is known to be maintained by structural components such as

the blood-testis barrier (BTB) and systemic and local tolerance
mechanisms. In contrast with the previous testis antigen
sequestration paradigm, some meiotic germ cell antigens, located
in the adluminal compartment of the seminiferous tubules (ST)
behind the BTB, are continuously released into the interstitial
space despite an intact BTB. Systemic tolerance involving
antigen-specific regulatory T cells (Tregs) is maintained in
peripheral lymphoid organs by continuously egressing germ
cell antigens via transcytosis in Sertoli cells (33). Originally,
the testis was defined as an immune-privileged site since it
was demonstrated that foreign-tissue grafts placed within the
testis are tolerated and survive for several days longer than
when these grafts are implanted in conventional body sites
(34). Currently, testicular immune privilege is understood as the
coordinated regulation of immunologic components to protect
GC, including active processes associated with Sertoli cells,
peritubular cells, Leydig cells, tolerogenic antigen-presenting
cells, T cells and the production of immune-regulatory factors
such as TGFβ, IL10, and activin [reviewed in (35–37)]. Several
reviews suggest galectin-1 (Lgals1) as a putative candidate
involved in the maintenance of testis immune privilege, mainly
based on its expression by Sertoli cells (38–40). However, a
significant reduction in the incidence and severity of EAO
was observed in Lgals1−/− deficient vs. wild-type mice (41)
adding a note of caution to this discussion. Indoleamine-2,3-
dioxygenase (IDO) expression in porcine Sertoli cells and the
ability of these cells to restore immune tolerance in NOD mice
(42) point to a role of IDO in testis immune privilege. Current
findings from functional in vivo experimental studies confirm
that tryptophan metabolism modulates inflammatory immune
response to spermatic antigens (43).

The BTB is formed by cell junctions of adjacent Sertoli cells
at the base of the ST. It is constituted by multiple cell junction
types including tight junctions, basal ectoplasmic specializations,
gap junctions and desmosome-like junctions. Various integral
tight junction proteins have been described between adjacent
Sertoli cells with occludin and claudin 11 being the most
important for barrier integrity (44). These proteins link to the
actin cytoskeleton via cytoplasmic plaque proteins including
zonula occludens-1,−2, and−3, and provide links to other
junctional types (gap-, adherens-) in the BTB (45). Ectoplasmic
specialization-mediated adhesion is largely constituted by the
cadherin-catenin multifunctional complex (46). Gap junctions
are cell-cell channels that allow diffusion of metabolites, second
messengers, ions, and other molecules smaller than 1 kDa, being
Cx43 the dominant gap junction protein within the ST (47).
Testosterone, nitric oxide (NO), cytokines and growth factors
regulate the stability or localization of proteins at the BTB (48–
50). The BTB is a dynamic ultrastructure that transiently “opens”
and “closes” during the movement of preleptotene/leptotene
spermatocytes to the adluminal compartment without causing
failure of BTB function. As leptotene spermatocytes transit
toward the tubule lumen, junction disassembly ahead of
spermatocytes is coordinated by junction assembly behind these
GC so that the two spermatogenic events are synchronized (46).
Moreover, the presence of specific transporters located along the
basolateral membrane of Sertoli cells that allow the passage of
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selective molecules while restricting the entry of others, makes
the BTB a physiological barrier crucial for the development and
maturation of GC.

HISTOPATHOLOGY AND MECHANISMS OF
TESTICULAR INFLAMMATION IN RODENT
EAO MODEL

Testis histopathology in EAO is characterized by an increase
in the number of dendritic cells (DC), macrophages (Mφ),
mast cells and T lymphocytes (L) distributed in the interstitium
close to ST, exhibiting different degrees of GC sloughing
(mainly spermatids and spermatocytes). Germ cell apoptosis
and multinucleated spermatids in the lumen of ST as well as
vacuolization in the cytoplasm of Sertoli cell are frequently
observed. Damage of ST is initially focal, followed by
development of severe orchitis showing aspermatogenesis
and fibrosis of the wall of most ST (Figure 1). L and Mφ

distributed in the interstitium might enter the ST in mice as
well as in humans in contrast to rats. Large granulomae are
frequently observed. Hyperplasia and hypertrophy of Leydig
cells and an increased number of small blood vessels are also
detected (Figure 2).

Blood Testis Barrier
During testicular inflammation BTB integrity is impaired—
denoted by increased permeability to tracers (52, 53).
Concomitantly, changes in expression of cell junction adhesion
molecules were detected. A decrease in occludin and Cx43
expression and an increase in the expression of N-cadherin and
α-catenin were observed in testis of rats with EAO (53, 54).

Increased levels of inflammatory cytokines in the EAO testis
alter the normal function of the BTB. Local administration of
IL17A into the rat testis increases BTB permeability by reducing
occludin expression and delocalization of claudin-11 (55). IL6
impairs the Sertoli cell tight junction barrier in normal rats by
perturbing the MAPK14 signaling pathway and inhibiting BTB-
constituent protein degradation (54, 56). TNFα administered
locally to adult rat testis inhibits the steady-state protein levels of
occludin, ZO-1, and N-cadherin altering the BTB function (57).

Dendritic Cells
Thematuration state of DC cells is regarded as a control point for
the induction of peripheral tolerance or autoimmunity. Purified
DC from EAO rat testes demonstrated significantly upregulated
expression of the chemokine receptor CCR7, which is responsible
for the migration of DC to the draining lymph nodes (58).
Moreover, the expression of IL10 and IL12p35 transcripts were
detectable only in DC from inflamed testes, pointing to a
mature immunogenic state before imminent migration to the
lymph nodes. DC in draining lymph nodes from rats with
EAO are mature, present antigens to T cells, and stimulate
an autoimmune response against testicular antigens, thereby
causing immunological disturbances of the testis (59).

Macrophages
A large population of resident Mφ subsets in the interstitium
of normal testis is in close association with Leydig cells (60).
Testicular Mφ modulate spermatogenesis, steroidogenesis and
also BTB permeability in the normal testis (61). Once testicular
immune privilege is disrupted by immunization with spermatic
antigens, the number of Mφ progressively increases in the
testicular interstitium. Chemokines, mainly MCP1, acting on
endothelial cells, facilitate infiltration into the testis of CD68+

CD163− monocytes from circulation, expressing the MCP1
receptor CCR2 (62, 63). Most of these infiltrating Mφ express
MHCII molecules and secrete pro-inflammatory mediators,
mainly TNFα, IL6, and NO involved in BTB impairment,
lymphocyte infiltration, and germ cell apoptosis (53, 64–66).
Depletion of Mφ by in vivo administration of liposomes
containing clodronate significantly reduced the incidence and
severity of EAO, thereby highlighting the requirement of these
cells for disease induction (63).

T Cells
From the early focal EAO stage onwards, a large increase in the
number of CD4+ and CD8+ T cells occurs in the interstitium in
association with increasing damage of ST (67). Interestingly, in a
mouse EAO testis, a population of double positive CD4+CD8+

T cells was detected (68). However, the function of these cells
in the periphery is not very well-investigated. TNFα and IFNg-
producing Th1 cells and IL17-producing Th17 cells govern
the early stage of EAO while CD8+ T cells (TNFα+, IFNγ+,
and IL17+) lead the disease to its chronic severe stage (69).
Besides being the main source of Th1 and Th17 cytokines in
the chronically inflamed testis, CD8+ cells are the main subset
expressing the CD25 activation marker (67). Together with the
influx of auto-pathogenic T cells, CD4+ and CD8+ cells with
regulatory phenotype (Tregs) also accumulate in EAO testis
and in the lymph nodes draining the testis (TLN) (67, 70).
These subsets show dynamic behavior during EAO progression;
interstitial CD4+Foxp3+ Tregs reach a maximum number at
the early stage of EAO and then decline at the chronic stage.
However, the number of CD8+Foxp3+ subset that increases to a
lesser extent than their CD4+ Foxp3+ counterparts during EAO
onset remains stable throughout disease. The regulatory function
of this subset was not evaluated. Most CD4+ Foxp3+ Tregs from
TLN display an antigen-experienced phenotype and also express
TGF-β. In vitro suppression studies showed that CD4+Foxp3+

Tregs derived from EAO TLN suppress T cell proliferation more
efficiently than their counterparts derived from normal TLN,
suggesting that EAO Tregs are over-activated by inflammation
(70). However, Tregs present in the testicular inflammatory
microenvironment fail to counteract deleterious autoimmune
effects on GC; consequently, tissue damage progresses (71).

Germ Cells
In EAO testis, GC death occurs through apoptotic mechanisms
involving FasL-Fas, TNFα-TNFR, IL6-IL6R, and NO-NOS
systems, via autocrine or paracrine pathways. The number
of apoptotic GC sloughed from the seminiferous epithelium
expressing Fas, TNFR, or IL6R increases with progression of
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FIGURE 1 | Testicular histology in normal (A) and severe EAO (B) mouse testis. Typical histopathological changes include infiltration of the interstitium by immune

cells, sloughing of germ cells leading to aspermatogenesis, vacuolization of Sertoli cells cytoplasm, thickening of lamina propria, extensive necrosis, and fibrosis of

seminiferous tubules (magnification × 200).

FIGURE 2 | Distribution of immune cells in a rodent testis section under normal (A) and inflammatory conditions (EAO) (B). In EAO, dendritic cells (DC), macrophages

(MΦ), T cells, regulatory T cells (Treg), and mast cells (MC) are increased in number and distributed in the interstitium, mainly in the peritubular area of damaged

seminiferous tubules (ST). Some MC are located in a close proximity to peritubular cells (PC). Impairment of blood testis barrier (BTB) and disturbances of

spermatogenesis (presence of apoptotic germ cells in the ST lumen) are illustrated; BV, blood vessel; v, vacuole in Sertoli cell cytoplasm [modified from (51)].

testicular damage (66, 72, 73). With the influx of T cells
expressing FasL, the content of the soluble form of FasL increases
in the interstitial fluid. This factor is capable of crossing the
altered BTB in inflammation, and triggers Fas-sensitive germ cell
apoptosis (74). TNFα produced in large quantities by resident
Mφ, infiltrating monocytes, and also by T cells induces apoptosis
of spermatocytes and spermatids expressing TNFR1 (66, 72, 74).
IL6 secreted by infiltrating Mφ, Leydig, and peritubular cells
activates executioner caspase-3, resulting in apoptosis of IL6R+

GC (73).
An oxidative microenvironment is generated in EAO testis

by high levels of NO, produced mainly by both resident
and infiltrating Mφ (65). NO reaches ST and induces basal
germ cell apoptosis by activating the mitochondrial pathway.
Spermatogonia are likely sensitive to oxidative stress generated
by NO since DETA-NO, a compound that releases NO, induces
cell cycle arrest and apoptosis in GC-1 cell line (75).

Apoptosis in EAO testis occurs via a cytokine-dependent
amplification loop resulting from the activation of death
receptors and oxidative damage of GC. This phenomenon is
sustained by the ongoing influx of immune cells into the
testicular interstitium.

FIBROTIC RESPONSE—INVOLVEMENT OF
ACTIVIN A

In severe EAO fibrotic remodeling is a hallmark of the disease.
Fibrotic changes are initiated around the ST and show excessive
production and deposition of extracellular matrix proteins such
as fibronectin and collagens and a thickening of the lamina
propria. The fibrotic alterations are accompanied by changes in
the morphological appearance and thickening of the α-smooth
muscle actin layer in the peritubular cells, belonging to the
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population of myofibroblasts in the testis (68, 76). Expression
of fibronectin correlates positively with the disease damage
score and fibrosis. Moreover, there is strong correlation between
activin A concentrations and fibrotic damage in EAO testis (76).
These changes show—also in human biopsies from patients with
Sertoli cell only syndrom—a clear relationship between activin
A expression—and lymphocytic infiltrates (76). Stimulation of
peritubular cells by activin A increased levels of fibronectin
and collagen I and IV implicating activin A as an important
mediator of fibrotic remodeling during testicular inflammation
(76). This underlines a function for activin A beside its classical
endocrine function in inducing follicle stimulating hormone
(FSH) secretion from the pituitary but increasingly as an
important regulator of inflammation and fibrosis in many organs
(77). Activin A is broadly expressed in testicular cells and
stimulation of cultured Sertoli cells with TNFα leads to elevated
expression of activin A (76). However, elevating circulating levels
of follistatin, an endogenous antagonist of the activins prior to
EAO induction was not sufficient to fully inhibit the disease
development, although the severity of the disease and the extent
of the fibrotic damage was reduced (52).

HORMONAL REGULATION DURING
INFLAMMATORY PHASE OF THE DISEASE

The hormonal status of EAO animals shows disturbances of
the hypothalamic-testicular axis at several levels. In EAO rats
the levels of FSH are increased while the concentration of
testosterone in serum is significantly downregulated (78–80).
In contrast, the levels of intratesticular testosterone were
either upregulated or unchanged, depending on the scientific
report (78–80). Earlier in vitro experiments demonstrated that
basal and human chorionic gonadotropin (hCG) stimulated
testosterone production were significantly elevated in EAO testis
(81). Moreover, Leydig cells from EAO testis in vitro showed
an increased basal and hCG stimulated testosterone production
compared to cells from control animals. Stimulation with TNFα
inhibited this effect (72). Interestingly, testosterone substitution
of EAO rats demonstrated a reduction of macrophage
accumulation and CD4+ T cell influx at the testicular level, while
the numbers of regulatory CD4+CD25+Foxp3+ T cells were
increased. Testosterone treatment induced a strong increase in
the number of regulatory T cells in vivo and in vitro (80, 82). Of
note, androgens through androgen receptor modulate expression
of Foxp3 (83) (Table 1).

INVOLVEMENT OF THE EPIDIDYMIS

In EAO mice, the epididymis underwent a region-specific
immune response positively correlating to the severity of
orchitis (28, 84). Similar to the observed differential immune
responsiveness in a model of acute bacterial epididymitis (85, 86),
the distally located cauda epididymidis and vas deferens show
a severe immune reaction in EAO mice characterized by an
upregulated expression of cytokines and immunomodulatory
factors (Tgfb1, Ccl2, Il1b, Il10, Tnf, Foxp3, Ido1), immune

TABLE 1 | Pathological events leading to development of experimental

autoimmune orchitis (EAO).

Structural and functional

changes in Sertoli cells

Impairment of BTB structure and function by the

action of pro-inflammatory cytokines mainly

secreted by immune cells

Vacuolization of Sertoli cell cytoplasm

Immunopathology Testicular dendritic cells (DC) become mature,

migrate to the testis-draining lymph nodes (TLN)

and activate T cells

Inflammatory macrophages (MΦ), DC, effector T

lymphocytes (Th1, Th17, and CD8+) and mast cells

(MC), infiltrate the testis

CD4+ Foxp3+ regulatory T lymphocytes (Tregs)

actively accumulate within the testis and TLN

Small vessels increase in number and chemokines

enhance immune cell infiltration

Tregs present in the testis fail to counterbalance

immunoreactions that cause deleterious effects on

germ cells (GC)

Antigens released from damaged seminiferous

tubules (ST) amplify the autoimmune response

leading to continuous antigen presentation to T

lymphocytes in TLN (chronification of orchitis)

Disturbances of

spermatogenesis

GC apoptosis and sloughing in the tubular lumen

mainly induced by the action of TNFα, IL6, NO, and

Fas ligand

Hormonal changes Impairment of androgen production

Chronic phase of disease Aspermatogenesis, ST atrophy, fibrosis and

thickening of ST wall

Infertility

cell infiltration, fibrosis and epithelial damage resulting in
a loss of tissue integrity and subsequent aggregation of
displaced spermatozoa within the interstitium (84). The proximal
regions (initial segment and caput), in contrast, do not reveal
histopathological alterations or an upregulated expression of
cytokines, although these regions are more densely vascularized
and harbor a high number of resident immune cells (87, 88). It
needs to be noted though that data on epididymal reactions in
EAO models are very scarce and thus the underlying molecular
pathomechanisms remain unknown.

DISCUSSION

In summary, rodent models of EAO offer a valuable tool
to discover the decisive mechanisms for the development
of autoimmune-based epididymo-testicular inflammation.
However, caution is necessary in extrapolating the data from
rodent models to human due to several differences at the
immunological and cellular level. Silent asymptomatic testicular
inflammation in human is rather difficult to diagnose and
treatment hampered due to missing non-invasive diagnostic
tools. Possible therapeutical interventions and the development
of new non-invasive diagnostic tools, such as serum assays
may offer potential developments in the field gathered from
the animal model. Several previous studies were already
successfully dealing with the therapeutic inhibition of EAO by
using e.g., depletion of Mφ (63), blockade of pro-inflammatory
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mediators (41, 52, 64, 89) or administration of testosterone (80).
Supplementation of reduced testosterone levels in EAO rats led
to inhibition of disease development and suggests testosterone
as an immunoregulatory and immunosuppressive factor during
testicular inflammation (80). Further studies are necessary to
define the biomarkers and possible targets of autoimmune-based
testicular inflammation.

MAIN OUTSTANDING QUESTIONS IN THE
FIELD

To further our understanding of the immunopathology of
autoimmune based impairment of fertility, the following aspects
would warrant attention in future research: (a) the identification
of molecular mechanism that trigger the autoimmune attack
in the human testis without obvious presence of pathogens,
(b) the evaluation of specific genetic predisposition in humans
responsible for susceptibility to autoimmune diseases of the
gonads, (c) elucidation of the common features of testis

autoimmunity with autoimmune diseases of other organs, mainly
in relation to Tregs behavior, and (d) the role of specific
testicular somatic cells beside immune cells in the development
of the disease.
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Immunoregulation in the testis is characterized by a balance between immuno-
suppression (or immune privilege) and the ability to react to infections and inflammation.
In this review, we analyze the phenotypes of the various immune cell subtypes present in
the testis, and how their functions change between homeostatic and inflammatory
conditions. Starting with testicular macrophages, we explore how this heterogeneous
population is shaped by the testicular microenvironment to ensure immune privilege. We
then describe how dendritic cells exhibit a tolerogenic status under normal conditions, but
proliferate, mature and then stimulate effector T-cell expansion under inflammatory
conditions. Finally, we outline the two T-cell populations in the testis: CD4+/CD8+ ab T
cells and CD4+/CD8+ Foxp3+ regulatory T cells and describe the distribution and function
of mast cells. All these cells help modulate innate immunity and regulate the immune
response. By improving our understanding of immune cell behavior in the testis under
normal and inflammatory conditions, we will be better placed to evaluate testis impairment
due to immune mechanisms in affected patients.

Keywords: testis, immune privilege, macrophages, dendritic cells, T lymphocytes, mast cells
INTRODUCTION

The mammalian testis is divided into two main compartments: the convoluted seminiferous tubules,
where spermatogenesis occurs, and the interstitial space where Leydig cells (LC) produce the male sex
hormones (androgens). During spermatogenesis, germ cells divide and mature in close association with
somatic Sertoli cells (SC) that extend from the basal membrane to the tubule lumen. Multiple highly
specialized cell junctions namely tight, adherens and gap junctions extend between neighboring SC to
form a blood-testis-barrier (BTB) that is permissive to the developing germ cells. Bordering the SC and
spermatogonia, a basement membrane containing extracellular matrix proteins and a contractile
peritubular cells (PTC, also known as myoid cells) sheet divides the seminiferous epithelium from
the interstitium. Organization of the PTC sheet varies by species; in rodents, only one PTC layer is seen
whereas in humans it typically consists of 5–7 layers (1). Immune cells in the testis are found exclusively
in the interstitium, in close association with either PTC or LC, as well as with lymphatic and blood
vessels (Figure 1). Some authors described that in rodents lymphatic vessels are restricted to the tunica
org September 2020 | Volume 11 | Article 583304140
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albuginea (2–4), while others reported irregular channels
incompletely bound by endothelial cells (5). In contrast, Kitadate
et al. (6) described in mice testis parietal lymphatic endothelial cells
(LE) that cover the surface of lymphatic space, mainly in the
peritubular area close to the PTC layer contributing to the
spermatogenic stem cell niche homeostasis through the supply of
fibroblast growth factor ligands secreted by LE cells (6). Telocytes, a
stromal cell type similarly localized as LE cells, have been recently
identified in rodent and human testis (7, 8). It has been suggested a
possible role of telocytes in the regulation of lymphatic capillary
function (9). The immunomodulatory factor secreted by immune
cells, and somatic cells (LC, SC, and PTC), in combination with
BTB, forms a unique immunological environment that: (i) protects
immunogenic germ-cell-specific neoantigens and transplants from
immune attack, and (ii) responds to invading pathogens by eliciting
a delicately balanced immune response to protect sensitive germ
cells (10, 11).

The functions of the BTB, SC, LC, and PTC in preserving the
immune privileged status of the testis has been described in
details in previous reviews (11, 12). As such, we rather describe
the different immune cells of the testis that maintain the immune
privileged status and contribute to the immune response against
inflammatory stressors.
MACROPHAGES

In the broadest sense, macrophages constitute an immune cell
population with phagocytic characteristics, ingesting foreign
Frontiers in Immunology | www.frontiersin.org 241
particles and invading pathogens such as bacteria, and clearing
cell debris. Given their essential role, macrophages are found in
all mammalian organs where they perform immune and
nonimmune functions (13). As is the case for other organs,
macrophages are by far the most abundant and heterogeneous
immune-cell population found in the testis (14, 15). The
heterogeneity of these tissue-resident macrophages has been
delineated based on cell surface marker expression, anatomical
localization, gene expression profiles, ontogeny, and post-natal
development. Under normal conditions, most testicular
macrophages (TM) express the core macrophage markers F4/
80, CD11b, AIF, and CX3CR1 (4, 16). The heterogeneity of the
macrophages is evidenced by the differential expression of
surface markers CD64 and major histocompatibility complex
class II (MHC II), besides their localization relative to other cells
within the testis (4, 16).

Under steady conditions, interstitial (iTM) and peritubular
(pTM) macrophages predominate (16). iTM are characterized by
CD64hiMHClo expression and are found adjacent to LC and
blood vessels (Figure 1) (4, 16). By contrast, pTM are
characterized by CD64loMHChi expression and are found
adjacent to the seminiferous tubules (Figure 1) (4, 16). Each
TM subpopulation also expresses a unique transcriptional
profile, which is indicative of functional specialization. For
example, CD64loMHChi pTM express high levels of antigen
presentation genes, such as genes encoding the MHCII —
H2Dmb, H2Eb1, and, H2K1. Conversely, CD64hiMHClopTM
express high levels of immunosuppressive genes, namely, IL10
and Marco (16).
FIGURE 1 | Immunoregulation of the testis is mediated by a combination of structural (blood- testis barrier) and cellular derived factors. Illustration shows in a rodent
testis, resident macrophages, tolerogenic dendritic cells, T cells and mast cells in the interstitium interacting with Leydig, Sertoli and peritubular cells releasing factors
to create an optimal microenvironment for germ cells. Under inflammatory conditions immune cells are able to respond to invading pathogens.
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A recent study used single-cell mRNA sequencing (scRNA-
seq) to identify two interstitial macrophage sub-populations of
the lung, which were also found in the testis: Lyve1loMHCIIhi

and Lyve1hiMHCIIlo. These two subpopulations are distinct in
localization, phenotype, and gene expression (17). Although TM
seem to comprise only two main subsets, in-depth analyses using
scRNA-seq and high powered confocal microscopy are needed to
characterize the extent of heterogeneity in detail.

Resident macrophages in the brain, liver, and lung that arise
embryonically either from the yolk sac or fetal liver; are
maintained locally by self-renewal in adult life without notable
contribution from blood monocytes (18). In other organs, such
as the intestine, dermis, and pancreas, macrophage populations
are maintained by replacement from blood monocytes (19–22).
However, the exact contribution of embryonic progenitors and
blood monocytes that give rise to tissue-resident macrophages in
adult life is still controversial. Moreover, the mechanism by
which adult tissue resident macrophages maintained in
adult life is not yet completely understood.We have made great
progress in recent years to unravel the ontogeny and functional
heterogeneity of macrophage population in different organs, the
origins of TM are still unclear. iTM are thought to originate
from embryonic progenitors, whereas pTM seem to arise
postnatally from bone marrow derived cells (16); however, the
relative contributions of embryonic progenitors to the adult TM
and the mechanisms of TM maintenance in adulthood
are undefined.

Although all tissue-resident macrophages arise from distinct
cellular origin, (23) upon organ entry, tissue-specific signals polarize
macrophages to endow them with tissue- specific functions (24).
For example, the intranasal transfer of progenitors from either the
yolk sac, fetal liver, or bone marrow to the lungs of Csf2rb-/- mice
lacking adult alveolar macrophages resulted in the polarization of
macrophage progenitors with functional and transcriptional
properties reminiscent of alveolar macrophages. These findings
suggest that intrinsic factors rather than cellular origins, might
imprint the resident macrophage phenotype (25). The testis
microenvironment contains numerous immunomodulatory
molecules — namely testosterone, prostaglandins, corticosterone,
activin, and 25 hydroxy-cholesterol (25HC) — that might govern
TM phenotype and function (Figure 1) (14, 26). Indeed, we found
that testosterone, prostaglandins, and corticosterone present in the
testicular interstitial fluid can polarize GM-CSF-derived
macrophages to immunosuppressive macrophages by inducing
CD163 and IL10 expression with concomitant low TNF-a
production (14). Other molecules, such as 25-HC and activin, are
also produced in large amounts in the testis (26, 27). Whether these
molecules can influence TM phenotype and function has not been
investigated, we speculate that they likely have a role.

Recent data primarily from in vitro studies suggest a role for
TM in maintaining the immune privileged state of the testis
(28, 29). Specifically, TM exhibit anergy to inflammatory
stimuli, which serves to protect developing germ cells from
the deleterious effects of pro-inflammatory cytokine. The
mechanisms underlying this subdued inflammatory response of
TM could be based on the low expression of toll like receptor
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(TLR) signaling genes and impaired ubiquitination and
degradation of the NF-ĸB inhibitor IĸBa that ultimately
inactivates the inflammatory NF-ĸB signaling pathway (28).

TM are immunoregulatory, secreting high levels of IL10, and
producing low levels of TNF-a and nitric oxide (NO) upon
stimulation with the TLR4 ligand, lipopolysaccharide (LPS) (28,
29). In addition, TM suppress T-cell proliferation and activation,
and induce naive T-cell differentiation into immunosuppressive
regulatory T cells (Tregs) (14, 29). The TM immunoregulatory
phenotype seems to be essential to preserve normal testis
homeostasis: high TNF-a production impairs LC function and
can breakdown the BTB, exposing the germs cell to cytotoxic
inflammatory cytokines that ultimately impairs spermatogenesis
(30). High NO production can also negatively affect LC function
and consequently, steroidogenesis (31).

Besides acting as immune sentinel cells, TM are also equipped to
perform testis-specific functions to maintain normal homeostasis,
including: (1) supporting steroidogenesis by producing 25HC,
(2) promoting spermatogenesis by expressing sp?A3B2 ?
>ermatogonial proliferation- and differentiation-inducing
factors such as colony stimulating factor 1 (CSF1) and
enzymes involved in retinoic acid (RA) biosynthesis, and (3)
guiding testis embryonic development by aiding blood vessel and
spermatic cord formation (4, 26).

The number of TM increases during testis inflammation, as
observed following acute LPS stimulation or in experimental
models of murine chronic autoimmune epididymo-orchitis
(EAO) induced by immunization with testis homogenate and
adjuvants or pathogen-induced (E. coli) inflammation
(epididymo-orchit is) (32–35) . During LPS-induced
inflammation, a transient influx of monocytes into the testis
occurs that resolves after 72 h; whereas no changes in the number
of TM was observed (32). Similarly, following E. coli-induced
epididymo-orchitis, inflammation in the testis quickly resolves
after the initial infiltration of immune cells and impairment of
spermatogenesis. However, without therapeutic intervention,
inflammation of the epididymis continues to remain (35).
These observations suggest that the testis has a remarkable
ability to resolve inflammation via mechanisms likely involving
TM. Now, further studies are required to investigate how TM
resolve inflammation and promote tissue repair.

We have gained mechanistic detail underlying the role of TM in
resolving inflammation from the experimental autoimmune
orchitis (EAO) model. Here, the number of TM subsets
CD68+CD163- and (CD68+CD163+) increases progressively from
the end of the immunization period to the severe orchitis stage,
withminor changes in the number of resident CD163+ TM (33). At
the same time, TM release large amounts of the pro-inflammatory
mediators TNFa, IL6, IFNg, and NO but not IL10 and GM-CSF
(33, 36, 37). Infiltrating macrophages, but not resident CD163+

TM, express IL6, upregulate MHCII and reduce TNFa expression
(33). Neither infiltrating (CD68+CD163-), intermediate
(CD68+CD163+) nor resident (CD68-CD163+) TM up-regulate
iNOS expression during EAO (37). The increase in NO production
by TM during EAO mainly results from the large percentage of
infiltrating and intermediate TM expressing iNOS; resident TM
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contribute to NO production to a lesser extent. These events, as
well as changes in other immune and nonimmune cell functions,
ultimately disrupt testicular immune privilege and impair
spermatogenesis and steroidogenesis (38).

The consequences of perturbed TM function are evident in
infertile patients with hypospermatogenesis and Sertoli cell-
only syndromes. Namely, patients present with an increased
level of the TM-derived pro-inflammatory cytokines TNFa,
IL1a, and IL1b (39, 40). Interstitial infiltration of activated
macrophages and TNFa production is also a common feature
in other models of testicular damage, such as testicular torsion
(41), and in two models of transgenic male mice, one
ectopically expressing humanP450 aromatase (AROM+), and
the Tyro3, Axl and Mer (TAM) receptor tyrosine kinase triple
knockout (42).
DENDRITIC CELLS

Dendritic cells (DC) are “professional” antigen-presenting cells
and a cellular component of the adaptive immune system. DC
constitute a heterogeneous population that includes classical DC,
plasmacytoid DC, and monocyte-derived DC originating from
hematopoietic stem cells in the bone marrow. DC are found in
lymphoid and nonlymphoid tissues and have a role in T-cell
activation and tolerance induction, both of which depend onmany
environmental signals (43). We found that normal rat testis and
testicular draining lymph nodes (TLN) contain CD103+ DC that
express MHCII and B7 costimulatory molecules. However,
functional data from in vitro assays revealed that these DC are
unable to stimulate naïve T-cell proliferation (36, 44, 45). This
finding suggests that DC support the immune privilege status of
the testis as they adopt a tolerant status in the physiological
testicular microenvironment.

DC isolated from normal testis also express the chemokine
receptor CCR2, which is a marker of immature resident DC. Gao
et al. showed that Sertoli cells may promote the differentiation of
these immature DC into tolerogenic DC since mice prepuberal
Sertoli cell-conditioned of mice DC down-regulate the
expression levels of costimulatory molecules and decrease
T-cell priming (46).

During EAO, CD103+ MHCII+ CD80+ CD86+ DC isolated
from the testis and TLNs can activate T cells and produce
IL12p70 (44, 45). Bioactive IL12p70 can bias activated T cells
in favor of an inflammatory Th1 response (47). Moreover, DC
isolated from EAO testes show an upregulation of chemokine
receptor CCR7 expression, which directs DC migration to the
TLN (45). In fact, mature CD103+ DC accumulate in the lymph
nodes (LN) that drain the EAO testis (44).

Based on our knowledge in the rat model thus far, we
propose a putative model by which CD103+ DC promote the
induction and progression of orchitis. In the LN draining the
immunization site, DC present orchitogenic antigens on their
surface in the context of MHCII, then prime naïve T cells and
polarize them toward effector functions. DC-sensitized T cells
migrate to the testis, where they are attracted by local
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chemokines (CCL2 and CCL3) secreted by antigen presenting
cells and somatic cells and contribute to testicular
inflammation causing tissue damage (48, 49). Testicular DC
take up spermatic antigens from the impaired seminiferous
tubules to undergo immunogenic maturation, and subsequently
travel to the TLN via the lymphatic system; alternatively, they
might prime naïve T cells in situ. Consequently, this process
would increase manifold in response to inflammatory signals
leading to chronic orchitis.
LYMPHOCYTES

Depending on environmental signals, T cells commit to effector
or regulatory lineages with opposing functions leading to
inflammation or dominant immunologic tolerance (50). Flow
cytometric analysis of the leukocytes present in the normal rat
testis showed that nearly 25% of these cells are CD3+ T cells, and
that the percentage of CD8+ T cells is 4-fold greater than that of
CD4+ T cells. Most CD25+ T cells are found within the CD8+

subset (51). Both subsets express proinflammatory mediators,
such as TNFa, IFNg, and FasL. A similar percentage of cells
within the CD4+ and CD8+ T cell subsets express IFNg; however,
CD8+ T cells are the main producers of FasL and TNFa.
Testicular T cells expressing IL4 are occasionally observed
under normal conditions (52, 53).

The presence of Foxp3+ Tregs in the normal testis is well
established (54–56). In the rat testis, ~2% of the cells within the
CD4+ and CD8+ T-cell subsets express CD25 and Foxp3 (51).
This percentage rises to 4% in the TLN (57). Most of these cells
show a memory phenotype and produce TFG-b. Functional
analysis of CD4+CD25+Foxp3+ Tregs isolated from the TLN
showed that these cells produce a potent proliferative response
toward spermatic antigens and exert suppressive effects that
prevent conventional T-cell proliferation (57). These results
support that Tregs are activated in vivo by antigens from the
seminiferous tubules. In fact, Tung et al. demonstrated that non
sequestered germ cell antigens egressed from seminiferous
tubules, enter the interstitium, and induce Tregs challenging
the long-standing dogma that all germ cell neo-antigens are
sequestered from the immune system (58). These phenomena
elicit the expansion of Tregs in the TLN, where they may exert a
basal and permanent suppression of auto-reactive T cells,
thereby maintaining the tolerogenic environment (57, 58).

Under inflammatory conditions, pathogenic T cells can
overwhelm the suppressive mechanisms of Tregs by altering
the balance in favor of an autoimmune response (51).
For example, during EAO, CD4+, and CD8+ T cells producing
TNF-a, IFNg, and FasL infiltrate the testis. Th1 and Th17 subsets
serve as co-effector cells that govern the early stages of the disease
whereas CD8+ T cells producing Th1 and Th17 cytokines are
relevant to establish chronic inflammation (51–53). Although
Tregs accumulate in the testis and in the TLN, and despite that
Tregs from the TLN are more effective at suppressing T-cell
proliferation than their normal counterparts, these Tregs are
unable to prevent germ cell attack. One proposal for this
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paradigm is that cytokines in the inflammatory milieu might
inhibit Tregs in vivo, compromising their function at
inflammation sites (56, 57).
MAST CELLS

Mast cells (MC) are tissue resident immune cells with
heterogeneous phenotypes localized within the subalbuginea
area near blood vessels in rodents and/or in the interstitial
compartment in humans (Figure 1). MC derive from CD34+

hematopoietic progenitor cells, differentiating initially in the bone
marrow and then locally in the specific organ that they have
migrated to under the influence of estrogens (59). MC have
diverse roles in innate immunity, tissue homeostasis and
remodeling, and adaptive immunity. Pre-synthesized substances
such as histamine, chymase, tryptase, carboxipeptidase A, and
TNFa are stored in granules and are released immediately after
MC activation (60). TNFa, IL6, and IL1b are synthesized de novo
after MC activation (61). Direct interactions with autoreactive
T cells may activate MC, inducing degranulation, and
cytokine production.

During inflammation (such as in patients with defective
spermatogenesis, varicocele, infertility, or EAO and testis torsion
models) the number of MC increases. Here, the serine protease
tryptase enhances fibroblast proliferation and collagen synthesis,
inducing fibrosis of the seminiferous tubules (62). MC might also
regulate fibrosis by activating matrix metalloproteinases (MMP)
and tissue MMP inhibitors (63).

In the EAO model, MC mainly accumulate around the ST and
especially the surrounding granulomas (64). Tryptase released by
these MC activates proteinase-activated receptor-2 (PAR2) that is
expressed by peritubular cells and TM to induce cell proliferation
and cytokine production (64). Moreover, PAR2-derived peritubular
cells drive an increase in the expression of inflammatory mediators
MCP1, TGFb2, and cyclooxygenase COX2.

Analyses of human testis biopsies from infertile patients
found an increase in the number of MC within the walls of the
seminiferous tubules; many of these cells were active and
expressing tryptase (65). These MC were often localized near
to spermatogonia and Sertoli cells, suggesting that MC might
Frontiers in Immunology | www.frontiersin.org 544
affect spermatogonia that express PAR2, possibly via their
secreted products (65).
CONCLUSIONS AND FUTURE
PERSPECTIVES

Immune cells have essential roles in maintaining testicular
homeostasis by dampening the inflammatory response and
supporting normal physiological functions. The attenuated
inflammatory response of testicular immune cells, particularly
TM, is essential as the testis is an immune privileged organ. Any
inflammatory response can severely damage testicular function
— namely steroidogenesis and spermatogenesis. Although
substantial progress has been made in understanding testicular
immune cell function, more detailed investigations are now
required to delineate the interactions between these immune
cells and neighboring nonimmune cells. The mechanisms
underlying how immune cells help to resolve inflammation
and promote tissue repair are to be studied in depth. Advances
in this area will improve our understanding of male infertility
problems and will pave the way for the development of
innovative therapeutics.
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The epididymis is an important male accessory sex organ where sperm motility and

fertilization ability develop. When spermatozoa carrying foreign antigens enter the

epididymis, the epididymis shows “immune privilege” to tolerate them. It is well-known

that a tolerogenic environment exists in the caput epididymis, while pro-inflammatory

circumstances prefer the cauda epididymis. This meticulously regulated immune

environment not only protects spermatozoa from autoimmunity but also defends

spermatozoa against pathogenic damage. Epididymitis is one of the common causes

of male infertility. Up to 40% of patients suffer from permanent oligospermia or

azoospermia. This is related to the immune characteristics of the epididymis itself.

Moreover, epididymitis induced by different pathogenic microbial infections has different

characteristics. This article elaborates on the distribution and immune response

characteristics of epididymis immune cells, the role of epididymis epithelial cells

(EECs), and the epididymis defense against different pathogenic infections (such

as uropathogenic Escherichia coli, Chlamydia trachomatis, and viruses to provide

therapeutic approaches for epididymitis and its subsequent fertility problems.

Keywords: epididymis, epididymitis, epididymis epithelial cells, uropathogenic Escherichia coli, Chlamydia

trachomatis, virus

INTRODUCTION

Infertility is the thirdmajor issue affecting human health, experienced by∼10–15% of couples when
attempting to conceive a baby, among which 50% are related to male factor infertility (1). Infection
and inflammation are involved in 13–15% of cases of male factor infertility. However, prevalence
rates are up to 30% in regions with limited access to medical care (2, 3). Relevant diseases that can
lead to infertility include epididymitis, combined epididymo-orchitis, and rarely, isolated orchitis
(4, 5).

Acute epididymitis is one of themost common diseases related tomale inflammation. Nicholson
et al. have reported its incidence is ∼2.5–6.5/100 000 person-years (5, 6). Epididymitis can occur
in men of any age. Pilatz et al. (7) investigated 237 patients with acute epididymitis aged 18–97
years and found the highest incidence rate was in the group aged between 48 and 57 years old.
Redshaw et al. (8) showed that the annual incidence of acute epididymitis is∼1.2/1,000 boys at the
age of two to 13 years, while 43% of epididymitis cases occur among adult men aged 20–30 years.
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It is well-known that men with epididymitis usually present
with impaired semen quality as well as a high number of
white blood cells (4, 9, 10). Pilatz et al. (11) found the sperm
protein composition changed significantly in patients after
epididymitis, which may be one of the factors contributing to
subfertility/infertility in men after episodes of epididymitis.

Although conservative antimicrobial therapy is possible in
the majority of patients and is usually sufficient to eradicate the
pathogen, studies have shown that up to 40% of patients suffer
from permanent oligospermia or azoospermia (12). Rusz et al.
reported that persistent detrimental effects are not uncommon
in patients with acute epididymitis even after a complete
bacteriological cure (9). Recent data showed that this was
related to pathogen damage, strong fibrotic transformation,
and epithelial degeneration (13). However, the research of
immunopathological mechanisms related to human epididymitis
is hindered due to the limited access to tissue samples (14).
Therefore, studies on the epididymis have been largely performed
in rats and mice to assess the morphological changes and
immune pathways (12). Evidence shows that models mimicking
epididymitis have been instructive in a better understanding of
the mechanisms of disease initiation and progression (5).

This study describes the immune characteristics of the
epididymis and the immune pathways of the epididymitis
triggered by various pathogenic infections (E. coli, Chlamydia
trachomatis, viruses, etc.) in animal models to explore how
the immune related-mechanisms of epididymitis can impair
male fertility.

IMMUNE CHARACTERISTICS OF THE
EPIDIDYMIS

Structure of the Epididymis
The epididymis is mainly composed of the epididymal tube. The
inner layer of the epididymal duct is lined by a pseudostratified
columnar ciliated epithelium, and the outer layer is surrounded
by a peritubular layer of smooth muscle cells, in which there
is interstitial tissue stroma containing the vasculature and
lymphatics (15). Epididymis epithelial cells (EECs) are composed
of many kinds of epithelial cells, including main cells, basal cells,
lymphocyte or halo cells, clear cells, and monocyte phagocytes,
among which the monocyte phagocytes include dendritic cells
and macrophages (16), as shown in Figure 1.

The epididymis is divided into distinct segments according
to its morphology and function (15). Usually, the epididymis is
divided into three regions, including the caput, corpus, and cauda
epididymis according to its anatomical structure (17, 18), but
sometimes it is divided into four regions (the initial segment,
caput, corpus, and cauda) (15, 19).

Blood-Epididymis Barrier
The epididymis has a certain barrier function, which is called
the Blood-Epididymis Barrier (BEB). The fully functional
BEB consists of anatomical, physiological, and immunological
barriers (20). The anatomical barrier is made up of tight
junctions, formed from the principal cells’ basolateral and apical
membranes, which restrict molecules and cells from coming into

or out of the lumen. The physiological barrier comprised of
transporters and channels, while the immunological barrier is
comprised of different immune components inside and outside
the tubule/duct (20).

The tight junctions and selective transport by the principal
cells can create a high concentration of some molecules in the
epididymis, such as carnitine and inositol, which is helpful for
sperm storage and maturing (21, 22). In addition to creating
a suitable environment for sperm maturation, the BEB also
provides an immune-privileged environment for sperm with
neoantigens (23).

The BEB, together with the blood-testis barrier, plays a key
role in preventing autoimmune responses against antigenic post-
pubertal germ cells (20). Compared with the blood-testis barrier,
the tight junctions of the epididymis are much less effective (24).
Itoh et al. (25) demonstrated that spermatic granulomas were
formed after injection of spermatozoa or testicular germ cells into
the mice epididymal interstitial space; in contrast, no infiltrate
was detected, and spermatic granulomas were not formed in
the interstitial space when similar studies were performed in the
testis. Alterations in the BEB may also bring about the formation
of inflammatory conditions such as sperm granulomas (22).
Infection and inflammation also damage the BEB, resulting in
loss of the barrier function. Maintaining the integrity of the BEB
is essential for sperm maturation and immune privilege (26).
Loss of the barrier function opens a pathway for the entry of
physiological and immunological components, which can alter
the luminal microenvironment and lead to autoimmunity against
sperm antigens, finally resulting in male infertility (27).

EECs and TRLs
Toll-like receptors (TLRs) are innate immune pathogen pattern
recognition receptors, which can recognize proteins, nucleic
acids, and lipids of pathogenic microorganisms invading the
body [such as viruses, bacteria, fungi, and protozoa (28)]. In
rats, both EECs and immune cells express TLRs throughout
the epididymis, which indicates that EECs also play an immune
role (29). TLR1-TLR9 mRNA is abundantly expressed in the rat
epididymis, while Tlr10 and Tlr11 are less abundantly expressed
(30). However, the clear cells in the rat cauda epididymis do
not express TLRs5–7 or TLR11 (29). TLRs1–4 are expressed by
principal cells in all regions of the rat duct (30). The expression
of TLR1-6 in the caput epididymis is similar to those in the testis,
while the levels of TLR7, 9, and 11 in the mouse epididymis are
higher (31).

IMMUNE CELLS IN THE EPIDIDYMIS

Dendritic Cells
Dendritic cells (DCs) are “professional” antigen-presenting cells
that internalize and process allo- and autoantigens (32). The DC
maturation state is a key point for balancing tissue tolerance and
autoimmunity. Immature DCs have a strong ability to internalize
antigens, but their ability to activate T cells is low, while mature
DCs is a T cell stimulant (33).

The maturation process of DCs includes a decrease
in endocytic capacity and an increase in the major
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FIGURE 1 | Schematic diagram showing the immune characteristics of the epididymis in the different regions. The epithelium of the epididymis contains various cell

types, including the main cells, basal cells, lymphocyte cells, clear cells, dendritic cells, and macrophages. In the caput, dendritic cells could extend to the tight

junction between the epithelial cells, and be particularly active. There are more CD4+ T cells and DN T cells in the caput than in the cauda. Moreover, the immune

molecules (such as IDO, actin, defensins, and Bin 1b) are highly expressed in the caput, which together with immune cells provide an environment of the immune

tolerance for the neo-antigens of spermatozoa. However, various pathogens coming into the genital tract always activate inflammation in the cauda epididymis. CD8+

T cells in the EECs and M1 macrophages facilitate the clearance of pathogens. Moreover, the B lymphocytes and lymphatics tend to increase toward the caudal

region, increasing the ability to respond to ascending infections. IDO, tryptophan-catabolizing enzyme indoleamine 2,3-dioxygenase; DN T, CD4-CD8- T; EECs,

Epididymis epithelial cells.

histocompatibility complex and chemokine receptors (34).
Upon receiving an activated signal associated with inflammation,
an immature DC will turn into a mature DC and then produce
many inflammatory cytokines, such as tumor necrosis factor-
alpha (TNF-α), interleukin (IL)-20, IL-23, and TNF-related
apoptosis-inducing ligand (35). In addition, mature DCs will
induce T-cell proliferation and polarize T cells toward Th17
and Th1 (36). The physiological role of epididymal DC is to

regulate the complex interactions between immune tolerance
and activation, which is a balance point in determining male
fertility (34, 37).

Da Silva et al. (38) found that DCs in the mouse epididymis
form a dense dendritic network in the basal area of the
epididymal epithelium and are highly active within the proximal
caput, with its protuberance extending through the epithelium.
They also reported a previously unrecognized dense network of
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dendritic cells (CD11c+ CD103+ eDCs and CD11c+ CD103–
eDCs) located at the base of the mouse epididymal epithelium,
which displayed strong antigen-presenting and cross-presenting
capabilities in vitro. DCs could collect antigens within the
epididymal lumen and present them to the CD4+ T cells,
thus regulating immunological reactions to spermatozoa and
pathogens (39).

The conventional DCs in the murine epididymis are usually
divided into cDC1 and cDC2 (40). The cDC1 type specifically
deals with the cross-presentation of antigens (41), while cDC2
are mainly involved in T helper cell type responses (42). Voisin
et al. (40) studied DC populations in the murine epididymis and
found that cDCs1 account for 0.35 and 0.2% of the caput and
cauda epididymis cells, respectively (P < 0.05) and that the cDC2
occupy 0.5% of the caput cells and 0.1% of the cauda cells (P
< 0.001).

Wang et al. (37) showed that the number of CD11c+
DCs is relatively low in normal human epididymis unlike
a dense network of CD11c+ DCs localized in the mouse
epididymis. They concluded that the epididymis might have
three phenotypically and functionally distinct subsets of DCs
according to human andmouse data. They found that tolerogenic
DC can: recognize normal sperm antigens; that immunogenic
DCs detect and clear out abnormal sperm cells and exotic
pathogens; and that inflammatory DCs: recruit Th17/Th1
cells (37).

Macrophages
Macrophages are the main phagocytes in tissue and can be
specified for the detection, phagocytosis, and destruction of
bacteria and other harmful organisms. They can also present
antigens to T cells and initiate inflammation by releasing
cytokines. Macrophages can be subcategorized as classical (M1)
and alternative (M2) macrophages (43). M1 are characterized
by a very high expression of pro-inflammatory cytokines (IL-6,
TNF-α, and IL-12) and the production of reactive oxygen species
and nitric oxide, which facilitates the clearance of microbial
pathogens (44). In contrast, M2 are defined by high secretion of
anti-inflammatory cytokines [IL-10, transforming growth factor-
β (TGF-β)] and low expression of pro-inflammatory cytokines
(IL-12, TNFα) (45). Therefore, M1/M2 polarization could affect
the fate of inflamed or injured organs (46).

Macrophages are the most abundant immunocompetent cells
in the murine epididymis (47). Macrophages are located chiefly
in the interstitial and peritubular regions of the epididymis.
Macrophages in the interstitial regions of the epididymis could
express major histocompatibility complex class II antigens,
which are necessary for antigen presentation to T cells (48).
In contrast, most macrophages in the peritubular regions of
the epididymis lack major histocompatibility complex class II
expression, which is a common feature of mucosal epithelia (49).
Da Silva et al. (38) reported that a network of mononuclear
phagocytes (MPs) expressing macrophage and dendritic cell
markers such as CD11c, F4/80, and CX3CR1, lines the base of
the mouse epididymal tubule. Both macrophages and DCs are
“professional” antigen-presenting cells, and play a complex dual
role in the epididymis. On the one hand, they could inhibit

responses to sperm antigens under normal conditions, but on
the other hand, they might activate inflammatory responses to
pathogens during infection (16, 34).

Lymphocyte
Lymphocytes present in the rat epididymal epithelium are often
referred to as halo cells, which are named for the circular light-
stained cytoplasm around the nucleus under light microscopy
(50). Lymphocytes in the epididymis mainly consist of helper
T lymphocytes (CD4+), cytotoxic T lymphocytes (CD8+),
and B lymphocytes. CD4+ T cells are mainly located in the
human epididymal stroma, while CD8+ T cells are the major
lymphocytes within the epididymal epithelium (49). Voisin et al.
used a single-cell isolation technique and observed that the
numbers of CD4+ T cells were approximately equal in the
murine caput and cauda epididymides (1.1 and 1%, respectively);
the numbers of CD8+ T lymphocytes were similar as well
between the caput and cauda (1.4 and 1.05%, respectively);
however, the number of B lymphocytes in the cauda epididymis
of was significantly higher than in the caput (0.7 and 0.35%,
respectively) (40).

Surprisingly, natural killer and natural killer T cells were
not detected in the murine epididymis (40). Given the very
low incidence of epididymal tumors in humans (51), other
populations or mechanisms may be involved in the anti-tumor
effect in the epididymis (40). Voisin et al. (40) have described a
new antigen-specific regulatory T cell population in the murine
epididymis: double-negative (DN) T cells and found they were
mainly located in the caput epididymis. This kind of cell has a
strong cytotoxic effect on leukemia and lymphoma cell lines, but
it does not affect normal cells. This supports the hypothesis that
DN T cells could replace natural killer cells in the epididymis to
prevent tumorigenesis (40).

Lymphocytes change in the epididymis at different ages (52).
In young adult animals, the lymphocytes consist of helper T
lymphocytes (CD4+) and cytotoxic T lymphocytes (CD8+), but
there are no B lymphocytes, which indicate that immunoglobulin
is not produced in the epididymis under normal conditions
(52). A study of old brown Norwegian rats showed that B
lymphocytes were rare in the epididymis epithelium of young
rats, fewer than 1% of the total number of immune cells, but they
were occasionally found in the epididymis epithelium of older
rats, accounting for ∼5% of the total number of immune cells
(53). The author postulated that the accumulation of damaged
epithelial cells and antigens of germ cell origin, leaking through a
dysfunctional blood-epididymis barrier, might contribute to the
active recruitment of immune cells with age (53).

Basal Cell
Basal cells (BCs) are present in the epididymal epithelium of all
mammalian species and are located in the basal region. Several
manuscripts have reported BCs in the epididymis are similar to
peritubular macrophages in their ultrastructural and antigenic
aspects, and presumed that epididymal BCs from primates
and rodents might originate from circulating progenitors and
play some immunological role (54, 55). However, a recent
article reported that mouse BCs have similar morphological
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features compared to those of adjacent epithelial cells, and
the authors proposed that BCs originate from the non-
differentiated columnar epithelial cells instead of the MP system
(56). Mammalian BCs not only have a hypothesized scavenger
function but are also regarded as luminal sensors to regulate the
activity of principal and clear cells (57).

Other Cells
The γδ T cells are typical mucosal cells and have recently
been identified in the stroma and epididymal epithelium of the
murine epididymis (40). The γδ T cells account for only a minor
population of the T cells in the peripheral blood and lymphoid
tissues in both mice and humans, but they are abundant in
epithelial tissue (58). Epithelial γδ T cells exhibit tissue-specific
restricted TCRs and show innate-like properties (59). Daley et al.
(60) found that γδT cells could disable the immune system
response against human pancreatic ductal adenocarcinoma.
Considering the characteristics of the epididymis, γδT cells could
also disable the immune system against sperm.

INNATE IMMUNE MOLECULES

Indoleamine 2,3-Dioxygenase
Indoleamine 2,3-dioxygenase (IDO) is an intracellular enzyme
that catalyzes tryptophan to N-formalkynurenine, which is the
first and key step in the kynurenine pathway (61). IDO is a
ubiquitously expressed cytoplasmic protein typically activated by
interferons (IFNs) (62). IDO has two main functions: one is to
deplete tryptophan in an enclosed environment (such as in the
epididymal duct lumen) to prevent bacterial or viral infection,
and the other is to suppress T-cell-mediated immune responses
against self-antigens, fetal antigens, or allogeneic antigens (63).
IDO has been proven to suppress many kinds of immune
responses, such as the regulation of tissue tolerance and the
maintenance of immune privilege (64, 65).

Britan et al. (66) reported that IDO is highly expressed in
the mouse caput epididymis and is mainly secreted by the
principal and apical cells. The drosophila mothers against the
decapentaplegic protein 2/3/4 signaling pathway activated by
activin A, and could regulate the expression of IDO, suggesting
that activin Amay be an activator of IDO expression in themouse
proximal epididymis (67). Moreover, these immune regulators
may induce a tolerogenic circumstance in DCs and T cells (67,
68). Jrad-Lamine et al. (69) have shown that pro-inflammatory
cytokine expression is increased in the caput epididymitis of
IDO-deficient mice. IDO-deficient mice possess significantly
greater numbers of morphologically defective spermatozoa
compared with wide-type controls.We propose that IDO activity,
on the one hand, controlled the level of epididymal leukocytes
and, on the other, regulated the involvement of the epididymal
proteasome in clearing defective transiting spermatozoa (69).

Defensins
Defensins are not only important regulatory molecules in the
biological immune system but are also important antimicrobial
peptides with direct bactericidal functions (70). Multiple beta-
defensins have been found in the epididymis of humans andmice

with region-specific expression patterns, showing bacteria-killing
activity and the promotion of sperm motility (71, 72).

Bin1b, exclusively expressed in the rat caput region of the
epididymis, is a natural epididymis-specific antimicrobial peptide
and can promote immature sperm to obtain motility (73). The
specific expression of β-defensin 126 in the cattle epididymal
tail can promote the acquisition of motility of epididymal sperm
(74). Yenugu et al. (75) found that human and macaque sperm
associated antigen 11 is involved in the mechanism of epididymal
sperm maturation and host defense. Human β-defensin 114 can
regulate lipopolysaccharide mediated inflammation and prevent
the loss of sperm motility (76). Lack of human β-defensin 1
can lead to male infertility, which is manifested by poor sperm
motility and reproductive tract infections (77).

Other Immune Molecules
The TGF-β superfamily comprises more than 30 members,
including TGF-β isoforms, bonemorphogenetic proteins, growth
and differentiation factors, activins/inhibins, NODAL, and the
anti-Müllerian hormone (78). Three isoforms of TGF-β have
been identified in mammals: TGF-β1, TGF-β2, and TGF-β3. A
recent study has revealed that TGF-β signaling in DCs is required
for immunotolerance to sperm located in the epididymis, and
that male mice lacking TGFβ signaling in DCs would develop
severe epididymal inflammation (34). Voisin et al. (79) showed
that EECs expressed the three TGF-β isoforms in all regions
of the murine epididymis in pre-pubertal to adult mice, which
indicated that the epididymal epithelium plays an active role
in establishing a pro-tolerogenic environment necessary for the
survival of immunogenic spermatozoa.

Activin A, a member of the TGF-β superfamily, is an
important regulator of testicular and epididymal development
and function, as well as inflammation and immunity (67). In
the adult murine reproductive tract, activin A mRNA levels
are highest in the caput epididymis and decrease progressively
toward the distal vas deferens (80, 81). IL-10, a key effector
regulatory cytokine, is located in the principal cells of the murine
epididymal epithelium and may be involved in the protection
of spermatozoa from autoimmune reactions (82). There are
many other antimicrobial proteins (such as cathelicidins, mucins,
lactoferrin, and chemokines) involved in the innate defense of
EECs (83, 84).

CHARACTERISTICS OF EPIDIDYMIS
IMMUNITY

In contrast to the immunologically privileged testis, the
epididymis does not support prolonged allogeneic graft survival
(85). Furthermore, epithelial tight junctions of the rodent
epididymis may not be as effective as those of the blood-testis
barrier, and direct interactions between intra-epithelial immune
cells and either sperm antigens or ascending pathogens is possible
(71). Therefore, the epididymis is more prone to inflammation
and autoimmune responses than the testis.

It is worth noting that the type and number of immune
cells and innate immune molecules are most abundant in the
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murine epididymis head (40, 72). However, the distribution
of epididymal lymphatics tends to increase toward the murine
caudal region (86). It is widely accepted that immune
tolerance exists in the caput epididymis, but pro-inflammatory
circumstances prefer the cauda epididymis, as shown in Figure 1.
Moreover, the closer the epididymis is to the testis, the lower the
probability of inflammation, and the farther the testis is from
the epididymis, the greater the odds of inflammation and its
deleterious effect on reproduction (87). Epididymal immunity is
based on a finely tuned equilibrium between efficient immune
responses to pathogens and strong tolerance to spermatozoa (83).

IMMUNE PATHWAYS OF THE
EPIDIDYMITIS CAUSED BY DIFFERENT
PATHOGENS

Although epididymitis can occur in men of any age, the majority
of epididymitis cases occur in men aged 20–39 and they are
most often associated with sexually transmitted diseases (5).
Chlamydia trachomatis and Neisseria gonorrhea account for
∼50% of cases of epididymitis associated with chlamydia and
gonorrhea in men <39 years of age. After 39 years of age,

the most common aetiologic agent responsible for epididymitis
is Escherichia coli and other coliform bacteria found in the
gastrointestinal tract (88). Weidner et al. (89) reported that
enteric pathogens mainly occur in patients older than 35 years,
sexually transmitted pathogens like Chlamydia trachomatis and
Neisseria gonorrhoeae are often responsible in patients under
35 years. The different pathogens have different susceptible
populations, and they have different inflammatory immune
mechanisms. Therefore, it is helpful to understand the immune
response of various pathogens for the treatment of epididymitis.

BACTERIAL INFECTION
(UROPATHOGENIC ESCHERICHIA COLI)

Uropathogenic Escherichia coli (UPEC) is one of the most
common causes of acute epididymitis, which is usually due to
the retrograde progression of urethral pathogens and sexually
transmitted bacterial infections (90). Silva et al. (91) reported
that experimental epididymitis induced in rats by Gram-
negative (LPS) and Gram-positive bacterial products resulted
in differential patterns of acute inflammation in the cauda
epididymis. LPS elicited a strong inflammatory reaction, as

FIGURE 2 | The signaling pathways in the epididymitis induced by UEPC. The signaling pathway mainly includes two parts: (1) UPEC could activate TLR4 and TLR5

on epithelial cells and macrophages and induce the production of pro-inflammatory cytokines through the classical inflammatory NF-kB signaling pathway. (2)

Epididymal cells can also limit pathogen infections by secreting defensins after infection with UPEC. UPEC, uropathogenic Escherichia coli; TLR4, toll like receptor 4;

TLR5, toll like receptor 5; MyD 88, myeloid differentiation factor 88; NF-kB, nuclear factor kappa B; IL-1, interleukin-1; IL-6, interleukin-6; IL-10, interleukin-10; TNF,

tumor necrosis factor.
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reflected by the upregulation of the levels of mRNA for
seven inflammatory mediators (IL-1b, TNF, IL-6, Interferon-
gamma, IL-10, nitric oxide synthase 2, and nuclear factor-
kappa-B inhibitor alpha), and the tissue concentrations of six
cytokines/chemokines (IL-1a, IL-1b, IL-6, IL-10, CXCL2, and
CCL2) within the first 24 h post-treatment (91).

Cheng et al. (92) found that the mouse epididymis infected
by E. coli could activate TLR4 and TLR5 in the epididymis head
epithelial cells and macrophages and induce the production of
pro-inflammatory cytokines through the classical inflammatory
NF-kappa B signaling pathway. Meanwhile, the natural immune
response induced by UPEC in the epididymis of TLR4 and
TLR5 knockout mice (TLR4−/−, TLR5−/−) was significantly
lower than that induced in the wild-type mice (92), as shown in
Figure 2. Although UPEC also activates TLR11, TLR11 cannot
initiate innate immune responses in humans because there is no
functional TLR11 (93). Moreover, UPEC induced the production
of type 1 interferons by EECs through the activation of interferon
regulatory factor 3 (92).

Epididymal cells can also limit pathogen infection by secreting
defensins after infection with UPEC in the mouse model (34).
Gene expression of defensin b2, defensin b21, and defensin
27 in the caput epididymis decreased in the LPS-induced rat
epididymitis (94), while the gene expression of defensin b29,
defensin b41, and defensin b42 remained unchanged after
the treatment (95). Biswas et al. (96) demonstrated that the
expression of defensins and sperm associated antigen 11 genes
increased in the epididymis and testes in a UPEC induced
rat epididymo-orchitis model. The recombinant defensin 21
significantly decreased the bacterial load in the epididymis
and testis and proved to be more effective than gentamycin.
Moreover, overexpression of Bin1b helps mice to resist E. coli-
induced epididymitis (97).

Epididymitis also results in long-term problems in patients,
such as the irreversible development of ductal obstructions
and fibrotic tissue remodeling, even if full antibiotic treatment
is provided (98). In the chronic UEPC murine epididymitis,
the main pathological changes are dominated by lymphocytes,
plasma cells, interstitial fibrosis (99), and even dead UEPC were
able to disrupt testicular architecture after epididymal injection
in the rat model (100). However, the mechanisms for this are
unclear and need to be characterized in the future.

IMMUNE RESPONSE INDUCED BY
CHLAMYDIA TRACHOMATIS

Chlamydia trachomatis (CT) is the most common sexually
transmitted pathogen in high-income countries (101, 102) and is
the most common etiology of STIs among sexually active males
14 to 35 years of age (88). Ito et al. (103) examined different
microorganisms in men younger than 40 years of age with acute
epididymitis and found that CT is a major pathogen (28%) while
the prevalence of genital mycoplasmas (5%) and ureaplasmas
were lower (5%). Screening for CT is advocated to control the
transmission of chlamydia in sexually active young adults (104).
However, there is an opposing option posited by another study,

in which a population-based test for urogenital C trachomatis
infection did not reduce the long-term risk of reproductive
complications in women or epididymitis in men (105).

Approximately 50% of CT infections in men are
asymptomatic (106, 107). The most important profile of a
CT infection is a local immune response. First, the immune
cells are recruited to the site of the infection and secrete pro-
inflammatory cytokines such as interferon-γ (IFN-γ) (108, 109).
IFN-γ has a dual function of inhibiting the growth of CT (110)
in mice and inducing Th1 immune responses in CT-infected
women (111). Studies have shown that IFN-γ activates host cells
to restrict intracellular growth of CT by induction of IDO (112),
as shown in Figure 3. The depletion of tryptophan by IDO has
been proved to deprive CT of 5-hydroxytryptophan, which is
essential for its differentiation into an infectious elementary body
(112, 113). If IFN-γ is removed from the host cell, tryptophan
synthesis will subsequently recover, and CT quickly forms
into an infectious elementary body (114). In addition, CT
infection of murine epithelial cells can induce the secretion of
pro-inflammatory cytokines such as IL-1, Il-6, and TNF-α (115).

The most important features of CT infection are its chronic
nature and the presence of a mild inflammation that remains
subclinical in most individuals (116). Recognition of CT antigens
is associated with TLR2, TLR4, and other CT antigens and
pathogen recognition receptors (PRRs), which will induce a local
secretion of cytokines/chemokines and consequently provoke
chronic inflammation (116). This chronic inflammation can lead
to cell proliferation, tissue remodeling, and scarring in the male
genital tract (108).

INDUCTION OF ANTIVIRAL IMMUNE
RESPONSES IN EPIDIDYMAL EPITHELIAL
CELLS

Viruses can be divided into DNA viruses and RNA viruses. DNA
viruses that can infect the male reproductive system include
adeno-associated virus, cytomegalovirus, herpes simplex virus
(HSV), hepatitis B virus, human papillomavirus, etc. (117). RNA
viruses include mumps virus, enterovirus (enterovirus), human
immunodeficiency virus (HIV), hepatitis C virus, etc. (118).

Mumps virus is the most common RNA virus that causes
viral orchitis. The orchitis caused by Mumps virus is usually
accompanied by viral epididymitis, and it severely impairs male
fertility (119). Park et al. (120) investigated 18 patients with
mumps orchitis and found 13 patients (72.2%) were accompanied
with epididymitis. HSV-2 is the most common DNA virus
that infects the male genitals, but most patients infected with
HSV-2 have no obvious symptoms (121). The epididymis is
a major target and reservoir of HIV (122). Pilatz et al. (11)
investigated the etiology of acute epididymitis and found that
viral epididymitis seems a rare condition.

Viral infections of the epididymis may sexually spread
pathogens (123, 124). Different virus types that can infect the
epididymis are associated with male infertility (123). Therefore,
understanding the mechanisms underlying epididymal innate
antiviral responses would aid in the development of preventive
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FIGURE 3 | The protective mechanism against CT infection in the epididymis. Interferon γ plays a functional role in inhibiting the growth of CT by induction of IDO,

which prevents the CT from differentiating into infectious EBs. Furthermore, CT infection can induce the production of pro-inflammatory cytokines, such as IL-1, Il-6,

and TNFα. IDO, tryptophan-catabolizing enzyme indoleamine 2,3-dioxygenase; EBs, elementary bodies; IL-1, interleukin-1; IL-6, interleukin-6; TNFα, tumor necrosis

factor alpha.

and therapeutic strategies against viral infections of the
epididymis (58).

The mouse EECs abundantly express viral sensors TLR3,
the retinoic acid-inducible gene I (RIG-I), and DAI (31). TLR3
and retinoic acid-inducible gene I in EECs can be activated
by synthetic double stranded RNA polyinosinic-polycytidylic
acid, then significantly induce the expression of inflammatory
cytokines (TNF-α and Monocyte chemokine-1, IFN-α and IFN-
β) in EECs; the signaling pathway of DNA sensors can be
initiated by HSV60 (31). HSV60 can significantly increase the
expression of IFN-β, but not TNF-α and Monocyte chemokine-
1 (31). Brown et al. (125) also showed that TLR3 and retinoic
acid-inducible gene I-like receptors are enriched in human EECs
from the corpus and cauda regions. Moreover, paired box 2,
which was implicated in regulating antiviral response pathways,
is required for basal expression of the DNA sensor, Z-DNA
binding protein, and type I interferon, in caput but not in cauda
cells (125).

CONCLUSION

Epididymitis is one of the common causes of male infertility.
Persistent detrimental effects are common even after a complete
bacteriological cure. This is related to the immune characteristics

of the epididymis itself. Here, we elaborated on the distribution
and role of the epididymis immune cells and the mechanisms
of epididymis defenses against different pathogenic microbial
infections. The purpose of this manuscript is to provide
guidance for understanding the immune environment of the
epididymis and to guide future therapeutic approaches to treating
epididymitis. However, human data on different causes of acute
epididymitis is spare, so more research is needed in the future.
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Institute of Reproductive Health, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China

Reproductive tract infections contribute to the development of testicular inflammatory
lesions, leading to male infertility. Previous research shows that the activation of the
NLRP3 inflammasome in orchitis promotes the secretion and maturation of IL-1b and,
thus, decreases male fertility. The calcium-sensing receptor (CaSR) is closely related to
the secretion of proinflammatory cytokines. An increase in the CaSR level promotes the
assembly and activation of the NLRP3 inflammasome. However, the role of CaSRs in
orchitis is unknown. We first constructed a uropathogenic Escherichia Coli (UPEC) rat
orchitis model and then detected the expression of CaSR and NLRP3 inflammatory
pathway proteins in testicular macrophages (TM) through RT-PCR andWB, calcium levels
in TM through flow cytometry, and proinflammatory factor IL-1b through ELISA. In
addition, testosterone levels in the serum samples were detected using liquid
chromatography–mass spectrometry (LC-MS). Here, we show that CaSR upregulation
after infection in TM in a rat model of UPEC induces the activation of the NLRP3
inflammasome pathway and thereby enhances IL-1b secretion and reduces the
testosterone level in the blood. Moreover, CaSR inhibitors can alleviate inflammatory
impairment. After UPEC challenge in vitro, CaSR promoted NLRP3 expression and
released IL-1b cleaved from TM into the supernatant. Overall, elevated CaSR levels in
TM in testes with UPEC-induced orchitis may impair testosterone synthesis through the
activation of the NLRP3 pathway and PK2 is an upstream regulatory protein of CaSR. Our
research further shows the underlying mechanisms of inflammation-related male infertility
and provides anti-inflammatory therapeutic targets for male infertility.
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INTRODUCTION

Decline in male sperm quality and male infertility is a worldwide
concern. Approximately 15% of male infertility cases are related to
the inflammation of the reproductive system (1), and approximately
60% of such cases are caused by uropathogenic Escherichia Coli
(UPEC) (2). Testicular impairment is usually caused by the immune
system when it is killing pathogenic bacteria during an infection
rather than by the direct toxicities of pathogens and their secretions
to testicular cells (3). Therefore, studying the immune regulation of
inflammation-related male infertility is of great significance to
clinical diagnosis and treatment.

Testicular macrophages (TM) comprise the largest proportion
of immune cells in the interstitial space of the testis (4). Rat TM
account for approximately 20% of total immune cells, constituting
the first line of defense against pathogens. Macrophages and
NLRP3 inflammasomes are involved in the onset and
development of orchitis (5). NLRP3 inflammasomes are
composed of cytoplasmic sensor molecules, such as the PYD
domain-containing protein 3 (NLRP3), adaptor proteins (e.g.,
caspase-recruiting domain [ASC] of apoptosis-associated speck-
like proteins), and effector proteins (e.g., pre-caspase-1) (6–8).
NLRP3 and ASC promote the cleavage of pro-caspase-1 and form
an active complex, which triggers the cleavage of pro-IL-1b into
mature IL-1b (9). In a murine model of UPEC orchitis, NLRP3,
ASC, caspase-1, and IL-1b are clearly elevated in TM (10–12).

The calcium-sensing receptor (CaSR) can sense small changes
in Ca2+ concentration, mediate signal transduction in the
cytoplasm, promote the recruitment and assembly of NLRP3
inflammasomes, and cause an inflammatory response (13).
Increasing evidence shows that the elevated circulating levels of
proinflammatory cytokines are accompanied by changes in Ca2+

homeostasis (14). CaSR is expressed in BMDNs, promotes the
assembly of NLRP3 inflammasomes by regulating Ca2+

concentration, and modulates the secretion and maturation of
IL-1b (15). CaSR activates NLRP3 inflammasomes through the
ERK1/2 signaling pathway in the preadipocyte line LS14 (16).
However, the role of CaSR in UPEC-induced orchitis
macrophages remains unclear.

Given the potential relationship between CaSR and NLRP3,
we concluded that CaSR is closely related to UPEC-induced
testicular inflammation. Based on our previous findings that PK2
promotes IL-1b secretion through the NLRP3 pathway (12), we
speculated that PK2 and CaSR have a close relationship. In this
study, we focused on the effect of CaSR on IL-1b secretion in TM
during a UPEC infection to reveal the molecular mechanism that
may ultimately damage male fertility.
MATERIALS AND METHODS

Animals
Adult male Wistar rats (8–10 weeks) were purchased from the
Animal Center of Tongji Medical College. The rats were raised at
22°C in a 12 h light/12 h dark cycle and fed with standard food
pellets and water. The study was conducted in strict accordance
with the guidelines approved by the Animal Care and Use
Frontiers in Immunology | www.frontiersin.org 260
Committee of Tongji Medical College, Huazhong University of
Science and Technology.

Bacterial Reproduction and Detection
The UPEC strain CFT073 (NCBI: AE014075, NC_004431)
bacterial culture was shaken in an LB liquid medium and then
grown to the exponential phase (OD600 = 0.6–0.8). The UPEC
culture was centrifuged at 4000xg for 10 min at room
temperature. The obtained pellets were washed with PBS and
stored in DMEM 0F12:1. Then, a 9-cm LB solid medium plate
was prepared, and the UPEC bacterial solution was diluted at
different concentration gradients. Approximately 10 µL from
each gradient solution was smeared evenly on the plate. Finally,
the total number of CFU of UPEC was calculated.

Detection of bacteria in the testes of UPEC model rats: A
small portion of each testis tissue sample was ground into a
homogenate. After dilution with physiological saline, 10 µL of
the homogenate was evenly spread on an LB solid medium, and
the formation of UPEC CFU was observed on the next day.

UPEC-treated cells in vitro: Cells were infected with UPEC
(Moi = 20) for 2 h.

UPEC Rat Model
After the rats were anesthetized, the testes and epididymides
were fully exposed for the location of the vasa deferentia.
Approximately 50 µL of 4 × 106 CFU UPEC CFT073 bacterial
solution diluted with saline was injected into the vas deferens
near the tail of the epididymis on both sides. The control group
was injected with 50 µL of saline. After constructing the UPEC
rat orchitis model, NPS2143 containing 0.5% DMSO was
injected in situ into the testis of the rat the next day, and the
concentration was 10 mg/kg according to the body weight of
each rat.

Sample Collection
Collection of testis and epididymis tissues: Laboratory
equipment was cleaned and disinfected at 125°C. After the rats
were killed, the testes and epididymides were exposed
immediately, and any damage to the seminiferous tubules was
prevented by carefully removing the tissues.

For the collection of the testicular interstitial fluid, a 2-mm
incision was made at the end of each testis, and then the white
membrane was sutured at the top of the testis with four surgical
threads. The testis was suspended in four refrigerators in a 15-
mL centrifuge tube for 16 h and centrifuged at a speed of 200
RPM for 3 min. The resulting transparent tissue fluid was
collected and stored in a refrigerator at −80°C.

Collection of the supernatant of the primary macrophages:
Primary macrophages from each group adhered to the wall for 30–
40 min. Each culture medium was changed for the stimulation of
adherent macrophages and subsequent collection of supernatants.

Flow Cytometry
A stain buffer (100 µL) containing 1% BSA was used in the
preparation of single-cell suspensions from primary TM. TMwere
broken, placed in an EP tube, and centrifuged at 300xg at 4°C for
10 min. The resulting pellets were collected, and impurities were
October 2020 | Volume 11 | Article 570872

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Su et al. CaSR Activates NLRP3 Inflammasome
removed by resuspending the primary macrophages. Mouse anti-
CD68-Alexa Fluor 488 (Bio-Rad, USA) andmouse anti-CD45-PE/
Cy7 (BioLegend, USA) fluorescent antibody-labeled macrophages
were prepared and incubated at 4°C in the dark for 50 min. The
primary TM were washed again and centrifuged at 300xg for
10 min. The resulting pellets were collected, and the primary TM
were resuspended after incubation for on-board testing.

Calcium ion detection: 350 µL of interstitial single-cell
suspension (approximately 1×106 cells) and 2 mL of mouse
anti-CD68-Alexa Fluor 488 (Bio-Rad, USA) and fluo4-am were
used. After the exclusion of cell aggregation and bimodality
according to the side scatter A (SSC-A) and SSC-H plots, flow
cytometry analysis was performed using a flow cytometer (BD
LSR II, USA), and data were analyzed using FlowJo version X.

Testicular Histopathology
Fresh testes from each group were removed and immediately
placed in Bouins solution for 48 h. Testicular tissues were
embedded in paraffin. The wax blocks were completely
solidified and then cut into thin slices on a machine. The
incised testicular tissues were dewaxed, stained with
hematoxylin and eosin, and observed under a microscope.

Testes the same size as mung beans were collected form each
group within 2 min and placed in a fixative solution. The testis
microstructure was observed under an electron microscope.

Sperm Count and Sperm Forward-
Movement Detection
The rats were anesthetized and sacrificed. Epididymal samples
were collected, cut into small pieces, incubated in an F10
medium for 20 min, and counted under the microscope.

Cell Isolation
Isolation of adult Wistar rat TM. The testes were decapsulated and
digested with 1 mg/mL collagenase I (Sigma, USA) at 34°C for
20 min. Then, mesenchymal cells and seminiferous tubules were
separated through 200-mesh filtration. The cells were cultured in
DMEM F12:1 (Life Technologies, USA). After 40 min,
nonadherent cells were removed by culture medium washing.
The remaining adherent interstitial cells were primarily TM.

Cell Viability Measurements
After the UPEC bacteria with MOI=20 stimulated the J774A.1
and Raw264.7 macrophage cell lines for 2 h, the cells were treated
with the NPS2143 inhibitor for 4 h. According to the
manufacturer’s instructions, cell viability was assessed by
Pierce LDH cytotoxicity assay (Beyotime, China) and neutral
red toxicity assay (Beyotime, China) (17).

RT-PCR
Total RNA was isolated from TM using TRIzol reagent
(Invitrogen, USA). Reverse transcription was performed using a
PrimeScript™ RT kit. PCR was performed in 20 mL of a reaction
mixture containing 2 mL of cDNA, 0.8 mL of forward primer, 0.8
mL of reverse primer (Table 1), and 10 mLSYBR Green PCR
MasterMix. The amplification conditions were initial denaturation
at 95°C for 30 s, 40 cycles of denaturation at 95°C for 5 s, annealing
Frontiers in Immunology | www.frontiersin.org 361
at 60°C for 30 s, and elongation at 72°C for 30 s. The 2-DDCt

method was used in normalizing the relative expression level of the
target gene to the relative expression level of the control.

Western Blot Analysis
Tissue and ce l l p ro te ins were lysed on ice wi th
radioimmunoprecipitation assay lysis buffer (Cwbio, Taizhou,
China). Total proteins were collected after centrifugation. Then,
5 µL of 5× loading buffer was added to the proteins, which were
denatured at 98°C and stored in a refrigerator at −20°C. Colloidal
preparation, electrophoresis, membrane transfer, sealing, and
other operations were carried out successively according to the
kit’s instructions. The following primary antibodies were used
during incubation: goat anti-IL-1b polyclonal antibody (1:1000,
R & D Systems, USA), rabbit anti-CaSR polyclonal antibody
(6D4, 1:500, Santa Cruz Biotechnology, USA), rabbit anti-
NLRP3 polyclonal antibody (1:500, Novus, USA), mouse anti-
caspase-1 monoclonal antibody (1:500, Novus, USA), and mouse
anti-b-actin polyclonal antibody (1:500, Boster, China). Protein
bands were detected using ECL (Pierce, USA).

Enzyme-Linked Immunosorbent Assay
According to the manufacturer’s instructions, the levels of IL-1b
in the sera and supernatants were assessed using ELISA kits from
R & D Systems (USA).

Immunofluorescence
Cells seeded in coverslips were washed with PBS and then fixed with
prechilled 4% formaldehyde. Subsequently, the cells were blocked
with 5% normal goat serum for 1 h at room temperature and then
treated with rabbit anti-CaSR polyclonal antibody (1:200, Abcam,
USA), PK2 polyclonal antibody (1:200, Abcam, USA), and rabbit
anti-CaSR polyclonal antibody (1:500, Abcam, USA) and incubated
overnight. The cells were washed twice with PBS and then treated
with the following secondary antibodies: donkey antimouse IgG H
& L (Alexa Fluoro® 647, 1:500, Abcam, USA) and goat antirabbit
IgG H & L (FITC, 1:500, Abcam, USA) and left to stand at room
temperature for 1 h. Nuclei were stained with DAPI.

Testosterone Test
For liquid chromatography–mass spectrometry (LC-MS), 200 mL
of each sample was mixed with 800 mL of precooled methanol/
acetonitrile (1:1) for the precipitation of the proteins. The
mixtures were centrifuged at 15,000xg for 4 min at 4°C. Then,
the supernatants were collected and dried under vacuum. A
solution containing acetonitrile and water (1:1; 100 mL) was
October 2020 | Volume 11 | Article 570872
)

TABLE 1 | Sequences of primer pairs used in the real-time quantitative PCR
reactions.

Gene Primer sequences (from 5’ to 3’) Size (bp

b-actin F: GAGAGGGAAATCGTGCGT 93
R: GGAGGAAGAGGATGCGG

CaSR F: CTCCATTCCCTCCTCCTCCATCAG 82
R: TTGCTGTTGCTTCTGCCTCTCTG

PK2 F: CAAGGACTCTCAGTGTGGA 128
R: AAAATGGAACTTTCCGAGTC
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added. The resulting solution was centrifuged at 14,000xg for
15 min at 4°C. The treated supernatants were analyzed using a
liquid chromatograph LC-30A (SHIMADZU, Japan) and 4500
QQQ mass spectrometer (AB Sciex, USA).

pCMV-HA-PK2 Expression Plasmid
A pCMV-HA-PK2 expression plasmid was constructed (18).
The recombinant plasmid was transiently transfected into
J774A.1 and RAW264.7 macrophage cell lines and TM-3 cells
with Lipofectamine 3000 (Invitrogen). Briefly, transfection
complexes (including the optimized concentration of the
plasmid and Lipofectamine 3000) were transferred to 80%
fused TM-3 cells for 6 h, and then the cells were washed and
further cultured in DMEM for 42 h.

Statistical Analysis
Statistical analysis was performed using the Social Science
Statistics Package (SPSS) 18.0 and GraphPad Prism 5.0. Data
were expressed as means and standard errors of the mean (SEM).
Differences between two groups were analyzed through unpaired
t-test. One-way analysis of variance and Tukey’s HSD post hoc
test were used in measuring differences between groups. P < 0.05
were considered significant.
RESULTS

Clear Decrease in Sperm Quality in UPEC
Model Rats
We established a rat UPEC model according to previous
methods. To verify the success of model construction, we
Frontiers in Immunology | www.frontiersin.org 462
compared the model using the control group. We found that
the UPEC content in the seminal plasma of the injection group
increased markedly (Figure 1A). Moreover, the testes were
mashed and smeared on a bacterial plate. The generation of
strains was visible to the naked eye (Figure 1B). Flow analysis
showed that the purity of the primary macrophages extracted
was as high as 92.2% (Figure 1C). To verify that UPEC bacteria
can enter the testicular interstitium, we observed the complete
form of UPEC bacteria under an electron microscope (Figure
1D). Semen parameter analysis showed that the total sperm
count and forward motility of the sperm in the UPEC group
decreased (Figure 1E). All these results indicate that the UPEC
model was successfully constructed, and the sperm motility of
the rats decreased visibly after infection.

CaSR Upregulates TM in Rat Testes With
UPEC-Induced Orchitis
The role of CaSR in UPEC-induced orchitis was investigated.
Seven days after UPEC infection, testicular volume decreased in
the UPEC group (Figure 2A). The level of the CaSR gene was
clearly elevated in the testicular group of the UPEC-infected rats
(Figure 2B), and the expression level of the CaSR protein visibly
increased (Figure 2C). Given that TM is the most abundant
immune cell in the testicular interstitium, UPEC invasion and
localization were detected. We focused on TM and isolated TM
from UPEC-infected rats. The results show that CaSR gene and
protein levels increased in the TM cells of the UPEC group
(Figures 2D, E). Our previous results show that PK2 was
upregulated in the TM of UPEC-induced rats. Our previous
results indicate that PK2 is expressed in the rat TM nucleus, and
UPEC infection induces the secretion of PK2 in the nucleus into
A B

D

E

C

FIGURE 1 | The UPEC orchitis model was successfully constructed. (A) The expression of the PaPC gene in the control group, UPEC infection group, and the
positive control group (n=5/group). (B) The growth of the colonies after homogenization and plating of testis tissues in the control and infection groups (n=5/group).
(C) CD68 flow antibody was used in labeling primary TM (n=3/group). (D) The location of UPEC in the testes in the infected group. The triangular icon represents the
seminiferous tubule area, the five-pointed star icon represents the interstitial area, the thick arrow indicates UPEC, and the thin arrow indicates the primary TM. The
picture on the left is the infected group at ×1700 magnification, and the right is the infected group at ×5000 magnification (n=5/group). (E) Comparison of sperm
count and forward sperm motility in normal saline control and UPEC infection groups (n=3/group). *P < 0.05, ***P < 0.001 (t-test).
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the cytoplasm to play a proinflammatory role. Therefore, we
identified CaSR in TM by positioning PK2 in rat TM localization
and immunofluorescence results show that CaSR was expressed
in the TM nuclei of the control rats, and CaSR fluorescence
increased after UPEC infection. However, UPEC infection
induced CaSR expression in the cytoplasm. This result suggests
that CaSR protein is involved in efficient production (Figure 2F).
In conclusion, CaSR is highly expressed in the TM of rats
infected with UPEC.

CaSR Inhibitor NPS2143 Relieves Orchitis
Caused by UPEC
Given the proinflammatory effects of CaSR, its effects on
inflammatory response and the male fertility process were
studied. The CaSR inhibitor NPS2143 was injected into the
testes of the UPEC-infected rats. CaSR activity was inhibited
after injection. After UPEC infection, the renal tubules were
inflamed, and testicular spermatogenic cells showed abnormal
morphology. However, after treatment with NPS2143,
inflammation was alleviated, and the severity of the damage to
germ cells decreased. In the rats treated with NPS2143 alone, no
significant changes in testicular morphology and parameters
related to male reproduction were observed (Figure 3A). In
addition, UPEC had a negative effect on sperm count and
forward motility, and the UPEC + NPS2143 group showed the
partial recovery of these factors (Figures 3B, C). The LC-MS
results show that UPEC reduced the production of testosterone in
the serum samples, and the UPEC + NPS2143 group displayed a
partial recovery (Figure 3D). The UPEC strain was used to
stimulate the macrophage cell lines J774A.1 and Raw264.7 to
assess cell viability. The results show that, compared with the
control group, the LDH released by the macrophage cell line
Frontiers in Immunology | www.frontiersin.org 563
increased in the UPEC group (Figure 3E), and the neutral red
vitality test showed a significant decrease in cell metabolic activity
(Figure 3F). However, NPS2143 inhibitors can be used to a certain
extent to restore cell viability (Figures 3E, F). Our findings
indicate that CaSR promoted testicular inflammation, thereby
impairing male reproductive capacity, but the CaSR antagonist
NPS2143 reduced inflammation and promoted sperm count
recovery, forward motility, and testosterone production.

CaSR Regulates Ca2+ and Activates the
NLRP3 Pathway
CaSR is a calcium-sensitive receptor. To explore the role of
calcium ions in the activation of NLRP3 inflammasomes, we
labeled intracellular calcium with Fluo4-AM. The results show
that the calcium fluorescence signal in the macrophages of the
control group was 6.4, whereas that in the UPEC group was 3.75
times of that value. The fluorescence signal in the UPEC +
NPS2143 group was lower than that in the infected group
(Figures 4A, B). Compared with the control group, the UPEC
group had a higher calcium level (P < 0.001), and the UPEC +
NPS2143 group had an obviously lower calcium level (P < 0.05)
than the UPEC group (Figure 4C). The expression of the NLRP3
protein in the UPEC group was visibly higher than that in the
control group, and the expression of the NLRP3 protein
decreased in the UPEC + NPS2143 group (Figure 4D). In
vitro and in vivo, the expression levels of CaSR and NLRP3
increased obviously after UPEC stimulation (Figures 4D, E). In
the in vivo and in vitro experiments, the highest expression levels
of CaSR and NLRP3 were observed after UPEC stimulation.
Thus, UPEC clearly increased the level of intracellular Ca2+ in
the primary macrophages, and CaSR mediated the assembly of
functional NLRP3 inflammasomes though Ca2+.
A B

D

E

F

C

FIGURE 2 | CaSR expression was increased in UPEC-infected rat TM. (A) Comparison of testicle size between the saline control and UPEC infection groups (n=5/
group). (B) CaSR mRNA expression in the testis tissues of the normal saline control and UPEC infected groups (P < 0.01) (n=5/group). (C) CaSR protein content in the
testis tissues of the two groups of rats. (D) The expression of CaSR mRNA in the testes of two groups in primary macrophages (P < 0.01) (n=5/group). (E) CaSR protein
expression in the primary testicular macrophages of the two groups of rats. (F) Localization of CaSR in primary testicular macrophages. **P < 0.01 (t-test).
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PK2 Activates the NLRP3 Pathway
Through CaSR to Increase IL-1b Secretion
PK2 and its receptors follow the G protein-coupled receptor
signaling pattern, activate PK2 transcription, release functional
PK2 proteins from the cytoplasm to the extracellular
environment, and further activate the NLRP3 pathway. Thus,
we surmised that PK2 is associated with CaSR. The ELISA results
of IL-1b show that IL-1b content was not detected in the
supernatant of the control group, and the secretion level of IL-
1b in the cell supernatant of the UPEC group increased
obviously. However, the protein level of IL-1b decreased after
treatment of TM with PKRA and NPS2143. It shows that PKRA
and NPS2143 exerted inhibitory effects on IL-1b secretion
(Figure 5A). To further confirm this effect, we divided the cells
into ctrl, LPS, DMSO, LPS + UPEC + DMSO, LPS + UPEC +
NPS2143, LPS + UPEC + MCC950, LPS + UPEC + VX-765, and
LPS + UPEC + PK2 + DMSO, LPS + UPEC + PK2 + NPS2143,
and LPS + UPEC + PK2 + MCC950, LPS + UPEC + PK2 + VX-
765 groups. The results demonstrate that, under the action of
three inhibitors, the level of PK2 and inflammatory PK2
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increased. Meanwhile, NPS2143 inhibited the secretion of the
inflammatory cytokine IL-1b, and the expression level of PK2
did not change after the addition of the NPS2143 inhibitor
(Figure 5B). We transfected the PK2 plasmid into the
macrophage cell lines and TM3 cell line, and the expression
level of the PK2 gene was increased approximately 560-fold in
TM3 cells (Figure 5C) and was increased approximately 3.4-fold
in TM3 cells (Figure 5D). Total protein extracted from the
transfected cells showed that, when PK2 was overexpressed,
CaSR protein expression dramatically increased (Figures
5E–G). In summary, PK2 is an upstream regulator of the CaSR
protein, and PK2 activates the NLRP3 pathway through CaSR,
thereby increasing IL-1b secretion.
DISCUSSION

Our results indicate that UPEC infection can induce testicular
inflammation by activating the NLRP3 inflammasome in TM.
Interestingly, increase in CaSR level in TM enhances this process,
A

B D

E F

C

FIGURE 3 | CaSR inhibitor NPS-2143 can reduce UPEC-induced testicular inflammatory damage. (A) The morphology of the testicular tissues in the normal saline
control group was intact; UPEC infection group showed obvious the irregular arrangement of spermatogenic epithelium, infiltration of inflammatory cells in the
interstitium, and the destruction of many spermatogenic cell structures; UPEC+NPS-2143 inhibitor group. The inflammatory injury of the testis was relieved; the NPS-
2143 negative control group showed no significant changes compared with the saline control group. Scale bar 100 um (n=5/group). (B) Comparison of the total
number of sperm in normal saline control group, UPEC infection group, and NPS2143 rats (n=5/group). (C) The comparison of the forward movement speed of
spermatozoa in the three groups (n=5/group). (D) The testosterone levels in the sera of rats were detected by LC-MS. (E) Assessment of LDH release from
macrophage cell lines J774A.1 and Raw264.7 by UPEC strain. (F) Neutral red stains the macrophage cell lines J774A.1 and Raw264.7 in each group. *P < 0.05,
**P < 0.01, ***P < 0.001 (t-test).
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and calcium content in the cytoplasm of a TM infected with
UPEC increases obviously. CaSR can induce the production of
various proinflammatory factors. In human preadipocytes, CaSR
induces TNFa, thus leading to inflammation and abnormal fat
functions (19). CaSR activation can promote the secretion of the
proinflammatory factor IL-6 by rat peripheral blood
polymorphonuclear neutrophils (20). After CaSR activation, T
lymphocyte apoptosis can be increased through the TRPC3/6-
IP3 signaling pathway (21). However, CaSR can be expressed in
macrophages and has corresponding functions (22). The
activation of CaSR can activate the NLRP3 inflammasome in
macrophages and promote the secretion of proinflammatory
factors, thereby causing inflammation (23). Knocking out
CaSR can reduce the activation of the NLRP3 activator by
inflammatory cells (15). We detected the upregulation of CaSR
mRNA and protein in the testicular tissues of the UPEC-infected
rats. In addition, TM isolated from the inflammation model
demonstrated increased CaSR levels. Overall, we concluded that
the direct stimulation of UPEC in the testicular matrix can
elevate CaSR level.

Intracellular pathways triggered by CaSR stimulation depend
on cell type, and ligands and physiological conditions have been
widely accepted. Previous reports on the use of CaCl2 to activate
CaSR-dependent NLRP3 in human monocytes indicate that
exposure to extracellular Ca2+ for 16 h triggers the proteolytic
cleavage of pro-IL-1b protein (22). Data from a CaSR bias signal
study indicate that Ca2+ alone triggers a p-ERK/ERK response,
and the CaSR agonist cinacalcet can cause a higher p-ER/ERK
response (24). Owing to the mobilization of Ca2+, CaSR activation
leads to an increase in intracellular Ca2+ concentration. In the
Frontiers in Immunology | www.frontiersin.org 765
BMDNs of bone marrow cells, CaSR can activate NLRP3
inflammasomes by increasing the concentration of Ca2+ and
decreasing cAMP levels and thereby regulates the secretion and
maturation of IL-1b. In summary, we investigated calcium ions in
the cytoplasm of rat TM induced by UPEC, and our results
indicate that the calcium content in rat TM infected with UPEC
obviously increased. Given the upregulation of CaSR protein in
TM, we speculate that CaSR promotes the maturation and
secretion of IL-1b by regulating calcium ions in the cytoplasm.

To further study their relationship, we used the CaSR inhibitor
NPS2143. NPS 2143 is a novel CaSR selective antagonist with anti-
inflammatory activity (25, 26). NPS 2143, on the one hand,
inhibits inflammation by reducing the expression of nitric oxide
synthase, cyclooxygenase 2, and NF-kB. On the other hand, NPS
2143 relieves inflammation by activating the protein kinase AMPK
(27, 28). In the UPEC infection model, the testis morphology
recovered, and sperm motility increased after NPS2143 treatment.
In the mass spectrometry, testosterone levels were elevated in
NPS2143-treated rats compared to the UPEC-infected group. In
addition, the CaSR inhibitor NPS2143 decreased the intracellular
calcium content. For the first time, we systematically increased the
expression of CaSR mRNA and protein in the TM of UPEC-
infected rats.

The innate immune response of pathogens is associated with
the assembly of inflammasomes (29, 30). When NS5 binds to
NLRP3, Zika-induced IL-1b release occurs in human PBMC and
mouse dendritic cells (31). The bacterium Acinetobacter
baumannii induces IL-1b secretion via the NLRP3-ASC-caspase-
1 pathway, thereby causing lung injury (32). UPEC promotes the
cleavage of pro-IL-1b by promoting PK2 secretion and activating
A B

D EC

FIGURE 4 | CaSR promotes the recruitment and assembly of NLRP3 inflammasomes through Ca2+. (A) The level of calcium ion in primary TM of each group was
detected by flow cytometry (n=3/group). (B) Statistical analysis was performed on the results of the convection detection of calcium ion levels in the primary TM of
each group. (C) The calcium level of each group labeled with the fluorescent indicator Fluo-am was detected using a microplate reader (n=3/group). (D) TM were
isolated from the testes of rats in the control group and 7 days after UPEC treatment. After the collection of the macrophages, the protein levels of NLRP3 and
caspase-1 in the macrophages were analyzed by Western blotting. (E) The expression of CaSR and NLRP3 genes in the two groups was detected (n=5/group).
*P < 0.05, **P < 0.01, ***P < 0.001 (t-test).
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the NLRP3 inflammasome (12). Despite that NLRP3 and
inflammation-related IL-1b are upregulated in UPEC-infected
TM, whether CaSR induces NLRP3 inflammasome activity in
the pathogenesis of orchitis is unclear. The relationship between
CaSR and NLRP3 inflammasomes has received considerable
attention. CaSR-induced ERK1/2 signaling mediates NLRP3
activation in LS14 preadipocytes (16). In the BMDNs of bone
marrow cells, CaSR activates NLRP3 inflammasomes by
increasing Ca2+ concentration and decreasing cAMP (15). The
expression of NLRP3 was identified as a key marker of NLRP3
activation (33). Thus, we speculated that CaSR can activate NLRP3
inflammatory bodies in orchitis. Consistent with our results,
NLRP3 protein expression was clearly upregulated in the TM
of UPEC-infected rats. NLRP3 protein levels decreased after the
use of the CaSR inhibitor NPS2143. Therefore, the increase
in CaSR level in the TM of the UPEC-infected rats
promoted the upregulation of NLRP3 mRNA and protein, and
CaSR stimulation was involved in the activation of the
NLRP3 inflammasome.

PK2 activates the maturation and secretion of IL-1b through
NLRP3, and PK2 along with its receptors, follow the signaling
pattern of a G protein-coupled receptor. Thus, CaSR is associated
with PK2. LPS and bacterial DNA directly stimulate the
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upregulation of PK2 in Raw 264.7 cells (34). After UPEC
infection, PK2 induces the activation of the NLRP3
inflammasome through the MAPK pathway, thereby
promoting the maturation of IL-1b (12). This finding is
consistent with our findings. The in vivo and in vitro
experiments showed that PK2 promoted the secretion and
maturation of IL-1b in the immune TM. To verify the role of
CaSR and PK2, we overexpressed PK2 in the TM3 cell line
through the PK2 plasmid transfection method. The results
demonstrate that the CaSR protein was obviously upregulated
in PK2-overexpressing TM3 cells. Therefore, PK2 may activate
the NLRP3 inflammasome pathway through CaSR and thereby
promote IL-1b secretion. We further improved the mechanism
by which testicular inflammation impairs testicular function.

We find tha t CaSR promotes the secre t ion of
proinflammatory factor IL-1b in the NLRP3 inflammatory
corpuscle pathway in orchitis and that CaSR inhibitors reduce
inflammatory damage to spermatogenic epithelial cells. After
NPS2143 treatment, inflammation-induced testosterone
reduction was inhibited, and thus, total sperm count and
forward motility increased. In the rat serum samples, the
inhibitor NPS2143 increased serum testosterone levels. Overall,
CaSR plays an important role in the proinflammatory process of
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FIGURE 5 | NPS2143 blocks the PK2/CaSR pathway and promotes IL-1b secretion. (A) Testicular interstitial fluid was collected from each group, and IL-1b level in
the primary TM interstitial fluid was analyzed by ELISA (n= 6/group). (B) LPS, 5% DMSO, 20 mg/kg NPS-2143, MCC950, VX-765, LPS + UPEC + PK2 + DMSO,
LPS + UPEC + PK2 + NPS2143, LPS + UPEC + PK2 + MCC950, and LPS + UPEC + PK2 + VX-765 were used to stimulate macrophages for 120 min, and cell
supernatants were collected. IL-1b levels in the supernatants of the primary TM were analyzed by ELISA (n=5/group). MCC950 was an inhibitor of NLRP3 protein,
and VX-765 was an inhibitor of Caspase-1. (C) Transfection efficiency of PK2 in TM3 cell line (n=3/group). (D) Transfection efficiency of PK2 in RAW 264.7 and
J774A.1 (n=3/group). (E–G) The protein level of CaSR was detected by Western blotting. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (t-test).
October 2020 | Volume 11 | Article 570872

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Su et al. CaSR Activates NLRP3 Inflammasome
UPEC-induced orchitis by promoting the secretion of IL-1b in
TM. This study introduces the mechanism for further alleviating
orchitis. After UPEC infection, PK2 induced the activation of
NLRP3 inflammasomes through a CaSR mechanism and
promoted IL-1b maturation. IL-1b was released from TM to
the testicular stroma, affecting adjacent Leydig cells, inhibiting
testosterone synthesis and leading to impaired spermatogenesis
and ultimately male infertility (Figure 6). Our research enriches
knowledge of the role of CaSR in inflammatory diseases and
provides new insights into the underlying mechanisms of
inflammation-related male infertility.
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FIGURE 6 | Working model of UPEC-induced Prokineticin 2 via CaSR activated NLRP3 inflammasome in TM. Upper left: The model diagram of rat testis structure,
including two parts of spermatogenic tubule and testicular interstitium. Right: After UPEC infection, NLRP3 inflammatory bodies in rat TM are activated to secrete a
large amount of proinflammatory factor IL-1b. In the process, UPEC infection induces large amounts of PK2 secreted into the cytoplasm to stimulate the activation of
CaSR, and activates the NLRP3 inflammasome by increasing the level of calcium ions in the cytoplasm of macrophages. Bottom left: The large amount of
proinflammatory factor IL-1b secretion leads to a decrease in testosterone levels, and the normal physiological structure of testicular tissue is destroyed.
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The epididymis is a tubular structure connecting the vas deferens to the testis. This organ
consists of three main regions—caput, corpus, and cauda—that face opposing
immunological tasks. A means of combating invading pathogens is required in the
distally located cauda, where there is a risk of ascending bacterial infections originating
from the urethra. Meanwhile, immune tolerance is necessary at the caput, where
spermatozoa with immunogenic neo-antigens originate from the testis. Consistently,
when challenged with live bacteria or inflammatory stimuli, the cauda elicits a much
stronger immune response and inflammatory-inflicted damage than the caput. At the
cellular level, a role for diverse and strategically positioned mononuclear phagocytes is
emerging. At the mechanistic level, differential expression of immunoprotective and
immunomodulatory mediators has been detected between the three main regions of
the epididymis. In this review, we summarize the current state of knowledge about region-
specific immunological characteristics and unveil possible underlying mechanisms on
cellular and molecular levels. Improved understanding of the different immunological
microenvironments is the basis for an improved therapy and counseling of patients with
epididymal infections.

Keywords: epididymis, epididymitis, mononuclear phagocytes, uropathogenic E. coli, infertility, bacterial infection
STRUCTURE AND FUNCTION OF THE EPIDIDYMIS

The epididymis is connected to the rete testis via efferent ducts that converge onto one single
epididymal duct in the initial segment opposite the mediastinum testis. The epididymal duct meanders
through three regions known as the caput (which contains the initial segment in rodents), corpus, and
cauda epididymides (Figure 1A). Connective tissue septae segregate the epididymis further, producing
10 segments in mice (1) and 19 in rats (2). Septae in the human epididymis are present but poorly
defined (3). The duct is lined by a two-layered pseudostratified epithelium, consisting of principal,
basal, narrow/clear cells, and resident immune cells [mononuclear phagocytes (see Immune-Cell
Populations in the Rodent Epididymis) and “halo cells” (4, 5)] and surrounded by a wall composed
mostly of smooth muscle cells (Figures 1B, C). The interstitium is composed of blood vessels,
org November 2020 | Volume 11 | Article 599594169
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lymphatic vessels, leukocytes, and loose connective tissue, which
increases in density in the septae. The luminal fluid provides a
milieu necessary for the step-wise maturation of spermatozoa
required to achieve full fertilizing capacity (6, 7). The blood-
epididymal-barrier (BEB)—extending apically between adjacent
principal cells—maintains the unique composition of the luminal
fluid. However, its role in protecting spermatozoa from immune
attack is likely not as robust as the blood-testis-barrier (8).

Emerging evidence on cellular and molecular levels has resulted
in the hypothesis that the epididymis is “a series of organs side-by-
side” (9). This hypothesis is evidenced by particular region-specific
characteristics in regards to (a) the composition of the epithelium (4,
5), (b) the distribution and phenotype of resident immune cells
subpopulations (10–13), and (c) differential gene expression profiles
(1, 2, 14, 15). In line with that, septae segregate different segments
and have been demonstrated to function as diffusion barriers,
possibly creating distinct interstitial microenvironments (16, 17).

From the immunological perspective of the hypothesis that
the epididymis is a “series of organs side-by-side,” this duct faces
two different immunological challenges at its opposing ends
Frontiers in Immunology | www.frontiersin.org 270
(Figure 1B). At the proximal end, mechanisms of strong local
tolerance are required to avoid autoimmune reactions against
post-testicular spermatozoa expressing sperm-specific neo-
antigens (18). Conversely, at the distal end, mechanisms are
required to react against bacterial pathogens ascending from the
urethra (19). As pointed out below, there is accumulating
evidence that different subsets of resident immune cell
populations exist throughout the length of the epididymis that
may play a role in the balance of immune tolerance and immune
defense at the opposing ends of this organ.
LEUKOCYTES IN THE NORMAL
EPIDIDYMIS

Immune-Cell Populations in the
Rodent Epididymis
Different immune-cell populations, including heterogenous
subsets of the mononuclear phagocyte (MP) system, T and B
A B DC

FIGURE 1 | Schematic overview of murine epididymal regions during steady-state and inflammatory conditions. (A) Based on structure and function, the murine
epididymis is principally compartmentalized into four distinct anatomical regions, i.e. the initial segment (segment 1), caput (segments 2–5), corpus (segments 6–7),
and cauda (segments 8–10). (B) The epididymal epithelium consists of diverse cell types, namely principal cells, basal cells, halo cells, and clear/narrow cells,
whereby the epithelial composition and lumen diameter changes along the length of the single duct. To fulfill the main immunological functions—immune tolerance in
the proximal regions and immune defense in the distal regions—mononuclear phagocytes are strategically positioned between adjacent epithelial cells and exhibit
long protrusions within the initial segment, which are gradually shrinking towards the distal regions. (C, D) Under inflammatory conditions (10 days after infection with
uropathogenic E. coli), the epididymis shows striking different immunological responses. While the initial segment, caput, and corpus remain mostly unaffected, the
cauda epididymidis undergoes dramatic morphological alterations. Masson-Goldner-Trichrome staining, primary magnification 40×.
November 2020 | Volume 11 | Article 599594
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lymphocytes reside within the rodent epididymis (4, 10, 11, 13,
18, 20–23). Two different T-cell populations [CD4-CD8- (DN)
and gd T cells] have been identified recently: DN T cells are more
abundant within the caput while gd T cells are evenly distributed
throughout the entire epithelium and interstitium (11). A region-
specific role for these subpopulations remains elusive.

Generally, tissue-resident MPs are considered “guardians of the
immune system,” often found located at the interface with the
external environment. MPs comprise heterogeneous subsets of
monocytes, macrophages, and dendritic cells (DCs), which have
a broad spectrum of common characteristics (i.e. migratory
capabilities towards gradients of microbial signals or chemokines,
engulfment and processing of microbial fragments or dying cells
and antigen-presentation to the adaptive immune system, secretion
of signaling molecules). Most notably, MP subsets are highly
plastic, allowing them to regulate tissue homeostasis and
immune responses in an organ-specific manner.

Within the epididymis, MPs constitute the majority of
resident immune cells and comprise multiple closely related
subpopulations that are strategically positioned throughout the
different regions. As the composition and phenotype of
epididymal MPs under normal circumstances has been
comprehensively summarized elsewhere (24, 25), only a brief
reflection will be provided here serving as a prerequisite to
understand alterations seen in infection and inflammation. In
brief, distinct MP populations at the periphery of the epithelium
and within the interstitium are arranged as dense network with
the highest abundance in the initial segment (IS). They are
characterized by the expression of the chemokine (C-X3-C
motif) receptor 1 (CX3CR1) as well as a region-specific
morphology and transcriptomic signature (10, 13, 24). While
peritubular CX3CR1

+ cells within the IS exhibit long
arborizations between adjacent epithelial cells towards the tight
junctions of the BEB, these gradually decline towards the distal
segments until the cells finally appear flat in the cauda [Figure
1B (13)]. Interstitial MP do not exhibit a stellate morphology.
Rather, they can be differentiated by their expression of the
macrophage mannose receptor CD206 and lack of CD11c,
pointing to a macrophage phenotype (13).

Epididymal MPs are currently classified into different subtypes
based on the expression of surface markers traditionally used to
distinguish macrophages from DCs (10, 13), i.e. the high-affinity
IgG receptor FcgR CD64 vs. integrin alpha X CD11c expression,
respectively (26, 27). However, several subsets have been described
to express a complex combination of these markers in association
with other markers (CX3CR1, CD11b, F4/80) (10). Thus, the
original classification for epididymal MPs requires further
consideration, with the benefit of techniques such as single cell
RNA-sequencing and lineage tracing, to ultimately clarify the full
extent of MP heterogeneity. Indeed, a recently published
transcriptomic analysis revealed distinct gene expression profiles
of CX3CR1

+ MPs isolated from different epididymal regions (10)
suggesting a considerable level of MP heterogeneity and
microenvironment-specific functions beside archetypical
functions in all regions (i.e. phagocytosis and antigen-
presentation). As an example, CX3CR1

+ MPs within the IS are
differentially enriched with transcripts required for leukocyte
Frontiers in Immunology | www.frontiersin.org 371
transendothelial migration and cell adhesion (see below).
Meanwhile, CX3CR1

+ MPs within the cauda are characterized
by transcripts associated with NF-kappa B signaling, indicative of
their protective role against invading luminal pathogens (10).
Intriguingly, while both tubule-associated and interstitial MPs
within the highly vascularized proximal regions (in particular
the IS) can capture and process circulatory antigens, only
interstitial MPs exhibit these properties in the more scarcely
vascularized cauda (10). These spatial differences prompt the
hypothesis that in the caput intraepithelial MPs could be
involved in the continued capture of sperm autoantigens to
maintain tolerance, while both the interstitially located MPs in
the caput and cauda shall restrict microbial dissemination into
the organ.

Immune-Cell Populations in the
Human Epididymis
In contrast to experimental animals, human data on the
epididymal leukocyte population are scarce and are almost
exclusively derived using immune-based morphological
methods (28). Human intraepithelial lymphocytes and
macrophages are similar in terms of location to those found
in rodents (29). Macrophages are the predominant immune cell
population—except for intraepithelial leukocytes where T
lymphocytes exceed—and express major histocompatibility
complex class II (MHC-II) proteins in the interstitium. B
cells are barely detectable, while DC consist of immature DC
in the normal epididymis [CD1a+ DC, CD11c+ myeloid DC
(mDC), and CD209+ DC] (30, 31). Plasmacytoid DC and
CD83+ mature DC are only found in chronic epididymitis,
similar to CD4+Th17+ T lymphocytes (30). Although not
entirely clear, MHCII-restricted CD4+ T lymphocytes seem to
represent the predominant phenotype of T cells in the
interstitium. As in other organs, CD8+ T cells are the
predominant phenotype in the epithelium and increase
distally in the epididymis (31–33).
THE EPIDIDYMAL RESPONSE TO
INFECTION AND INFLAMMATION

Various in vivo and in vitro models have clearly pointed to
striking region-specific differences in the epididymal immune
response. The clearest observation is that the cauda epididymidis
is much more sensitive to inflammatory-inflicted damage than
the caput epididymidis [Figure 1D (14, 34, 35)]. These
observations are complemented by data from patients with
acute bacterial epididymitis where in most cases the cauda is
predominantly impacted, particularly in severe cases when an
abscess is diagnosed (36).

Region-Specific Responses in
Human Epididymitis
Acute epididymitis affects ~250 to 650 per 100,000 men each year
(37). Three different forms can be distinguished: i) bacterial
ascension through the male accessory glands (the most common
November 2020 | Volume 11 | Article 599594
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form), ii) concomitant epididymitis in the context of viral
orchitis, and iii) a primarily viral epididymitis.

Molecular microbiological diagnostics can identify a causal
bacterial pathogen in 87% of antibiotic-naïve cases (36). Both
typical urinary tract pathogens [Escherichia coli (E. coli)] and
sexually transmitted bacteria (Chlamydia trachomatis, Neisseria
gonorrhoeae) are most relevant, regardless of age [Figure 2 (36)].
As a result of bacterial ascension, 44% of patients experience
isolated pain in the cauda epididymidis, 41% experience pain in
the entire epididymis, and only 15% report isolated pain in the
caput epididymidis (36). Abscess formation characterizes
clinically severe forms of the disease. Interestingly, abscesses
are typically located in the cauda, and very rarely in the caput
epididymidis (36). Early studies that collected diagnostic
epididymal biopsies identified polymorphonuclear cells in
~54% of cases and somewhat less frequently lymphocytic
infiltrates (38). Of note, no differentiation of the inflammatory
response in dependence of the etiology of the most relevant
pathogens (e.g. E. coli vs. Chlamydia trachomatis) was ever
conducted in human specimens. Research of this kind is
limited by the low availability of specimens as histological
evaluation is only performed in cases with a fulminant course,
where secondary testicular infarction with the necessity of semi-
castration occurs (36). Finally, persistent epididymal
enlargement (usually of the cauda) >3 months post infection
affects ~16% of patients (36).

Concomitant epididymitis in primary viral orchitis is possible
both synchronously and metachronically, but the frequency is
unclear. Data only exist for mumps orchitis from the era before
mumps vaccination, and when scrotal ultrasound was
unavailable (39). Currently, only one study has used
Frontiers in Immunology | www.frontiersin.org 472
ultrasound to describe the involvement of the epididymis in 23
cases of mumps orchitis. Interestingly, in 45% of the cases, no
epididymal changes were visible (isolated orchitis), while in 30%
only the caput was affected (diameter 11.1 mm instead of
6.5 mm) and in another 26% the entire epididymis was affected
(40). These findings are in stark contrast to those of bacterial
epididymitis, where the cauda is always primarily affected.

Only few studies carried out virological examinations in
epididymitis patients. In a study investigating 28 epididymal
biopsies, arbor and rhinoviruses were detected in only three
cases (38); unfortunately corresponding histological reports
were lacking. With epididymal biopsies now obsolete due to
the risk of obstruction, another study isolated enteroviruses
directly from the semen of patients with acute epididymitis and
considered this as the etiologic pathogen (36). Moving forward,
PCR-based urine diagnostics (STIs and 16s rDNA) are now
recommended in the case of antibiotic pre-treatment with
negative urine culture, while PCR diagnostics should be
performed directly from the ejaculate if viral genesis is
suspected (36).

Region-Specific Immune Responses
in Rodent Models of Acute
Bacterial Epididymitis
A frequently used rodent model to mimic ascending acute
bacterial epididymitis uses uni- or bilateral intravasal
inoculation of uropathogenic E. coli [UPEC, (19)]. After
infection, fundamentally disparate immune responses and
associated immunopathologies were observed in different
epididymal regions (Figures 1C, D). The caput epididymidis
remains mostly unaffected throughout the course of infection
FIGURE 2 | The etiology of acute epididymitis in 284 patients without antimicrobial pre-treatment. A total of 307 pathogens are visualized due to two specimens
being simultaneously detected in 23 patients. The pathogen detection rate is 85% with E. coli as the most common pathogen, followed by Chlamydia trachomatis as
second most common. Data are obtained from a prospective study running since 2007 [modified according to (36)].
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despite the presence of bacteria and the expression of signaling
molecules required to sense bacteria and mount inflammatory
responses against them [see Region-Specific Immune Responses to
LPS-Induced Epididymitis (14, 34)]. Similar region-specific
immune reactions have also been observed in a mouse model
of experimental autoimmune epididymo-orchitis (35).

Immunotolerance in the Caput Epididymidis
A possible explanation for different immune responsiveness could
lie in the unique requirements of the immune environment of the
caput. Here, neoantigen-expressing spermatozoa originate from the
immune-privileged testicular environment. As a result, multiple
complementary mechanisms of peripheral immune tolerance are
established to prevent autoimmune reactions against spermatozoa.
At the cellular level, intraepithelial MPs sample sperm neoantigens
via their characteristic thin protrusions (see Immune-Cell
Populations in the Rodent Epididymis) that reach the epididymal
lumen and—after migration to draining lymph nodes—induce
regulatory T cells to suppress effector T cells (41). Although this
mechanism was observed in men after vasectomy and may not
reflect the steady-state situation, support for a more general
mechanism in epididymal function has been obtained in the gut,
an organ that faces similar challenges in inducing peripheral
tolerance. In the gut, CX3CR1

+ macrophages (located within the
lamina propria) capture luminal antigens and transfer them to
CD103+ DC in a connexin43-dependent manner (42). CD103+ DC,
in turn, migrate through lymphatics to the draining lymph node to
induce the differentiation of antigen-specific regulatory T cells
(42, 43).

In addition, MPs residing in the IS are in close contact with
neighboring epithelial cells and possess a strong capacity to resolve
arising inflammation—as shown by the rapid clearance of damaged
epithelia (44). These and other means to preserve epithelial integrity
are important mechanisms to maintain peripheral tolerance as a
loss of epithelial integrity in the IS promotes autoimmune-
associated responses against sperm antigens as seen in mice
lacking the adhesive protein milk fat globule-EGF factor 8 protein
MFGE8 (also known as SED1 or lactadherin) (45). Moreover, an
important role for regulatory T cells was postulated in epididymal
immune tolerance as depletion of these cells allowed induction of
experimental auto immune-orchitis, at least under certain
conditions (vasectomized B6AF1 mice) (46).

Molecular data point to the necessity to preserve
immunotolerance not only in the IS and caput, where sperm
first enter the epididymis, but throughout the organ. Here, it seems
that transforming growth factor-beta (TGFb) family members
have a prominent role. TGFb isoforms (TGF-b1, TGF-b2, TGF-
b3) are expressed in all epididymal regions, but the active forms
are preferentially found in the corpus (47). All isoforms activate
the same receptor complex (TGFb receptor 1 and 2) (48). Mice
with DC-specific TGFb receptor 2 deficiency develop severe
leukocytosis in all regions, including the IS, which is triggered
by an immune response specifically targeting sperm antigens (18).

Other immunomodulatory molecules, such as indolamine
2,3-dioxygenase [IDO (49)] or activin (50) are mostly enriched
in the proximal region. Further protective mechanism in the
proximal region of the epididymis could be based on the high
Frontiers in Immunology | www.frontiersin.org 573
expression of a large number of various anti-microbial peptides
(51, 52). These include beta-defensins (Defb 3, 12, 15, 18, 20, 30,
42), lipocalin 2 (Lcn2), cathelicidin (Camp), pentraxin 3 (Ptx3),
and Lypd8 (Ly6/Plaur domain -containing protein 8). All of
them were found in the top 50 significantly differential expressed
genes with high baseline expression in the normal caput
epididymis using whole transcriptome analysis (14). While
beta-defensins are mostly expressed by epithelial cells,
including proton-secreting clear cells with protrusions reaching
into the lumen (53) for other anti-microbial peptides their
cellular origin in the epididymis is not established, e.g. those
controlling infection with gram-negative bacteria (Lcn2, Lypd8).
It needs to be noted though that other defensins such asDefb 1, 2,
and 9 are expressed at much higher levels in the cauda. This
indicates a complex multitude of mechanisms that contribute to
the maintenance of peripheral tolerance, whilst simultaneously
providing sufficient resistance to bacteria-induced damage
[reviewed in (54)], it is not clear to what extend their
differential distribution contributes to immune tolerance and a
dampened immune response towards microbes preferentially in
the proximal epididymis.

Immune Defense in the Cauda Epididymidis
Conversely, the cauda is highly susceptible to damage as a result
of inflammatory responses. UPEC-infected mice are
characterized by interstitial and intraluminal immune cell
infiltrates, epithelial detachment, and fibrosis that all contribute
to irreversible epididymal duct obstruction [Figure 1D (14, 34)].
The immunopathological damage gradually decreases towards
the corpus epididymidis. Besides the transcriptional differences
underlying the immune responsiveness of epididymal MPs (10),
segmental barriers serve to restrict the ascent of pathogens and
spread of inflammatory modulators, at least for some time (16).

Intriguingly, the observed damage is mostly elicited by the
magnitude of the host’s immune response and only to a lesser
extend due to bacterial virulence factors as evidenced by mice
lacking the Myeloid Differentiation Primary Response Protein
MYD88, which are characterized by a less pronounced immune
reaction towards UPEC infection (34).

Although antibiotic interventions can eliminate epididymitis-
associated pathogens, histopathological alterations and
concomitant long-term fertility impairments are not preventable
by antibiotics alone (55–59). However, a combined antibiotic (i.e.
levofloxacin) and immunosuppressant (dexamethasone) regimen
can successfully dampen adaptive (rather than innate) immune
responses and the associated tissue damage in UPEC-induced
mouse epididymitis (59). This treatment might thus constitute a
promising strategy for fertility preservation in affected men (59).

Region-Specific Immune Responses to
LPS-Induced Epididymitis
Considering the frequency of E. coli-induced epididymitis in
men (see Region-Specific Responses in Human Epididymitis),
lipopolysaccharide (LPS), a structural component of the outer
membrane of Gram-negative bacteria such as E. coli, can be
explored as agonist of the toll-like receptor 4 (TLR4) to
investigate the role of TLR4 signaling in epididymitis
November 2020 | Volume 11 | Article 599594

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Pleuger et al. Infection and Inflammation of Epididymis
pathogenesis. To study region-specific immune responses, LPS
can be applied systemically to circumvent the temporally
different exposures of the epididymal regions to the
inflammatory challenge, as seen in models of ascending
bacterial infection (14, 34). In rodents, TLR4 is expressed in
epididymal epithelial cells, smooth muscle cells and interstitial
macrophages (60–63). TLR4 and associated signaling molecules
[i.e. MYD88, cluster differentiation 14 (CD14), TIR-domain-
containing adapter molecule-1 (TICAM1), and LPS-binding
protein (LBP)] show a spatial expression pattern in the
epididymis, adding further credence to region-specific
inflammatory responses in the epididymis (14, 15, 61, 63, 64).

The first demonstration that TLR4 activation by LPS
was sufficient to elicit epididymitis came from a rat model of
experimentally induced systemic endotoxemia (61). Intravenous
LPS (0.1–1.0 mg/kg) injection triggered rapid inflammatory
responses in the epididymis that were mediated by TLR4-
dependent NF-kappa B activation and an upregulation of
inflammatory mediators [i.e. Il1b, Tnf, Nos2, Bdkrb1 (61, 65)].
Intraperitoneal LPS (3.0 mg/kg) injection in mice results in a
similar upregulation of pro-inflammatory cytokines and induces
morphological alterations (immune cell infiltrates, fibrosis) that are
mostly restricted to the cauda epididymis (66). This response is
absent from Tnf−/− mice and wild-type mice treated with the
TNFa inhibitor pomalidomide, indicating that the induced
inflammatory response is the primary source of tissue damage (66).

Similar to the effects seen in the UPEC mouse model,
retrograde intravasal LPS injection in rodents resulted in a
severe inflammatory reaction within the cauda (66, 67). These
responses were more robust than those generated by systemic
LPS administration (66). Intriguingly, when LPS was directly
injected into the mesenchyme of the caput epididymidis, this
region was locally responsive as indicated by an upregulation of
several members of interleukin, NF-kappa B, TNF families, and
downregulation of b-defensins (68, 69).

The data from these studies point to the involvement of TLR4
signaling in mediating the immunopathological changes seen in
acute bacterial epididymitis. However, the exact mechanism
governing these events—such as the contributions of damage-
associated molecular patterns (e.g. S100A) as enhancers (70),
different TLR4-dependent signaling pathways (MYD88, TICAM),
and downstream inflammatory mediators of epididymitis
progression and severity—have only just begun to emerge.
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CONCLUSIONS

The spatial differences in the structure and cellular composition
of the epididymal epithelium and the region-specific gene
expression patterns associated with sperm maturation are well
known. Now, evidence is also accumulating to support a
differential immune response throughout the epididymis. Most
models point to a stronger inflammatory response to the same
infectious or inflammatory challenges in the cauda compared to
the caput epididymidis. The elevated immune response in the
cauda prompts immunopathological alterations that can impair
fertility. Although the caput is principally immunoreactive and
the constituting cells can respond to inflammatory stimuli, the
magnitude is at a much lesser extent. The data thus far have
illustrated that strategically positioned MP subpopulations as well
as region-specific expression of diverse immunomodulatory
factors enable a precisely tuned balance between tolerance and
defense at the opposing ends of the very same duct. Finally, the
BEB seems to confer protection throughout the length of the
epididymal duct, particularly from autoimmunity to sperm
neoantigens. Going forward, research is necessary to better
understand how this organ is able to maintain tolerance to
autoimmunogenic spermatozoa at one end of the duct and
ensure protection from ascending microbes at the other end.
Then, work is warranted to delineate the functions of leukocytes
in the steady-state epididymis, which currently remain an enigma.
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61. Rodrigues A, Queiróz DB, Honda L, Silva EJ, Hall SH, Avellar MC. Activation
of toll-like receptor 4 (TLR4) by in vivo and in vitro exposure of rat
epididymis to lipopolysaccharide from Escherichia Coli. Biol Reprod (2008)
79:1135–47. doi: 10.1095/biolreprod.108.069930

62. Cheng L, Chen Q, Zhu W, Wu H, Wang Q, Shi L, et al. Toll-like Receptors 4
and 5 Cooperatively Initiate the Innate Immune Responses to Uropathogenic
Frontiers in Immunology | www.frontiersin.org 876
Escherichia coli Infection in Mouse Epididymal Epithelial Cells. Biol Reprod
(2016) 94:58. doi: 10.1095/biolreprod.115.136580

63. Özbek M, Hitit M, Ergün E, Ergün L, Beyaz F, Erhan F, et al. Expression
profile of Toll-like receptor 4 in rat testis and epididymis throughout postnatal
development. Andrologia (2020) 52:e13518. doi: 10.1111/and.13518

64. Robertson MJ, Kent K, Tharp N, Nozawa K, Dean L, Mathew M, et al. Large-
scale discovery of male reproductive tract-specific genes through analysis of
RNA-seq datasets. BMC Biol (2020) 18:103. doi: 10.1186/s12915-020-00826-z
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Phenotype of Testicular
Macrophages During Uropathogenic
Escherichia coli Induced Orchitis
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Sudhanshu Bhushan3, Andreas Meinhardt3, Zhihai Qin2,4* and Ming Wang2*

1 Department of Urology, The First Affiliated Hospital of Zhengzhou University, Zhengzhou, China, 2 Medical Research
Center, The First Affiliated Hospital of Zhengzhou University, Zhengzhou, China, 3 Department of Anatomy and Cell Biology,
Justus-Liebig-University of Giessen, Giessen, Germany, 4 School of Basic Medical Sciences, The Academy of Medical
Sciences of Zhengzhou University, Zhengzhou, China

Testicular macrophages (TM) play a central role in maintaining testicular immune privilege
and protecting spermatogenesis. Recent studies showed that their immunosuppressive
properties are maintained by corticosterone in the testicular interstitial fluid, but the
underlying molecular mechanisms are unknown. In this study, we treated mouse bone
marrow-derived macrophages (BMDM) with corticosterone (50 ng/ml) and uncovered
AMP-activated protein kinase (AMPK) activation as a critical event in M2 polarization at the
phenotypic, metabolic, and cytokine production level. Primary TM exhibited remarkably
similar metabolic and phenotypic features to corticosterone-treated BMDM, which were
partially reversed by AMPK-inhibition. In a murine model of uropathogenic E. coli-elicited
orchitis, intraperitoneal injection with corticosterone (0.1mg/day) increased the
percentage of M2 TM in vivo, in a partially AMPK-dependent manner. This study
integrates the influence of corticosterone on M2 macrophage metabolic pathways,
phenotype, and function, and highlights a promising new avenue for the development
of innovative therapeutics for orchitis patients.

Keywords: Corticosterone, Testicular macrophage, AMPK, Fatty acid oxidation (FAO), Orchitis
INTRODUCTION

Urogenital infection and immunological factors account for 13 to 15% of all cases of male infertility
(1, 2). These are potentially curable or treatable conditions, but as yet sufficient knowledge of the
underlying pathology or possible therapeutics is scarce. The testis is an immune-privileged organ
that needs to tolerate autoantigens of germ cells and maintain immune homeostasis even under
infectious or inflammatory conditions (3, 4). Testicular macrophages (TM), the main population of
immune cells in the testis, play a key role in the maintenance of immune privilege (5–7), however,
how they balance this function with defense against invading pathogens is largely unknown.
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Much of our knowledge on TM has come from rat models,
where these cells are largely anti-inflammatory, exhibiting reduced
pro-inflammatory responses and an immunosuppressive
phenotype, while retaining their phagocytic capacity (8, 9). Rat
TMmaintain their immunosuppressive function by secreting high
amounts of the anti-inflammatory cytokine IL-10, and only low
levels of pro-inflammatory cytokines such as TNF-a and IL-6 (10,
11). Most recently, corticosterone in the testicular interstitial fluid
(TIF) was identified as an important mediator maintaining TM
function and phenotype (12).

Clinically, corticosterone is a widely used immunosuppressive
drug that belongs to the glucocorticoid family of steroid
hormones, and elicits a wide range of biological effects
including immunosuppressive and anti-inflammatory actions
(13–15). In vivo corticosterone is mainly synthesized in the
adrenal glands, and enters target organs via the bloodstream.
However, corticosteroids can also be produced in extra-adrenal
tissues such as the skin and intestine (16). In this regard, we
found that corticosterone levels in TIF were significantly higher
than in serum, even in rats following adrenalectomy (12). We
uncovered significant intratest icular production of
corticosterone by TM, suggesting an autocrine loop of
corticosterone action in the testis. However, the underlying
mechanisms of how cort icos terone mainta ins the
immunosuppressive function of TM and what the effects of
corticosterone are on TM in infectious conditions are still not
fully understood.

Two broad types of macrophages exist in tissues: classically
activated pro-inflammatory M1 macrophages, and alternatively
activated anti-inflammatory M2 macrophages. However, these
phenotypes are not fixed, and most recently studies have revealed
the importance of cellular metabolism in fate decision of
macrophages. M1 and M2 macrophages rely on different
metabolic pathways, namely glycolysis and oxidative
phosphorylation, respectively, to maintain their specific
phenotypes and functions (17, 18). Accordingly, a switch
between these metabolic pathways can induce the alternation
of macrophage phenotype: inhibiting oxidative phosphorylation
not only suppresses the M2 macrophage state, but actively
induces M1 macrophage polarization (19); while in contrast,
activation of oxidative phosphorylation and PGC-1b reduces
pro-inflammatory cytokine production in M1 macrophages (20).
AMP-activated protein kinase (AMPK), a master-regulator of
cellular and systemic energy homeostasis, has been identified as
the key mediator of inflammatory signaling pathways in
macrophages (21). AMPK activation facilitates macrophage
differentiation to the anti-inflammatory M2 phenotype (22).
Given the finding that corticosterone could impair the
oxidative energy metabolism of the liver mitochondria (23),
and based on these recent studies, we speculate that
corticosterone could mediate the TM phenotype by altering
their metabolic pathways.

Here we aimed to bring together recent findings on rat TM,
corticosterone, and macrophage metabolism to ask about the
pathways driving and maintaining the anti-inflammatory
polarization of murine TM. Studying bone marrow derived
Frontiers in Immunology | www.frontiersin.org 278
monocytes (BMDM) and primary TM in vitro we found that
corticosterone induced the activation of AMPK and fatty-acid
oxidation pathways in BMDM, leading to M2 polarization,
which phenocopied the anti-inflammatory features of TM.
Similarly, in vivo in a uropathogenic Escherichia coli (UPEC)-
elicited orchitis model, corticosterone treatment prevented
UPEC-induced decreases in M2 TM in the mouse testis, which
was partly AMPK-dependent.
MATERIALS AND METHODS

Animals
All mice were purchased from Charles River Laboratories
(China). Animal experiments were conducted in accordance
with the recommendations specified in the guide for the care
and the protocols approved by the Ethics Committee of
Zhengzhou University (Ethics Number: KY154). Mice (C57BL/
6J, 8–10 weeks, male) were housed in groups of five in
individually ventilated cages under a cycle of 12 h of light and
12 h of dark, in specific pathogen-free conditions with constant
temperature (21°C) and 50–60% humidity. Mice were killed by
isoflurane, and tissues were rapidly collected.

UPEC Orchitis Model
The bacteria-induced orchitis model was established as described
previously (24). Briefly, after general anesthesia, a scrotal incision
was made to expose the testes, epididymidis, and vasa deferentia.
Ten µl of UPEC strain 536-saline (0.9% sodium chloride
solution) suspension (about 5 × 105 bacteria) were injected
bilaterally into the vas deferens proximal to the cauda
epididymis using 30 G needles. Sham operated mice were
injected with saline. The vasa deferentia were ligated close to
the site of injection to prevent spreading of infection anterograde
towards the urethra. From the second day after the operation,
animals were intraperitoneally injected with corticosterone
(0.1mg/day) and or Compound C (0.4 mg/kg, ABSIN, China,
Shanghai). Mice were kept under standard housing conditions
until being sacrificed at day 7 post operation. Both testes were
removed aseptically for further analysis by flow cytometry or
H&E staining.

Primary TM and PM Isolation
TM and PM were isolated from adult C57BL/6J mice as
previously described (25, 26). Briefly, testes were decapsulated
and collected into 10 ml of ice-cold endotoxin-free RPMI 1640
medium. The seminiferous tubules were gently separated as
Hayes et al. described (27). The volume was adjusted to 50 ml
and fragments were allowed to settle for 5 min, then the
supernatant was recovered and centrifuged at 300 g for 10 min
at 4°C. The interstitial cell pellet was resuspended in 5 ml RPMI
1640 culture medium and adjusted to a concentration of 5 × 106

cells/ml. After several washes with PBS, cells (2 × 106/well) were
plated into six-well plates and incubated at 37°C in an
atmosphere containing 5% CO2 for 30 min. Contaminating
cells were removed by extensive washing. Peritoneal exudate
December 2020 | Volume 11 | Article 583276
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cells were harvested by lavage with cold RPMI 1640 medium
(10 ml per mouse). Cells were sedimented at 300 g for 10 min at
room temperature. The cell pellet was resuspended in 10 ml
medium, and 2 × 106 cells/well were seeded into six-well plates
and incubated at 37°C in an atmosphere containing 5% CO2 for
30 min to allow PM to adhere. Non-adherent cells were removed
by washing thoroughly three times with RPMI 1640. Purity of
TM and PM were analyzed by flow cytometry using antibodies
against the macrophage markers F4/80 and CD11b, and found to
be approximately 75–80% (TM) and 90% (PM), respectively
(Supplementary Figure 1).

BMDM Isolation and Culture
Bone marrow-derived macrophages (BMDM) were generated
from the femur and tibia of adult male mice. The bone marrow
was rinsed into phosphate buffer saline (PBS) with a 1 ml syringe
and centrifuged at 300 g for 5 min at RT. The cell pellet was
resuspended in 5 ml red blood cells lysis buffer for 3 min to lyse
the erythrocytes, then centrifuged at 300 g for 5 min at RT before
being resuspended again in RPMI-1640 medium supplemented
with 10% FBS and 1% penicillin/streptomycin. The cell
concentration was adjusted to 5 × 106 cells/ml; 2 × 106 cells/
well were seeded onto 12-well plates and incubated at 37°C in an
atmosphere containing 5% CO2 for 30 min. Contaminating cells
were removed by extensive washing, taking advantage of the
rapid adherence of macrophages. Finally, the isolated cells were
cultured with RPMI 1640 medium containing 10% FBS, 1%
penicillin/streptomycin, and 50 ng/ml granulocyte-macrophage
colony-stimulating factor (GM-CSF, Biolegend, San
Diego, USA).

ELISA
The ELISA Ready-SET-GO-Assays (TNFa, Cat#: 430901,
Biolegend; IL-10, Cat#: 431411, Biolegend) were used to
measure the concentrations of TNFa and IL-10 protein in
BMDM and primary macrophage culture medium, according
to the manufacturer’s instructions.

RT-PCR
Total RNA was extracted from cells using Trizol Reagent.
Complementary DNA was synthesized from 2 mg total RNA
using for cDNA reverse transcription. Prime Script RT Master
Mix (Applied TaKaRa, Otsu, Shiga, Japan) was used in
accordance with the manufacturer’s instructions. qRT-PCR
Frontiers in Immunology | www.frontiersin.org 379
was performed on an ABI PRISM 7300HT Sequence Detection
System (Applied Biosystems, Foster City, CA, USA) using SYBR
Green PCR Master Mix (TaKaRa). The primers used are listed in
Table 1. The average threshold cycle number (CRtR) for each
tested mRNA was used to quantify the relative expression
according to the 2−DDCt method, and Gapdh was used as an
internal control.

Western Blotting
Cell lysates were prepared in RIPA buffer (65 mM Tris-HCl, 150
mM NaCl, 1 mM EDTA, 1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS, and protease inhibitor cocktail) and protein
concentrations were measured by the Bio-Rad Protein Assay
(Bio-Rad, Hercules, USA). Twenty mg of protein from each
sample were subjected to SDS-PAGE and transferred onto
nitrocellulose membranes. The membranes were incubated
with 5% non-fat milk in TBST (0.5% Tween 20) for 1 h and
washed three times with TBST washing buffer. After incubation
with primary antibodies against p-AMPK (2535s, CST, Danvers,
USA), AMPK (5831s, CST), p-ACC1 (3661s, CST), ACADM
(118183, Abcam, Cambridge, UK), or ACADVL (118183,
Abcam) at 4°C overnight, the membranes were washed and
then incubated for 1h with HRP-conjugated anti-rabbit or anti-
mouse secondary antibodies at room temperature. The blots
were washed three times with TBST and developed with an ECL
system (Bio-Rad). Actin (CST) was used as a loading control.

Flow Cytometry
To measure macrophage marker levels in primary TM and
corticosterone-polarized BMDM flow cytometry was used. In
brief, 1 × 106 cells were washed twice with washing buffer (1%
BSA in PBS) and incubated with an anti-mouse CD16/32
antibody (553142, BD Biosciences, San Jose, USA) for 10 min.
Then, anti-mouse CD45 (103128, Biolegend, APC-R700, 1:100),
F4/80 (123118, Biolegend, APC-cy7, 1:100), CD11b (553310, BD,
FITC, 1:100), and CD206 (141716, Biolegend, Percp 5.5, 1:100)
antibodies were used to identify the macrophage populations.
After incubating the cells with CD45, CD11b, F4/80 for 30 min
on ice, cells were washed with PBS 1% w/v BSA, fixed,
permeabilized, and labeled with anti-CD206 at 4°C for 30
minutes. Then cells were washed and re-suspended in washing
buffer. Flow cytometric analysis was performed by using a FACS
AriaII (BD) and data were analyzed with FlowJo software version
X (Tree Star, Ashland, OR, USA).
TABLE 1 | The primers used in this paper.

Genes Forward Reverse

Tnfa AAAGACCAGGTGGAGTGGAAGAAC CTCAGTGCCGATGGAGTCCGAGTA
Il10 CCCATTCCTCGTCACGATCTC TCAGACTGGTTTGGGATAGGTTT
Acc1 ACAGTGGAGCTAGAATTGGAC ACTTCCCGACCAAGGACTTTG
Cpt1 CAGAGGATGGACACTGTAAAGG CGGCACTTCTTGATCAAGCC
Acadm TGGCATATGGGTGTACAGGG CCAAATACTTCTTCTTCTGTTGATCA
Cd36 ATTGGTCAAGCCAGCT TGTAGGCTCATCCACTAC
Fasn AGCGGCCATTTCCATTGCCC CCATGCCCAGAGGGTGGTTG
Acsl1 TCCTACAAAGAGGTGGCAGAACT GGCTTGAACCCCTTCTGGAT
Gapdh TCTCTGCTCCTCCCTGTTCC TACGGCCAAATCCGTTCACA
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FAO Enzyme Measurements
Analysis of fatty acid oxidation (FAO) was performed using a
FAO flow cytometry kit (118183, Abcam). Levels of the FAO
cycle enzymes ACADVL and ACADM were determined
according to the manufacturer’s instructions.

Seahorse XF96 Analysis
The Seahorse XF96 Extracellular Flux analyzer (Agilent, Santa
Clara, USA) is a sensitive, high-throughput instrument that takes
real-time measurements of respiration rates of cells with or
without oxidative stress. Briefly, TM, PM, or corticosterone
treated BMDM (104 cells/well) were seeded on Seahorse
culture plates in assay medium (DMEM, 1% BSA, 25 mM
glucose, and 2 mM glutamine, 1 mM pyruvate) and analyzed
using a Seahorse XFe-96 system. For measuring extracellular
acidification rate (ECAR), macrophages were stimulated
accordingly with 10 mM glucose, 0.25 mM oligomycin
(Calbiochem, Merck, Darmstadt, Germany), and 2-
deoxyglucose (2-DG, 100 mM). To obtain the maximal
respiratory and control values of cells, macrophages were
stimulated with oligomycin (0.25 mM), Carbonyl cyanide 4-
(trifluoromethoxy) phenylhydrazone (FCCP, 1 mM), and
rotenone (1 mM)/antimycin A (1 mM) according to a standard
protocol (28). The cell numbers were normalized to the cell
protein concentrations. ECAR and OCR were measured with the
XF96 Extracellular Flux Analyzer.

Histological Analysis
UPEC induced orchitis testes were collected and fixed in Bouin’s
fixative for 4 h and then embedded in paraffin. Tissue sections (6
µm) were stained with hematoxylin and eosin. After staining,
images were acquired with a Vectra microscope (Akoya
Biosciences, Menlo Park, USA).

Statistical Analyses
Statistical significance was calculated by Welch’s t-test when
comparing two groups or by one-way ANOVA. A p-value <0.05
was considered statistically significant.
RESULTS

Corticosterone Induces an Anti-
Inflammatory Macrophage Phenotype
In Vitro
Our previous study showed that corticosterone polarized GM-
CSF-induced rat blood monocytes towards the anti-
inflammatory M2 macrophage phenotype (12). To understand
whether parallel effects occurred in murine macrophages, we first
cultured mouse BMDM with 50 ng/ml of corticosterone for 7
days. As in rats, corticosterone treatment induced high levels of
expression of the M2-marker CD206 on around half of
macrophages (Figures 1A, B). Similarly, the relative mRNA
level of Cd206 was significantly higher in corticosterone-
treated cultures, as was expression of the anti-inflammatory
cytokine Il10; whereas expression of the pro-inflammatory
Frontiers in Immunology | www.frontiersin.org 480
cytokine Tnfa was significantly decreased by corticosterone
treatment (Figure 1C). As macrophage polarization and pro-/
anti-inflammatory cytokine production have recently been
linked to changes in cellular metabolism, we next asked
whether corticosterone was altering the metabolic pathways in
murine BMDM. We cultured BMDM with or without
corticosterone and assessed activity of the M1-linked glycolytic
pathway and M2-linked oxidative phosphorylation (OXPHOS)
by measuring the extracellular acidification rate (ECAR) and
oxygen consumption rate (OCR), respectively (Figure 1D).
Corticosterone significantly increased OCR and reduced ECAR
in BMDM compared with the non-treated group (Figure 1D),
which is consistent with the increased expression of M2
phenotypic markers and cytokines induced by corticosterone
treatment seen above. Thus, corticosterone induces M2
polarization at the phenotypic, molecular, and metabolic level
in murine BMDM in vitro.

We then asked how the effects of corticosterone on BMDM
metabol ism compared to the metabol ic profi les of
macrophages in the murine testis. We isolated an enriched
population of primary TM (75–80% purity) and compared
their ECAR/OCR profi les to those of primary PM
(approximately 90% purity), which are known to have an M1
phenotype, and to the data from BMDM (Figure 1D). We
found that the enriched TM population exhibited increased
OCR and reduced ECAR relative to PM (Figure 1E), and
that their metabolic profile closely resembled that of
corticosterone-treated BMDM (Figure 1D). Taken together,
an enriched primary TM population and corticosterone-
treated BMDM both show comparably higher levels of
OXPHOS and lower levels of glycolysis, consistent with an
M2 anti-inflammatory phenotype.

Corticosterone Activates AMPK and
Reprograms Fatty Acid Metabolism
in BMDM
Having observed that corticosterone treatment induces an M2
polarization of BMDM that is metabolically similar to TM, we
next aimed to identify the molecular mechanisms involved. The
AMPK signaling pathway plays an important role in polarizing
macrophages to an anti-inflammatory M2 phenotype (29);
therefore we measured levels of phosphorylated AMPK (p-
AMPK) in untreated BMDM and compared them with BMDM
treated with corticosterone for 30–120 min. We found that both
the abundance of p-AMPK and the ratio of p-AMPK to AMPK
significantly increased in a time-dependent manner following
corticosterone treatment (Figure 2A). When we compared these
AMPK levels to those in a population enriched in primary TM,
again we saw a striking resemblance between corticosterone-
treated BMDM and TM, which exhibited high absolute levels of
p-AMPK and a high ratio of p-AMPK to AMPK; while in
contrast PM exhibited significantly less p-AMPK and lower
ratios between p-AMPK and AMPK (Figure 2B). This
suggested that TM express high levels of p-AMPK
constitutively, while PM do not, and that BMDM require
corticosterone to activate AMPK.
December 2020 | Volume 11 | Article 583276
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Having shown that corticosterone treatment induces M2-like
metabolic profiles in BMDM (Figure 1D) as well as inducing
AMPK activation, we next asked how corticosterone impacted
the AMPK-mediated fatty acid oxidation (FAO) pathway. As
expected, corticosterone treatment of BMDM significantly
increased the expression of key FAO enzymes including
phosphorylated acetyl-CoA carboxylase (p-ACC), acyl-
coenzyme A dehydrogenase (ACADM), and very long-chain
specific acyl-CoA dehydrogenase (ACADVL) (Figures 2C–E).
In addition, the mRNA levels of the FA transport gene transcript
carnitine palmitoyltransferase 1 (Cpt1), the FA oxidation related
gene transcripts acetyl-CoA carboxylase 1 (Acc1) and Acadm,
and the FA synthesis gene transcript fatty acid synthase (Fasn)
were also up-regulated after corticosterone stimulation (Figure
2F). Together, these data show that corticosterone treatment of
Frontiers in Immunology | www.frontiersin.org 581
BMDM induces AMPK activation and reprograms macrophages
towards fatty acid metabolism, which is needed for M2
polarization. Moreover, similar relative levels of p-AMPK are
present in corticosterone-treated BMDM and TM in the
steady state.

AMPK Inhibition Reduces M2 Phenotypic
and Metabolic M2 Polarization in BMDM
and TM
To confirm the necessity of AMPK activation for the metabolic
and phenotypic M2 polarization of corticosterone-treated
BMDM, we conducted a series of experiments using the
AMPK inhibitor Compound C. We first confirmed that
Compound C treatment reversed corticosterone-mediated
AMPK activation, while leaving overall AMPK levels
A B

D

E

C

FIGURE 1 | Corticosterone induces M2 macrophage polarization in BMDM. (A–D) BMDM were derived by culture in RPMI 1640 medium supplemented with GM-
CSF (50 ng/ml), before the addition of corticosterone (50 ng/ml) for 7 days. (A, B) The macrophage markers F4/80 and CD206 were identified by flow cytometry.
Representative plots are shown (A); alongside average percentage of macrophages expressing CD206 (B). (C) The mRNA expression levels of Cd206, Il10, and
Tnfa were quantified by qRT-PCR and normalized against Actin. (D, E) BMDM cultured with or without corticosterone (D), and primary TM and PM (E) were seeded
on XF96- Seahorse culture plates (104 per well). The ECAR and OCR were tested in XF-96 assay medium (see Methods) and normalized against protein
concentration. After establishing a baseline, glucose (Glu, 10 mM), oligomycin (OM, 0.25 mM), 2-deoxyglucose (2-DG, 100 mM), or oligomycin (OM, 0.25 mM), FCCP
(1 mM) and rotenone/antimycin A (ROT/AA, 1 mM) were sequentially added. Continuous ECAR and OCR values (pmoles/min/µg protein) are shown. Each repetition
involved 4–5 mice per group and three replicates were performed (mean ± SD, Welch’s t-test). *P < 0.05, **P < 0.01, ***P < 0.001.
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unaffected, in BMDM (Figure 3A). We then asked what effect
inhibiting AMPK activation would have on the observed
metabolic polarization of BMDM. Compound C treatment
significantly lowered OCR in corticosterone polarized BMDM
(Figure 3B), and significantly inhibited the expression of the
FAO-associated genes Acc1, Cpt1, and Acadm (Figure 3C).
Moreover, Compound C treatment approximately halved the
expression of the M2 macrophage marker CD206 at both the
gene (Figure 3D) and population frequency (Figure 3E) level in
corticosterone-treated BMDM. Collectively, these data showed
that corticosterone-induced BMDM phenotypic and metabolic
M2 polarization is AMPK dependent.

To understand whether AMPK activation was playing a
parallel role in primary TM, we repeated the same analyses
using these cells with PM for comparison. Again, we saw that
Compound C treatment reduced p-AMPK levels in a dose-
dependent fashion (Figure 3F). Similar to corticosterone-
treated BMDM, we found that inhibition of AMPK activation
led to significantly reduced OCR (Figure 3G), as well as
significant reductions in Cd206 expression (Figure 3H). Taken
together, these results show that AMPK inhibition in BMDM
and TM results in reduced FAO and decreased expression of the
M2 marker Cd206. In BMDM this is accompanied by lowered
expression of FAO-associated genes and a reduced frequency of
cells showing M2 phenotypic polarization.
Frontiers in Immunology | www.frontiersin.org 682
AMPK Is Required for Anti-Inflammatory
Cytokine Production in Corticosterone-
Polarized BMDM and in TM
Having shown that the phenotype and metabolic profile of
corticosterone-polarized BMDM and TM relies on AMPK
activation, we next investigated whether AMPK activation was
needed for M2-associated cytokine production. Quantitative RT-
PCR of cytokine gene expression showed that Tnfa transcript
levels were elevated in corticosterone-treated BMDM in the
presence or absence of the bacterial inflammatory stimulus LPS
after 1 h, and were unaffected by Compound C treatment (Figure
4A). Expression levels equaled at 3 h post-LPS stimulation. In
contrast, expression of the anti-inflammatory cytokine Il10 gene
was significantly increased following LPS treatment at 1 and 3 h,
and inhibited by Compound C (Figure 4A). At the protein level,
TNFa levels were high 3 h after LPS treatment of corticosterone-
treated BMDM, and the addition of Compound C further
enhanced this effect (Figure 4B). IL-10 protein levels confirmed
the mRNA data, showing significant AMPK-activation-dependent
induction following LPS exposure (Figure 4B). Thus, AMPK
activation is crucial for the induction of immunosuppressive IL-
10 in corticosterone-polarized BMDM in response to challenge
with a common bacterial ligand.

We next asked whether there was evidence for comparable
mechanisms in primary TM. Again, Tnfa expression was not
A

B

D

E

FC

FIGURE 2 | Corticosterone increases p-AMPK levels and FA metabolism in BMDM. (A, C) BMDM were stimulated with corticosterone (50 ng/ml) from 30–120 min,
the levels of AMPK/p-AMPK (A), and p-ACC, ACADM, and ACADVL (C) were measured by Western blot. In each case, representative blots and average relative
expression levels (determined by band intensity using Image J and normalized relative to BMDM control sample) are shown. (B) TM and PM were isolated and
pooled from two mice (two mice for one sample, two samples were detected), p-AMPK/AMPK expression was measured by Western blot. Representative images of
three independent experiments are shown. Relative amounts of p-AMPK detected on the blots were quantified as described in Methods. (D, E) BMDM were treated
with corticosterone (50 ng/ml) for 7 days, cells were fixed and labeled for ACADM and ACADVL before analysis by flow cytometry. Representative MFI histogram (D)
and the mean MFI (E) is shown (n = 4 per group). (F) The mRNA levels of FA metabolism genes were quantified by qRT-PCR and normalized against Gapdh. The
data represent the means ± SD. Results are representative of four to five independent experiments. Welch’s t-test, *p < 0.05, **p < 0.01, ***p < 0.001 as indicated.
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induced by LPS exposure of these cells, while instead abundant
Il-10 transcription was stimulated (Figure 4C). This is consistent
with previous studies and confirms the immunosuppressive
features of TM (10). Compound C pre-treatment significantly
reduced both the Il10 transcript and protein level in enriched
populations of TM upon LPS stimulation (Figures 4C, D),
suggesting that AMPK is important for expression of this key
immunosuppressive cytokine by TM in response to a bacterial
inflammatory stimulus.

Corticosterone Treatment Ameliorates
UPEC-Elicited Orchitis In Vivo
The data so far have confirmed that corticosterone induces
BMDM to develop an M2 phenotype, metabolic state, and
Frontiers in Immunology | www.frontiersin.org 783
immunosuppressive cytokine response, dependent on AMPK
activation. We next wanted to ask about the possible roles of
corticosterone in vivo. Therefore, the effects of corticosterone
treatment on the inflammatory immune response and resulting
testicular tissue impairment was assessed in a murine model of
uropathogenic Escherichia coli (UPEC)-elicited orchitis, besides
the role of AMPK (Figure 5A). Seven days after UPEC injection
into the vas deferens, mice were sacrificed, immune cell
suspensions were analyzed by flow cytometry, and testicular
sections taken for histology. We found that UPEC induced a
marked increase in frequency (Figure 5B) and absolute number
(Figure 5C) of both F4/80hi resident TM and CD11bhi

monocyte-derived macrophages in testis, consistent with the
inflammation caused by UPEC infection. However, in mice
A B

D E

F G H

C

FIGURE 3 | AMPK inhibition suppresses M2 polarization of BMDM and TM. (A) Corticosterone (50 ng/ml, 7 days)-polarized BMDM were incubated with the AMPK
inhibitor Compound C (1–10mM, 3h); p-AMPK protein expression was detected by Western blot. Bar blots represent the relative p-AMPK/AMPK protein level, which
was determined from the band intensity using ImageJ software, and normalized relative to the BMDM control samples. (B) The OCR of corticosterone-polarized
BMDM (same samples as in Figure 1D) were compared with BMDM+Compound C treatment. (C, D) The relative mRNA levels of fatty acid metabolism genes and
Cd206 in BMDM and corticosterone stimulated (50 ng/ml, 3 h) Expression of Acc1, Cpt1, Acadm, cluster of differentiation 36 (Cd36), Fasn, acyl-coA synthetase long
chain family member 1 (Acsl1) in BMDM were quantified by qRT-PCR and normalized against Gapdh (means ± SD Welch’s t-test for C, one way ANOVA for D.)
(E) BMDM were stimulated with corticosterone for 7 days with/without daily Compound C (C. C; 10mM) administration. Levels of F4/80 and CD206 were identified
by flow cytometry and the representative plot is shown. Bar blot shows the average of CD206+ cell percentage (means ± SD, Welch’s t-test). (F) TM were incubated
with Compound C (1–10 mM, 3 h) and p-AMPK protein expression was detected by Western blot and quantified by using ImageJ (G). The OCR of enriched
populations of TM (same samples as in Figure 1E) and Compound C pre-treated TM (10 mM, 0.5 h) were measured in XF-96 assay medium and normalized against
protein concentration (H). The relative expression of Cd206 in TM treated with or without Compound C was detected by qRT-PCR and normalized against Gapdh.
In all graphs, the error bars represent SEM, whereas results designated with * were significant (P < 0.05), ** (P < 0.005) or (***p < 0.001). These experiments were
repeated three times, Welch’s t-test was used.
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treated with corticosterone these increases were significantly less
(Figures 5B, C), suggesting an anti-inflammatory function of
corticosterone in the testis. By adding Compound C to the UPEC
+corticosterone group, we uncovered a critical role for AMPK
activation in mediating CD11bhi macrophage recruitment into
the UPEC-inflamed testis (Figures 5B, C). We then looked at M2
marker expression in the F4/80+ TM macrophages in each
treatment group, and found that CD206 expression was
significantly decreased by UPEC, but reinstated to control
levels when corticosterone was applied (Figures 5C, D).
AMPK activation was partially responsible for the change in
frequency of CD206-expressing TM (Figure 5D). Moreover,
compared to the UPEC treatment group, Tnfa expression was
downregulated and Acadm expression was upregulated in
enriched populations of TM isolated from the corticosterone
treatment group—effects that were reversed by the addition of
Compound C (Figure 5E). These data show that corticosterone
reduced UPEC-induced inflammation in the murine testis by
maintaining the immunosuppressive function of TM. When we
examined control testis sections using H&E staining, we found a
profound loss of germ cells in the seminiferous tubules (Figure
5F), consistent with the impaired spermatogenesis that often
accompanies bacterial orchitis. In contrast, mice infected with
Frontiers in Immunology | www.frontiersin.org 884
UPEC and treated with corticosterone were less severely affected
(Figure 5F). Again, the effects of corticosterone were partially
reversed by Compound C treatment (Figure 5F), indicating an
important role of AMPK signaling in corticosterone-mediated
amelioration of UPEC-elicited orchitis. Taken together,
corticosterone treatment protected testes from inflammation-
associated tissue damage via a pathway involving AMPK
activation and associated with maintaining TM M2 phenotype
as well as reducing the abundance of infiltrating monocyte-
derived macrophages.
DISCUSSION

The current study shows that corticosterone can help maintain
the TM immunosuppressive phenotype under bacterial
challenge, and that the AMPK pathway is responsible for part
of the TM-mediated immunosuppression. In line with these
findings, corticosterone treatment mediated profound changes
to BMDM energy metabolism—inhibiting glycolysis and
inducing FAO—to promote M2 polarization. Further
experiments indicated that AMPK activation plays a major role
in corticosterone-polarized M2 macrophage phenotype and
A

B D

C

FIGURE 4 | Inhibition of inflammatory cytokine production in M2 phenotype BMDM and TM by Compound C. Enriched populations of TM (C, D) and
corticosterone-induced BMDM (A, B) were pre-treated with Compound C (C. C, 0.5 mM, 30 min), then stimulated with LPS (1 ug/ml, 1 and 3 h, respectively).
(A, C) The effects of AMPK inactivation on expression of Il10 and Tnfa were examined by qRT-PCR. (B, D) After pretreatment with Compound C and LPS (3 h) cell
supernatants were collected and the protein levels of TNF-a and IL-10 were measured by ELISA. Results are representative of three to four independent
experiments. *p < 0.05; **p < 0.01; *p <0.001 as indicated. One-way ANOVA.
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function. Moreover, corticosterone suppresses the pro-
inflammatory response of BMDM, instead promoting IL-10
secretion in response to LPS. Similarly, in vivo in a UPEC
elicited-orchitis mouse model, corticosterone treatment
prevented UPEC-induced decreases in M2 TM and reduced
tissue impairment in a partially AMPK-dependent manner.
These findings highlight an important role for AMPK in vivo
in TM, and demonstrate the therapeutic potential for
corticosterone in maintaining the anti-inflammatory properties
of TM and the immune privilege of the testis.

In previous studies in rats it was observed that TM play a
crucial role in regulation of testicular inflammation by
presenting an anti-inflammatory phenotype and secreting high
Frontiers in Immunology | www.frontiersin.org 985
amounts of IL-10 (10, 11). We further identified corticosterone
as a main contributor to maintaining TM’s immunosuppressive
phenotype and function (10, 12). The anti-inflammatory
function of corticosterone has been intensively investigated in
many leucocytes, including macrophages, where it changes the
phenotype and function of these cells (30). A recent study also
showed that corticosterone attenuates LPS-induced
inflammatory cytokine IL-1b secretion in BV2 mouse
microglia-like cells (31), which occupy a similarly immune-
privileged niche in the brain as TM do in the testis. However,
until now the effects of corticosterone on murine TM and during
testicular infection was unknown. It needs to be noted that
isolated primary TM show a purity of approx. 80% and are
A
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FIGURE 5 | Corticosterone treatment protects testis from UPEC-induced orchitis. (A) WT C57BL/6J mice were injected with saline or uropathogenic Escherichia
coli into the vas deferens. Mice were then injected daily with corticosterone (0.1mg/day) ± Compound C (C.C, 0.4 mg/kg). Seven days post-infection mice were
sacrificed and macrophage populations were measured in cells from testes by flow cytometry. Data are representative of two independent experiments. (B) Mean
percentages of F4/80hiCD11blo resident TM, F4/80loCD11bhi monocyte-derived macrophages (upper panel) and the F4/80hi CD206+ M2 TM (lower panel) in testes
of the different treatment groups are presented. (C) The number of resident F4/80hi macrophages and CD11bhi monocyte-derived macrophages in testes of the
different treatment groups is presented. (D) Percentage of CD206-expressing TM among F4/80hiCD11blo resident macrophages in the different groups is shown;
(E) TM were isolated and the relative expression of Tnfa, Il10, and Acadm were detected by RT-PCR. Mean ± SD; n = 5 for each group). The unpaired one-way
ANOVA was employed for statistical analysis. *** p < 0.001, **p < 0.01, * p < 0.01. (F) Day 7 testicular tissue sections from each treatment group were stained with
hematoxylin and eosin (magnification = 20× objective).
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thus cautiously referred to as a TM enriched population with
likely contaminants consisting of germ cells and Leydig cells that
attach tightly to TM.

In this study, corticosterone treatment polarized BMDM
towards a F4/80+CD206+ M2 anti-inflammatory phenotype
with reduced TNF-a secretion and increased IL-10 production
in vitro, similar to TM, suggesting a crucial role of corticosterone
in mediating macrophage M2 polarization.

The underlying mechanism of corticosterone-mediated
BMDM M2 polarization remained elusive. Recent advances in
the immune-metabolism field have shown that the metabolic
pathways and phenotypic polarization of macrophages are
closely intertwined: macrophages can switch their phenotype
and function by changing their metabolic pathways in response
to the tissue microenvironment or upon encountering
inflammatory cues (32, 33). Energy metabolism is not only a
source of energy but also provides signals for macrophage
polarization (17). Our study confirmed that, typically, M2 TM
as well as corticosterone-polarized M2 BMDM showed increased
FAO and decreased glycolysis, compared with M1 macrophage
PM. Of note, we found that corticosterone upregulated
expression of several FA metabolism-related genes in BMDM
by activating AMPK, the master regulator of metabolism. The
AMPK inhibitor Compound C reversed the anti-inflammatory
property of corticosterone-polarized BMDM by inhibiting FAO.
These results further confirmed that a switch of metabolic
pathway can regulate macrophage phenotype and function and
shed new light on the understanding of corticosterone-induced
macrophage M2 polarization. However, how AMPK-mediates
FA metabolism still needs further investigation.

Accumulating evidence has shown that AMPK activation
exhibits anti-inflammatory features mainly by activating SIRT1
and PGC-1a, and by inhibiting several inflammatory pathways
including NF-kB and AP-1 (34, 35). In rheumatoid arthritis,
SIRT1/adenosine monophosphate enhances anti-inflammatory
M2 macrophage polarization by activating AMPK signaling (36).
Similarly, in this study we observed that corticosterone-mediated
act ivat ion of AMPK polar ized BMDM towards an
immunosuppressive phenotype in vitro and supported
maintenance of the M2 TM population in vivo under bacterial
challenge. However, the mechanism of corticosterone-mediated
AMPK activation is still not fully understood. In alignment with
our findings, it has been recently reported that another
glucocorticoid, dexamethasone, can improve therapeutic
outcomes in a mouse model of UPEC-mediated epididymitis
by inhibiting the immune response and tissue damage (37).
Moreover, our in vivo data further demonstrated that
corticosterone treatment ameliorates UPEC-elicited orchitis by
increasing the percentage of M2 macrophages in the TM
population; while Compound C treatment reduced the
percentage of M2 macrophages, suggesting that the anti-
inflammatory function of corticosterone depends at least
partially on AMPK activation. In addition, corticosterone
treatment significantly reduced the inflammatory CD11bhi

monocytes population in the infected testis, and importantly,
reduced inflammation-associated tissue damage.
Frontiers in Immunology | www.frontiersin.org 1086
Taken together, we have uncovered the underlying
mechanisms of cort icosterone-induced M2 BMDM
polarization, in which AMPK activation-induced FAO plays a
key role. We also evidence similar pathways in TM both ex vivo
and in vivo, where corticosterone therapy ameliorated the tissue-
damaging effects of UPEC-elicited orchitis by maintaining the
population of M2 TM. Thus this work has uncovered key
metabolic pathways and mediators underpinning the anti-
inflammatory polarization of TM, and shed new light on the
development of innovative therapeutics for orchitis patients.
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mans extinction. N Am J Med Sci (2011) 3(12):562–4. doi: 10.4297/
najms.2011.3559

3. Head JR, Billingham RE. Immune privilege in the testis. II. Evaluation of
potential local factors. Transplantation (1985) 40(3):269–75. doi: 10.1097/
00007890-198509000-00010

4. Fijak M, Meinhardt A. The testis in immune privilege. Immunol Rev (2006)
213:66–81. doi: 10.1111/j.1600-065X.2006.00438.x

5. Schuppe HC, Meinhardt A. Immune privilege and inflammation of the testis.
Chem Immunol Allergy (2005) 88:1–14. doi: 10.1159/000087816

6. Zhao S, Zhu W, Xue S, Han D. Testicular defense systems: immune privilege
and innate immunity. Cell Mol Immunol (2014) 11(5):428–37. doi: 10.1038/
cmi.2014.38

7. Li N, Wang T, Han D. Structural, cellular and molecular aspects of immune
privilege in the testis. Front Immunol (2012) 3:152. doi: 10.3389/
fimmu.2012.00152

8. Bhushan S, Meinhardt A. The macrophages in testis function. J Reprod
Immunol (2017) 119:107–12. doi: 10.1016/j.jri.2016.06.008

9. Winnall WR, Hedger MP. Phenotypic and functional heterogeneity of the
testicular macrophage population: a new regulatory model. J Reprod Immunol
(2013) 97(2):147–58. doi: 10.1016/j.jri.2013.01.001

10. Bhushan S, Tchatalbachev S, Lu Y, Fröhlich S, Fijak M, Vijayan V, et al.
Differential activation of inflammatory pathways in testicular macrophages
provides a rationale for their subdued inflammatory capacity. J Immunol
(2015) 194(11):5455–64. doi: 10.4049/jimmunol.1401132

11. Winnall WR, Muir JA, Hedger MP. Rat resident testicular macrophages have
an alternatively activated phenotype and constitutively produce interleukin-10
in vitro. J Leukoc Biol (2011) 90(1):133–43. doi: 10.1189/jlb.1010557

12. Wang M, Fijak M, Hossain H, Markmann M, Nüsing RM, Lochnit G, et al.
Characterization of the Micro-Environment of the Testis that Shapes the
Phenotype and Function of Testicular Macrophages. J Immunol (2017) 198
(11):4327–40. doi: 10.4049/jimmunol.1700162

13. Yang C, Nixon M, Kenyon CJ, Livingstone DE, Duffin R, Rossi AG, et al. 5a-
reduced glucocorticoids exhibit dissociated anti-inflammatory and metabolic
effects.Br J Pharmacol (2011) 164(6):1661–71. doi: 10.1111/j.1476-5381.2011.01465.x

14. Wei B, Zhu Z, Xiang M, Song L, Guo W, Lin H, et al. Corticosterone
suppresses IL-1b-induced mPGE2 expression through regulation of the 11b-
HSD1 bioactivity of synovial fibroblasts in vitro. Exp Ther Med (2017) 13
(5):2161–8. doi: 10.3892/etm.2017.4238

15. Slominski RM, Tuckey RC, Manna PR, Jetten AM, Postlethwaite A, Raman C,
et al. Extra-adrenal glucocorticoid biosynthesis: implications for autoimmune
and inflammatory disorders. Genes Immun (2020) 21(3):150–68. doi: 10.1038/
s41435-020-0096-6

16. Ahmed A, Schmidt C, Brunner T. Extra-Adrenal Glucocorticoid Synthesis in
the Intestinal Mucosa: Between Immune Homeostasis and Immune Escape.
Front Immunol (2019) 10:1438. doi: 10.3389/fimmu.2019.01438

17. Thapa B, Lee K. Metabolic influence on macrophage polarization and
pathogenesis. BMB Rep (2019) 52(6):360–72. doi: 10.5483/BMBRep.2019.52.6.140

18. Galván-Peña S, O’Neill LA. Metabolic reprograming in macrophage
polarization. Front Immunol (2014) 5:420. doi: 10.3389/fimmu.2014.00420

19. Orecchioni M, Ghosheh Y, Pramod AB, Ley K. Macrophage Polarization:
Different Gene Signatures in M1(LPS+) vs. Classically and M2(LPS-) vs.
Alternatively Activated Macrophages. Front Immunol (2019) 10:1084. doi:
10.3389/fimmu.2019.01084

20. Vats D, Mukundan L, Odegaard JI, Zhang L, Smith KL, Morel CR, et al.
Oxidative metabolism and PGC-1beta attenuate macrophage-mediated
inflammation. Cell Metab (2006) 4(1):13–24. doi: 10.1016/j.cmet.2006.05.011

21. Herzig S, Shaw RJ. AMPK: guardian of metabolism and mitochondrial
homeostasis. Nat Rev Mol Cell Biol (2018) 19(2):121–35. doi: 10.1038/
nrm.2017.95
Frontiers in Immunology | www.frontiersin.org 1187
22. Ma A, Wang J, Yang L, An Y, Zhu H. AMPK activation enhances the anti-
atherogenic effects of high density lipoproteins in apoE(-/-) mice. J Lipid Res
(2017) 58(8):1536–47. doi: 10.1194/jlr.M073270

23. Sun X, Luo W, Tan X, Li Q, Zhao Y, Zhong W, et al. Increased plasma
corticosterone contributes to the development of alcoholic fatty liver in mice.
Am J Physiol Gastrointest Liver Physiol (2013) 305(11):G849–61. doi: 10.1152/
ajpgi.00139.2013

24. Klein B, Bhushan S, Günther S, Middendorff R, Loveland KL, Hedger MP,
et al. Differential tissue-specific damage caused by bacterial epididymo-
orchitis in the mouse. Mol Hum Reprod (2020) 26(4):215–27. doi: 10.1093/
molehr/gaaa011

25. Mossadegh-Keller N, Sieweke MH. Characterization of Mouse Adult
Testicular Macrophage Populations by Immunofluorescence Imaging and
Flow Cytometry. Bio Protoc (2019) 9(5):e3178. doi: 10.21769/BioProtoc.3178

26. Zhang X, Goncalves R, Mosser DM. The isolation and characterization of
murine macrophages. Curr Protoc Immunol (2008). Chapter 14(83):14.1.1–14.
doi: 10.1002/0471142735.im1401s83

27. Hayes R, Chalmers SA, Nikolic-Paterson DJ, Atkins RC, Hedger MP.
Secretion of bioactive interleukin 1 by rat testicular macrophages in vitro. J
Androl (1996) 17(1):41–9. doi: 10.1002/j.1939-4640.1996.tb00585.x

28. Trotta AP, Gelles JD, Serasinghe MN, Loi P, Arbiser JL, Chipuk JE. Disruption
of mitochondrial electron transport chain function potentiates the pro-
apoptotic effects of MAPK inhibition. J Biol Chem (2017) 292(28):11727–
39. doi: 10.1074/jbc.M117.786442

29. Sag D, Carling D, Stout RD, Suttles J. Adenosine 5’-monophosphate-activated
protein kinase promotes macrophage polarization to an anti-inflammatory
functional phenotype. J Immunol (2008) 181(12):8633–41. doi: 10.4049/
jimmunol.181.12.8633

30. Meinhardt A, Wang M, Schulz C, Bhushan S. Microenvironmental signals
govern the cellular identity of testicular macrophages. J Leukoc Biol (2018) 104
(4):757–66. doi: 10.1002/JLB.3MR0318-086RR

31. Liu J, Mustafa S, Barratt DT, Hutchinson MR. Corticosterone Preexposure
Increases NF-kB Translocation and Sensitizes IL-1b Responses in BV2
Microglia-Like Cells. Front Immunol (2018) 9:3. doi: 10.3389/fimmu.
2018.00003

32. Hobson-Gutierrez SA, Carmona-Fontaine C. The metabolic axis of
macrophage and immune cell polarization. Dis Model Mech (2018) 11(8):
dmm034462. doi: 10.1242/dmm.034462

33. Koo SJ, Garg NJ. Metabolic programming of macrophage functions and pathogens
control. Redox Biol (2019) 24:101198. doi: 10.1016/j.redox.2019.101198
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Uropathogenic Escherichia coli
Infection Compromises the Blood-
Testis Barrier by Disturbing
mTORC1-mTORC2 Balance
Yongning Lu1*, Miao Liu1, Nicholas J. Tursi2, Bin Yan1, Xiang Cao1, Qi Che1,
Nianqin Yang1* and Xi Dong1

1 Reproductive Medicine Centre, Zhongshan Hospital, Fudan University, Shanghai, China, 2 Department of Biology,
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The structural and functional destruction of the blood-testis barrier (BTB) following
uropathogenic E. coli (UPEC) infection may be a critical component of the pathologic
progress of orchitis. Recent findings indicate that the mammalian target of the rapamycin
(mTOR)-signaling pathway is implicated in the regulation of BTB assembly and
restructuring. To explore the mechanisms underlying BTB damage induced by UPEC
infection, we analyzed BTB integrity and the involvement of the mTOR-signaling pathway
using in vivo and in vitro UPEC-infection models. We initially confirmed that soluble virulent
factors secreted from UPEC trigger a stress response in Sertoli cells and disturb adjacent
cell junctions via down-regulation of junctional proteins, including occludin, zonula
occludens-1 (ZO-1), F-actin, connexin-43 (CX-43), b-catenin, and N-cadherin. The BTB
was ultimately disrupted in UPEC-infected rat testes, and blood samples from UPEC-
induced orchitis in these animals were positive for anti-sperm antibodies. Furthermore, we
herein also demonstrated that mTOR complex 1 (mTORC1) over-activation and mTORC2
suppression contributed to the disturbance in the balance between BTB “opening” and
“closing.”More importantly, rapamycin (a specific mTORC1 inhibitor) significantly restored
the expression of cell-junction proteins and exerted a protective effect on the BTB during
UPEC infection. We further confirmed that short-term treatment with rapamycin did not
aggravate spermatogenic degeneration in infected rats. Collectively, this study showed an
association between abnormal activation of the mTOR-signaling pathway and BTB
impairment during UPEC-induced orchitis, which may provide new insights into a
potential treatment strategy for testicular infection.
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INTRODUCTION

Approximately 6% to 15% of male infertility is attributed to
infections or inflammation of the urogenital tract (1). Compared
with the impacts of urethritis and prostatitis, the sequelae of
epididymitis or orchitis are more likely to result in reduced
fertility—as spermatogenetic, sperm maturational, and storage
microenvironments may be directly exposed to pathogens and
inflammatory products. Uropathogenic Escherichia coli (UPEC)
is one of the major pathogens involved in ascending, non-
sexually transmitted epididymo-orchitis (2–4). The elimination
of invading pathogens by antibiotic administration is currently
the major standardized therapy prescribed in acute bacterial
epididymo-orchitis (4–6). Unfortunately, in most cases antibiotic
treatment alone cannot guarantee the full restoration of fertility
due to permanent tissue damage or immunologic impairment
within these organs (2, 6, 7). A better understanding of the
mechanisms by which uropathogen-related orchitis disturbs
testes functions may assist clinicians in developing better
treatment strategies for fertility protection.

Investigations into the immunopathological mechanisms
implicated in orchitis are particularly noteworthy considering
the role of testicular immune privilege with respect to
spermatogenic conservation. The blood-testis barrier (BTB)
is one of the most well studied functional tissue barriers,
and contributes to maintaining the special immune
microenvironment in the testis (8, 9). This barrier is located at
the interface of juxtaposed Sertoli cells, and is comprised of
multiple junctional complexes—including tight junctions (TJs),
gap junctions, adhesion junctions, and desmosomes (10, 11). The
BTB sequesters meiotic spermatocytes and antigen-expressing,
post-meiotic spermatids away from the immune system (10).
Despite being one of the tightest blood-tissue barriers, the BTB
undergoes restructuring during stage VIII-XI of the seminiferous
epithelial cycle to support preleptotene spermatocytes that
transit through this barrier (9, 12). In this process, a “new”
BTB is assembled behind the transiting spermatocytes while the
“old” BTB noted above is disassembled (10). The remodeling
mechanisms of the BTB guarantee immunologic barrier integrity
and prevent the development of autoimmune responses against
germ cells.

Although the BTB restructuring mechanism has yet to be
fully understood, accumulating evidence suggests that the
mammalian target of rapamycin (mTOR) contributes to the
regulation of this physiologic process during the epithelial
cycle of spermatogenesis (13, 14). Two functionally and
structurally distinct mTOR-signaling complexes (mTOR
complex 1 [mTORC1] and 2 [mTORC2]) are formed
depending upon whether their partner proteins Raptor
(regulatory-associated protein of mTOR) or Rictor
(rapamycin-insensitive companion of mTOR) combine with
the core component (15). These two mTOR complexes exert
their antagonistic effects to facilitate the transition of
preleptotene spermatocytes across this immunologic barrier, as
well as to maintain structural and functional integrity of the BTB.
Recent evidence also indicates that mTORC1 promotes BTB
disassembly by inducing redistribution and endocytosis of
Frontiers in Immunology | www.frontiersin.org 289
junctional proteins (16, 17). Conversely, mTORC2 contributes
to the maintenance of BTB integrity and the assembly of a “new”
barrier (18). A delicate mTORC1-mTORC2 balance is thus
critical for the preservation of BTB function. In the context of
pathologic situations, it was found that viral infection or
inflammation caused BTB impairment by triggering the release
of cytokines, such as TNF-a, and activating inflammatory-
signaling pathways, including the p38 mitogen-activated
protein (MAP) kinase pathway (19, 20). However, the role of
the mTOR pathway remains arcane with respect to potential
alterations of the BTB during bacterially-induced orchitis.

Using in vivo and in vitro infection models, our previous
studies showed that the inflammatory response in the testis and
damage to the Sertoli cells was caused by UPEC. In the present
study, we further elucidated the dynamic alterations of the BTB
in UPEC-induced orchitis and explored the possibility of
preserving BTB structure and function by manipulating the
balance between mTORC1 and mTORC2.
MATERIALS AND METHODS

Bacterial Propagation and Preparation of
Culture Supernatant
The uropathogenic Escherichia coli (UPEC) strain CFT073 was
purchased from American Type Culture Collection (ATCC,
Gaithersburg, Maryland, USA) and propagated as previously
described (21). UPEC was propagated overnight on agar plates.
A single bacterial clone was then inoculated in lysogeny broth
(LB) agar medium until grown to early exponential phase
(OD600 = 0.4~0.8) at 37°C in a shaking incubator. The viable
bacterial concentration was estimated using standard growth
curves. Bacteria were centrifuged at 4500×g for 8 min at room
temperature and the pellet was washed once with PBS and
resuspended in DMEM/F12 medium or sterile saline. The
concentrated bacterial suspension was then adjusted to 1×109

colony-forming units (CFU) per milliliter. For in vivo
experiments, the bacterial suspension was diluted with sterile
saline to achieve 1×106 CFU of bacteria in 100 µl. For Sertoli cell
in vitro stimulation, the bacterial suspension was subsequently
centrifuged at 4500×g for 10 minutes, and the collected
supernatant was ultimately filtered with 0.1-mm filters before use.

Rat Orchitis Model
All experiments were approved by the Ethical Committee of
Zhongshan Hospital and performed in accordance with the
Guide for the Care and Use of Laboratory Animals. Nine-
week-old male Sprague-Dawley (SD) rats were purchased from
CAVENS (Changzhou, Jiangsu, China) and housed in 12 h light/
12 h dark standard conditions, with water and food provided ad
libitum for at least 1 week prior to experimentation. The orchitis
model was modified on the basis of previous studies (21). Adult
rats (270–300 g) were injected intramuscularly with Zoletil™ 20
(Virbac, Carros, France; 50 mg/kg of body weight) for
anesthetization. Fifty microliters of UPEC bacterial suspension
per side (0.5×106 CFU) was percutaneously injected into both
testes of rats in the infected groups using 30-gauge needles. The
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same volume of 0.9% saline was applied as a control. In the
rapamycin-treated groups, different doses of rapamycin (2, 5, or
10 mg/kg/day) were administrated intraperitoneally on day 7
post infection for seven days based on a previous report (22). The
remaining infected rats received the same amount of vehicle (5%
ethanol +5% PEG 400 + 5% Tween 80 + 85% saline) as the
vehicle-treated group. Euthanasia of animals was conducted at
certain time-points. After recording body and testis weights,
serum, and testes were collected for further experiments. In each
group there were 12 (control group)–15 (infected and
rapamycin-treated groups) rats used for all experiments. The
bilateral testes from six animals in each group were fixed for
transmission electron microscopy and paraffin-section
assessments. The testes of the remaining animals were assigned
for biotin assay, frozen sections, and western blotting analysis.
For the biotin penetration assay, 100 ml of EZ-Link™ sulfo-NHS-
LC-biotin was loaded into the testes and organs were harvested
as described in the literature (23). Rats that were
intraperitoneally (i.p.) injected with CdCl2 (3 mg/kg body
weight) served as positive controls, and testes were collected
after three days.

Sertoli Cell Culture and Treatment With
Bacterial Supernatants
The mouse Sertoli cell line TM4 was purchased from ATCC and
cultured in complete growth medium according to ATCC
instructions. Primary Sertoli cells were isolated from the testes
of 4-week-old male Sprague-Dawley (SD) rats as previously
described (24). The purity of the Sertoli cells was determined
to be >95% by immunofluorescence evaluation using antibodies
against vimentin (Supplementary Figure 1). Sertoli cells were
cultured in serum-free DMEM/F12 (ThermoFisher Scientific,
Asheville, NC, USA) supplemented with penicillin/streptomycin.
In the infected groups, Sertoli cells were exposed to different
amounts of filtered UPEC supernatant (40 or 60 ml per 200 ml of
culture medium) with or without rapamycin (Selleckchem,
Houston, TX, USA) and cultured for 24 or 40 hours.
Rapamycin dissolved in DMSO (at a storage concentration of
10 mM) was used to treat cells at a final concentration of 0.1 nM
or 0.1 mMbased on a previous report (17, 25) and our pilot study.
Culture medium was replaced every 10–12 hours.

Detection of Anti-Sperm Antibodies
Serum samples were collected from animals at 3 months post
infection and sperm-bound total immunoglobulins were
detected using an ELISA kit (BIOSH Biotechnology Limited
Company, Shanghai, China), following the manufacturer’s
instructions. Fifty microliters of each serum sample—as well as
positive/negative control solutions provided in the kit—was
added to a 96-well assay plate coated with specific capture
antigens for anti-sperm antibodies and incubated for 30
minutes. Horseradish peroxidase (HRP)-conjugated detection
antibody was subsequently added and tetramethylbenzidine
served as the substrate. We detected the optical density (OD)
at a wavelength of 450 nm using a microplate reader
(ThermoFisher Scientific, Asheville, NC, USA).
Frontiers in Immunology | www.frontiersin.org 390
Electron Microscopy
To reveal changes in BTB ultrastructure after infection, 1 mm3 of
testicular tissues were fixed in 2.5% glutaraldehyde/0.1 M sodium
phosphate (pH, 7.35) and ultra-thin sections (70 nm) were
prepared for subsequent evaluation using transmission electron
microscopy (HITACHI HT7800, TOKYO, Japan) at 80 kV. The
connections between cultured TM4 cells were observed with
scanning electron microscopy (SEM) using cells fixed on
glass coverslips.

Histologic Assessment of the Testes
For assessment of testicular histopathology, sections (4 mm in
thickness) of modified Davidson’s fluid-fixed and paraffin-
embedded testis were stained with hematoxylin and eosin as
previously described (21). Three sections from different regions
of each testis were then used for histopathologic evaluation. The
percentage of abnormal seminiferous tubules in cross sections
was calculated by assessing over 200 tubules in each testis.

Immunofluorescence Staining
Frozen-tissue sections of testes (8 µm in thickness) and Sertoli
cells grown on glass coverslips were fixed with ice-cold methanol
and permeabilized with 0.1% Triton-X 100. Immunofluorescence
analyses were performed as described by Bhushan et al (24).
Sections of testes were blocked with 5% BSA +5% goat serum for
1 hour at room temperature. Primary antibodies were incubated
at 4°C overnight, followed by rinsing 3 times with Tris-buffered
saline (TBS). Incubation with anti-rabbit or anti-mouse
secondary antibody was performed in the dark for 1 hour, and
CoraLite®594-conjugated phalloidin was applied to identify F-
actin filaments. Slides were mounted with antifade mounting
medium using Hoechst 33342 (P0133, Beyotime Biotechnology,
Shanghai, China) for nuclear staining prior to assessment with
an inverted laser scanning confocal microscope (TiE-A1 plus,
Nikon-instruments, Tokyo Metropolis, Japan). The list of
antibodies used is provided in the Supplementary Materials.

Western Immunoblotting Analysis
Different groups of Sertoli cells and testicular tissue homogenates
were lysed with RIPA buffer (P0013B, Beyotime Institute of
Biotechnology, Shanghai, China) supplemented with a
proteinase-inhibitor cocktail (Roche, Basel, Switzerland). Thirty
micrograms of protein from each sample was resolved using 4–
12% or 8% SDS-PAGE and subsequently transferred onto 0.22-
mm PVDF membranes (at 200 mA for 3.5 hours). The
nonspecific binding sites were blocked by incubating the
membranes in 5% BSA in TBS with 0.1% Tween (TBS-T) for 1
hour. The membranes were subsequently incubated with
primary antibodies in blocking solution overnight at 4°C and
then rinsed 3 times with TBS-T. Membranes were ultimately
incubated for 1 hour with anti-mouse or anti-rabbit antibody
conjugated with HRP and then rinsed 3 times with TBS-T.
Protein expression was measured as previously reported (24).
The antibodies used are listed in the Supplementary Materials.
ImageJ (https://imagej.nih.gov) was used to quantify the
intensity of bands after western blotting. Uncropped original
February 2021 | Volume 12 | Article 582858
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figures of all blots shown in this manuscript are presented in
Supplementary PowerPoint.

Statistical Analysis
Measurement data are presented as mean ± standard deviation
(SD), and statistical significance between/among groups was
analyzed using Student’s t test, one-way ANOVA, or Mann–
Whitney U test (2-sided). Differences were considered to be
statistically significant when p<0.05 (we used *p<0.05, **p<0.01,
and ***p<0.001).
RESULTS

BTB Alterations and Anti-Sperm Antibody
Detection in UPEC-Infected Rats
Our previous study indicated that the BTB appeared to remain
functionally intact 7 days post-UPEC infection (21). However,
the long-term effects of bacterial invasion on the BTB and the
testicular immune microenvironment are still largely unknown.
To further elucidate the possible changes of the BTB in orchitis-
model rats over time, we first investigated alterations in BTB
ultrastructure at different time-points within 1-month after
infection (Figure 1A). In control rat testes (Figure 1A-1), tight
junctions (TJ, indicated by white arrow), bundles of F-actin
filaments (black arrowhead), and endoplasmic reticulum (ER,
Frontiers in Immunology | www.frontiersin.org 491
black arrow) in adjoining Sertoli cells were readily identified.
There was no significant abnormality in TJs in the first few days
after bacterial injection (Figure 1A-2), although actin filaments
and ER became less distinct. As time passed, the structure of the
TJs turned more obscure by Day 7 (Figure 1A-3) and even more
indistinguishable at Days 14 and 30 (Figures 1A-4, 5). Moreover,
the anti-sperm antibody showed positivity in infected animals
three months after UPEC injection (Figure 1B). Collectively, our
present findings provide a more complete observation on the
dynamic alterations in BTB ultrastructure, suggesting that UPEC
infection disturbed testicular immune privilege.

The Expression of Sertoli Cell Junctional
Proteins Decreases in the Testes of
Orchitis-Model Rats
The BTB is composed of a series of junctional complexes
between adjacent Sertoli cells—including tight junctions, gap
junctions, basal ectoplasmic specialization (ES, a testis-specific
actin-rich adhesion junction), and desmosomes. To further
investigate the impact of UPEC infection on the BTB, we
evaluated the expression patterns of Sertoli cell junctional
proteins at different time-points post infection using
immunofluorescence staining (Figure 2). Occludin, one of the
tight-junction proteins, was observed between neighboring
Sertoli cells and germ cells in control testes. However, occludin
expression was significantly decreased from day 3 after infection,
A

B

FIGURE 1 | UPEC infection disrupts BTB structure and results in an elevation of serum anti-sperm antibodies in an orchitis rat model. A bacterial suspension
(0.5×106 CFU/50 ml) or 50 ml of saline was bilaterally injected into testes of 10–11-week-old SD rats. (A) Animals were sacrificed at the indicated time-points and
BTB structure in the testis was observed using TEM. Scale bar, 1 mm. White arrow, TJ (tight junction); black arrow, ER (endoplasmic reticulum); black arrowhead,
F-actin bundles. The photographs in the right column are the enlarged images of the white box regions. (B) Serum samples were collected from rats after three
months, and anti-sperm antibodies in serum were detected with ELISA kits. Histograms show quantitative results, and p value was determined with ANOVA;
***p<0.001.
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https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Lu et al. BTB Disruption in Orchitis
FIGURE 2 | UPEC infection down-regulates the expression of cell-junction proteins in the testes of orchitis-model rats. In the orchitis model, rats were sacrificed at the
indicated times, and we evaluated the expression of cell-junction proteins in seminiferous epithelium using immunofluorescence staining under an inverted laser scanning
confocal microscope. Red, cell-junction proteins; blue, Hoechst 33342 nuclear staining. The images in the insets are the same testes cross-sections at lower
magnification (scale bar, 100 mm). The white broken lines indicate the relative location of the basement membrane adjacent to the BTB of the seminiferous tubules.
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continually declined at later time-points, and was barely
detectable in affected seminiferous tubules on day 14. A similar
time-dependent pattern of decreasing expression was found for
tight junction adaptor protein zonula occludens-1 (ZO-1), the
cell-skeleton protein filamentous actin (F-actin), gap junction
protein connexin-43 (CX-43), and adhesion junction proteins
(b-catenin and N-cadherin). These results confirmed that UPEC
infection induced extensive down-regulation of a variety of BTB
constituent proteins in the testis of rats induced with orchitis.

UPEC Bacterial Supernatant Disrupts
Connections Between Sertoli cells and
Down-regulates the Expression of Cell
Junctional Proteins
To verify the influence of UPEC infection on the connections
between Sertoli cells, we treated primary Sertoli cells and the
Sertoli cell line TM4 with UPEC culture supernatant (Figure 3).
Although adjacent TM4 cells were observed to be closely
attached to each other in the control group using SEM, cells
became more and more dissociated after bacterial supernatant
stimulation in a dose- and time-dependent manner (Figure 3A).
In an in vitro culture system of primary Sertoli cells, we evaluated
Frontiers in Immunology | www.frontiersin.org 693
the expression of occludin, ZO-1, and F-actin. Similar to what we
observed in orchitis-model rat testes, the expression of these 2
cell-junction proteins was markedly diminished in primary
Sertoli cells treated with a low dose of UPEC supernatant for
40 hours (Figures 3B, C); the down-regulation of junctional
proteins was even more significant when the dose was increased.
The density of the F-actin network (which was stained with
CoraLite®594-conjugated phalloidin) was found to be negligible
and disorganized in infected primary Sertoli cells. Collectively,
our findings using in vivo and in vitro models provided
compelling evidence that indicated that UPEC infection
decreased Sertoli cell junctional protein expression and
eventually undermined the BTB.

mTORC1-mTORC2 Balance Is Disturbed in
Infected Sertoli Cells
Recent studies suggest that the balance between mTORC1 and
mTORC2 plays a pivotal role in the regulation of BTB dynamics
(13, 26). We thus investigated the impact of UPEC infection on
the mTOR-signaling pathway using an in vitro model. In
primary Sertoli cells treated with UPEC bacterial culture
supernatant, we observed increased phosphorylation of both
A

B C

FIGURE 3 | UPEC-secreted virulence factors in cell culture supernatant disturb Sertoli cell connections and down-regulate the expression of cell-junction proteins.
Sertoli cells treated with the indicated amounts of supernatant from UPEC bacterial cultures for 24 or 40 hours. (A) TM4 cellular connections were observed using
SEM. Scale bar, 2 mm. (B) Expression of cell-junction proteins in primary Sertoli cells were evaluated using immunofluorescence and observed under confocal
microscopy. Scale bar, 20 mm. (C) The expression levels of occludin in primary Sertoli cells were evaluated using immunoblotting analysis, and representative blots
are depicted. Data are presented as mean ± SD from triplicate experiments. Histograms shows quantitative results and p values were determined by ANOVA;
***p < 0.001.
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Erk1/2 and Akt (Figure 4), which are the upstream enzymes
regulating the mTORC1 pathway (27, 28). Consequently, we
found mTORC1 activation as indicated by the phosphorylation
of mTOR Ser2448, as well as the upregulation of Raptor, whereas
the key component of mTORC2—Rictor—was accordingly
downregulated by approximately 70% in Sertoli cells treated
with bacterial culture supernatant. P70 ribosomal S6 kinase
(S6K)—the downstream substrate of mTORC1—was
subsequently activated and, consequently, the phosphorylation
of the S6K substrate—S6 ribosomal protein (rpS6)—was also
significantly increased. Significantly, each of the changes
observed in the investigated signaling pathways was abolished
by rapamycin treatment. These findings suggest that mTORC1
was over-activated while mTORC2 was suppressed in Sertoli
cells during UPEC infection.

Rapamycin Partially Rescues the Down-
regulation of Cell Junctional Proteins in
Infected Sertoli Cells
Considering the role of mTOR signaling on BTB regulation, we
next evaluated the possibility of restoring the mTORC1-
mTORC2 balance and the expression of junctional proteins in
Sertoli cells using the mTORC1-specific inhibitor rapamycin
(Figure 5). Consistent with the above findings using
immunoblotting, it was confirmed in infected Sertoli cells via
immunofluorescence that Raptor and Rictor were upregulated
and downregulated, respectively. Of note, these impacts were
abolished by administering a rapamycin supplement (Figure 5A)
that induced the suppression of mTORC1 and reactivation of
mTORC2. Importantly, the administration of rapamycin
partially restored the expression and distribution of cell-
junction proteins that we observed in primary Sertoli cells
Frontiers in Immunology | www.frontiersin.org 794
(Figures 5B, C). These findings further suggested an mTORC1-
mTORC2 imbalance may contribute to the disruption of Sertoli
cell connections caused by UPEC infection.

The Expression of Sertoli Cell Junctional
Proteins Is Restored by Rapamycin in
Orchitis-Model Rats
To assess the in vivo effectiveness of rapamycin treatment on
restoring Sertoli cell junctional proteins, we administrated
rapamycin (5 mg/kg/day) daily from day 7 onward for one
extra week in UPEC-infected rats. Animals were sacrificed on
day 14 and sections of rat testes were collected (as described in
Materials and Methods). We determined the expression of a
series of cell-junction proteins on frozen sections of testes using
immunofluorescence (Figure 6A) and, similar to the results
observed through in vitro experiments, each of these proteins
were down-regulated by approximately 30–50% in UPEC-
infected rats. Notably, the expression of selected cell-junction
proteins rebounded moderately after one week of rapamycin
treatment. Similar results were further confirmed by
immunoblotting analysis using total testicular tissue proteins
(Figure 6B). These data confirmed that rapamycin partially
restored the expression of BTB proteins after UPEC infection.

Rapamycin Treatment Partially Reinforces
BTB Integrity in Infected Rats Without
Additional Spermatogenic Disruption
To further investigate the potential value of rapamycin treatment
in BTB maintenance in rats with orchitis, BTB integrity was
evaluated using a biotin-infiltration assessment (Figures 7A, B).
The testes of CdCl2-treated rats served as positive controls since
this chemical is known to cause irreversible disruption of the
FIGURE 4 | UPEC-derived soluble virulence factors activate the mTORC1-signaling pathway and disturb mTORC1-mTORC2 balance. Primary Sertoli cells were
treated with UPEC culture supernatant for 40 hours, with either vehicle solution (UPEC) or with 0.1 mM rapamycin as supplement (UPEC + rapamycin). We extracted
proteins in RIPA buffer and determined expression levels using western blotting analysis. Representative blots are shown. Data are presented as mean ± SD from
triplicate experiments. Histograms show quantitative results, and p value was determined by ANOVA; *p < 0.05, ***p < 0.001.
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BTB (29). In the saline-injected control group, the BTB remained
intact as biotin migration was restricted to the basement
membrane instead of penetrating into the abluminal
compartment. In contrast, the BTB was completely compromised
Frontiers in Immunology | www.frontiersin.org 895
in the testes of CdCl2-treated animals as indicated by the infiltration
of biotin into the lumen of the seminiferous tubules. Similarly, BTB
integrity was also greatly abolished in UPEC-infected rat testes, with
biotin freely penetrating across the abluminal compartment in a
A

B

C

FIGURE 5 | Rapamycin restores mTORC1-mTORC2 balance and rescues UPEC-induced down-regulation of cell-junction proteins in Sertoli cells. Primary Sertoli
cells were treated with UPEC culture supernatant for 40 hours with vehicle solution (UPEC) or with 0.1 mM rapamycin supplement (UPEC+Rapamycin). Expression of
Raptor and Rictor (A), as well as cell-junction proteins (B), was evaluated using immunofluorescence staining. Scale bars: (A) 50 mm, (B) 20 mm. (C) The occludin
expression levels in Sertoli cells were further confirmed using western blotting, and representative blots are shown. Data are presented as mean ± SD from triplicate
experiments. Histograms show quantitative results, and p value was determined by ANOVA; ***p < 0.001.
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majority of tubules. Intriguingly, the distance of biotin infiltration
was significantly reduced in rapamycin-treated orchitis rats,
supporting the assumption that rapamycin contributed to the
maintenance of BTB integrity in orchitis.

It has been reported, however, that long-term administration of
rapamycin leads to a reversable impairment of spermatogenesis by
inhibiting mTOR signaling (30–32). Given the function of
mTORC1, it is reasonable to question whether 7-day treatment
with rapamycin further perturbs spermatogenesis in orchitis
animals. Therefore, a histopathological assessment was
performed on the cross-sections of testes (Figures 7C, D), and
the ratios of testis to body weights in three (control, UPEC-
Frontiers in Immunology | www.frontiersin.org 996
infected and vehicle-treated, and UPEC-infected and rapamycin-
treated) groups were calculated (Figure 7E). Consistent with our
previous report (21), UPEC infection caused various degrees of
spermatogenic impairment and immune cell infiltration (Figures
7C b, h–j). Importantly, the number of abnormal seminiferous
tubules was slightly lower in the rapamycin-treated group (22.7 ±
8.6%) compared with vehicle-treated animals (30.8 ±
15%), although this difference was not statistically significant
(Figure 7D). Furthermore, the ratios of testis to body weights
were similar in control and rapamycin groups on day 14, whereas
the ratios in UPEC-infected and vehicle-treated groups showed a
tendency to be lower (although again not statistically significant)
A B

FIGURE 6 | Rapamycin (5 mg/kg/day) treatment for seven days partially rescues down-regulation of cell-junction proteins in UPEC-infected testes. (A) We evaluated
cell-junction protein expression in all three groups using immunofluorescence staining and confocal microscopy. The images in the insets are the same testes cross-
sections at lower magnification (scale bar, 100 mm). The white broken lines indicate the relative location of the basement membrane adjacent to the BTB of the
seminiferous tubules. (B) Representative blots show the expression patterns of selected junctional proteins in the testes from all three groups animals (n=4 in each
group). Histograms show quantitative results, and p value was determined by ANOVA; **p < 0.01, ***p < 0.001.
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FIGURE 7 | Rapamycin treatment reduces biotin infiltration through the BTB and does not perturb spermatogenesis in testes from UPEC-infected rats. (A) BTB
integrity was functionally evaluated using a sulfo-NHS-LC-biotin diffusion assay, and the representative images of biotin diffusion in the testes of different groups are
shown. The testes of CdCl2-treated rats served as positive controls. The white brackets indicate the distance penetrated by biotin. The images in the insets are the
same testes cross sections at lower magnification (scale bar, 200 mm). (B) Semi-quantified data from the sulfo-NHS-LC-biotin diffusion assay are demonstrated as a
bar graph. For an oval-shaped tubule from an oblique cross-section, we calculated the radius using the mean of the longest and shortest radii. Approximately 50
tubules were randomly scored per testis. DBiotin, distance penetrated by biotin in seminiferous tubule; Dradius, the radius of the corresponding seminiferous tubule. p
value was determined with ANOVA, ***p<0.001. (C) Paraffin sections of testes (4 mm) were stained with hematoxylin and eosin. Histopathologic evaluation was
performed on the testes of control (n=4), UPEC + vehicle-treated (n=6), and rapamycin-treated animals (n=6) using light microscopy. The images were captured
using a NanoZoomer S210 system and representative figures are depicted (a-c: scale bar, 100 mm; e-m: scale bar, 20 mm). Seminiferous tubules marked with
asterisks indicate Sertoli cell-only tubules (b, c, h); those marked with arrowheads indicate hypospermatogenic tubules (b and c). e–g: higher-magnification images
showing seminiferous epithelium at stages II-III, VIII, and XIII in control rat testes, respectively; h–j: higher-magnification images demonstrating typical pathologic
changes in UPEC-infected rats testes (h, extensive germ-cell loss, and only Sertoli cells remained in the seminiferous epithelium; I, infiltration of inflammatory cells in
the interstitial compartment; j, the presence of multinucleated, round spermatids are indicated by green arrowheads); k–m, higher-magnification images show
pathologic changes in testes from orchitis-model animals treated with rapamycin (k, disordered seminiferous epithelium with germ cell exfoliation; l, the presence of
multinucleated round spermatids are indicated by green arrowheads; m, elongated spermatids with defects in polarity are indicated by blue arrowheads, in which the
spermatid heads were misoriented by pointing 45°–90° away from the basement membrane). (D) The percentage of abnormal seminiferous tubules in each testicular
cross-section was calculated by assessing over 200 tubules in every sample. The data are presented as mean ± SD and shown in the histogram. p value was
determined by ANOVA; ***p<0.001. (E) The ratios of testis to body weight in the three groups are presented as mean ± SD and shown in the histogram. p value was
determined using ANOVA.
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(Figure 7E). Taken together, our findings suggest a role for short-
term rapamycin treatment in BTB protection, without inducing
further spermatogenic dysfunction during UPEC infection.
DISCUSSION

We previously demonstrated that the BTB appeared to remain
functionally intact at one single time-point in the early stage of
UPEC infection (21). In addition, we also observed that the
bacteria migrated across the seminiferous epithelium and
reached the interstitial compartment of the testis (21). We
therefore speculated that UPEC either utilized epithelial
transcytosis or caused a transient disruption of the BTB to
reach the interstitium. Considering the role of the BTB in the
maintenance of testicular immuno-privilege, the impacts of
infection or inflammation on this barrier have attracted
increasing attention. Wu et al. found that the mumps virus
could disrupt the BTB through the induction of TNF-a in
Sertoli cells (19), and other investigators reported that a
lipopolysaccharide (LPS) challenge induced occludin down-
regulation and compromised BTB integrity (33). In our
previous study we demonstrated UPEC-derived a-hemolysin
caused Sertoli cell necrosis by inducing calcium influx and
mitochondrial dysfunction (34). Given that UPEC bacteria
possess multiple virulence factors that include LPS and a-
hemolysin, it is reasonable to assume that the presence of
UPEC inside the testis would disrupt the BTB formed by
neighboring Sertoli cells. Herein, we therefore investigated the
continuous dynamic changes in the BTB during UPEC invasion,
and partially deduced the potential mechanism underlying BTB
impairment in orchitis.

Compared to the infection models we had used previously, we
slightly modified the UPEC-infection model used in the present
study. For the in vivo orchitis model, a lower number of bacteria
were directly injected into the testis rather than through the vas
deferens, as pathogens can migrate to the interstitium (21). In
addition, the UPEC culture supernatant was applied to in vitro
experimentation primarily based upon two rationales. First, our
Frontiers in Immunology | www.frontiersin.org 1198
previous studies indicated that soluble virulence factors, such as
a-hemolysin, are the dominant factors inducing Sertoli cell
necrosis (34), and second, in our experience MOI (multiplicity
of infection) is difficult to control precisely in cell-culture
experiments over several days due to the constant proliferation
of bacteria. With our modified infection models, we first
demonstrated that UPEC invasion caused structural and
functional impairment of the BTB in a time-dependent
manner. Moreover, our results suggested that an mTORC1-
mTORC2 imbalance plays a pivotal role in BTB disruption,
which can be partially restored by the specific mTORC1
inhibitor rapamycin.

Rather than only examining samples on day 7 post-infection
as in our previously published research, in the present study we
observed ultrastructural disruption of the BTB at multiple time-
points using TEM, which showed additional and significant
morphologic changes over time. We also found anti-sperm
antibody positivity in the sera of orchitis-model rats after three
months of modeling. Using in vivo and in vitro models, our
results showed that UPEC infection or bacterial culture
supernatant decreased to varying degrees of the expression of
Sertoli cell junctional proteins that comprise the BTB. These
findings confirmed a progressive destruction of the BTB by
bacterial invasion, and subsequent compromise of the
testicular immune-privileged microenvironment.

A series of experiments have shown that BTB cell-junction
proteins are not only essential for barrier integrity, but also
indispensable for supporting spermatogenesis. For example,
occludin-knockout mice were infertile by 36–60 weeks of age,
with an absence of spermatocytes and spermatids in the
seminiferous tubules (35, 36). It was also reported that
spermatogonia failed to differentiate beyond type A in CX-43
Sertoli cell specific-knockout mice (37). Moreover, BTB assembly
delay during postnatal development caused by diethylstilbestrol
treatment resulted in meiotic failure of spermatocytes and a delay
in spermiation (38). Indeed, we also noted spermatogenic
dysfunction in our UPEC-induced orchitic animals that was
accompanied by BTB destruction. Given our previously
published findings, the down-regulation of BTB cell-junction
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proteins in response to UPEC infection may be an important
mechanism contributing to degeneration of the seminiferous
epithelium in our orchitis model. In this context, safeguarding
BTB integrity in orchitis is particularly important in preserving
testicular function.

The underlying molecular mechanisms controlling BTB
“opening” and “closing” are of particular interest in the
context of orchitis. A number of recent studies indicated that
the delicate balance between mTORC1 and mTORC2 occupies a
key role in the regulation of BTB restructuring under normal
physiologic conditions (13, 14). However, the role of mTORC1-
mTORC2 in orchitis-related BTB disruption remains unclear.
Herein, we noted that mTORC1, as well as the upstream kinases
Erk1/2 and Akt, were all activated, whereas mTORC2 was
suppressed in Sertoli cells facing a challenge from UPEC-
soluble virulence factors. The hyperactivation of mTORC1 and
attenuation in mTORC2 both promote an “open/leaky” state
with respect to the BTB, and this imbalance likely contributes to
the disruption of barrier integrity during UPEC infection. We
also observed that rapamycin, an mTORC1- specific inhibitor,
abolished mTORC1 hyperactivation and partially restored the
expression of all our selected junctional proteins in infected
Sertoli cells. Consistent with our in vitro data, we also confirmed
the rescue effects of rapamycin in an orchitis rat model following
UPEC infection. This further suggested that disequilibrated
mTORC1-mTORC2 contributed to UPEC-induced BTB
damage, which could then provide a potential therapeutic
target in orchitis.

Previous studies have shown that mTOR signaling is directly
involved in the nutritional support of spermatogenesis (39). In
addition, mTOR is required for the proliferation and
differentiation of spermatogonial stem cells as opposed to
survival and maintenance (40). Serra et al. established that
raptor-knockout led to incomplete meiosis by spermatogonia
and no production of mature spermatozoa (41). Busada et al.
demonstrated that mTORC1 inhibition with rapamycin resulted
in a blockade of spermatogonial differentiation (42). Infertility is
consistently one of the most common side effects experienced by
men undergoing organ transplantation and long-term
rapamycin treatment to prevent organ rejection (31, 43, 44).
This immunosuppressant potentially causes a reversible
diminution in a series of sperm parameters such as sperm
count, motility, and vitality (32, 45). Given the critical role of
mTORC1 in germ cell differentiation and rapamycin’s side
effects on fertility, it is of critical importance to ascertain
whether short-term rapamycin treatment is detrimental to
spermatogenesis. Congruent with our earlier study, UPEC
infection induced considerable disruption of spermatogenesis
and induced the infiltration of immune cells. It is noteworthy
that we uncovered herein a tendency to decrease in the number
of abnormal tubules in infected rats treated with rapamycin
compared to the vehicle-treated controls (although this was not
statistically significant). This suggests that at least seven days of
rapamycin treatment (up to 10 mg/kg) at the acute phase
of infection may actually exert a protective effect instead of
aggravating the degeneration of seminiferous epithelium in
Frontiers in Immunology | www.frontiersin.org 1299
infected testes. Thus, this may constitute a promising finding
that sheds new light on the treatment of orchitis, providing an
alternative to the sole use of antibiotics.

However, there are still some limitations to the present study.
For example, it will be necessary in the future to fully evaluate the
safety of our remedy strategy using rapamycin alone in control
animals, and to investigate the impact on spermatozoa. Further
study is also required to explore the long-term effects on
spermatogenesis and fertility. It was recently reported that a
rapamycin analog with 40 times more selectivity for mTORC1
reduced off-target inhibition of mTORC2, substantially decreasing
metabolic and immunologic side effects (46). However, further
investigation is required to determine the optimal dosage and
treatment duration with an appropriate mTORC1 inhibitor.
Moreover, it is essential to identify the principal virulence
factor(s) that induces BTB dysfunction to better understand the
underlying mechanism(s) of orchitis-related infertility.

In summary, the present study illustrated that an imbalance
in mTORC1-mTORC2 contributed to disruptive alterations of
the BTB following UPEC infection. Restoring these two
complexes to their normal antagonistic function may provide a
complementary strategy for treating bacterial orchitis. Our
results thus revealed the possibility of further protecting
testicular structure and function from infection/inflammation-
induced tissue damage.
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Numerous types of viruses have been found in human semen, which raises concerns
about the sexual transmission of these viruses. The overall effect of semen on viral
infection and transmission have yet to be fully investigated. In the present study, we aimed
at the effect of seminal plasma (SP) on viral infection by focusing on the mumps viral (MuV)
infection of HeLa cells. MuV efficiently infected HeLa cells in vitro. MuV infection was
strongly inhibited by the pre-treatment of viruses with SP. SP inhibited MuV infection
through the impairment of the virus’s attachment to cells. The antiviral activity of SP was
resistant to the treatment of SP with boiling water, Proteinase K, RNase A, and DNase I,
suggesting that the antiviral factor would not be proteins and nucleic acids. PNGase or
PLA2 treatments did not abrogate the antiviral effect of SP against MuV. Further, we
showed that the prostatic fluid (PF) showed similar inhibition as SP, whereas the
epididymal fluid and seminal vesicle extract did not inhibit MuV infection. Both SP and
PF also inhibited MuV infection of other cell types, including another human cervical
carcinoma cell line C33a, mouse primary epididymal epithelial cells, and Sertoli cell line
15P1. Moreover, this inhibitory effect was not specific to MuV, as the herpes simplex virus
1, dengue virus 2, and adenovirus 5 infections were also inhibited by SP and PF. Our
findings suggest that SP contains a prostate-derived pan-antiviral factor that may limit the
sexual transmission of various viruses.

Keywords: seminal plasma, prostate fluid, antiviral factor, mumps virus, sexual transmission
INTRODUCTION

Many types of viruses can be detected in human semen, which poses a risk for the sexual spread of
pathogens (1, 2). While 17 of 32 viruses present in semen are sexually transmissible (3), the
efficiency of sexual transmission is variable. The efficiency of viral transmission is generally
associated with seminal viral load and tropism for the ano-genital tract, and the mucosal barrier
plays an important role in restricting sexual transmission of viruses (4). Growing evidences indicate
that human semen may impact viral infection (5), which has yet to be intensively investigated.
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Studies on the role of SP in viral infection have thus far shown
conflicting results. Early studies showed that human seminal
plasma (SP) significantly inhibited HIV-1 infection (6), and that
multiple cationic polypeptides in SP played an anti-HIV-1 role
(7). Seminal exosomes inhibit HIV-1 infection by blocking the
interaction between HIV-1 and target cells (8–11). Recent studies
showed that SP also inhibited ZIKV and cytomegalovirus
(HCMV) infections (12, 13). In contrast, human semen-
derived amyloid fibrils enhance HIV-1 infection, herpes
simplex virus (HSV), HCMV, and EBOV infections (14–17).
Moreover, SP may differentially impact HIV-1infection in a cell-
specific manner (18), and the inflammatory status of the male
genital tract can alter SP inhibition of HIV-1infection (19). These
previous observations suggest that different mechanisms
underlie the effect of SP on viral infection and are worthy
of clarification.

MuV is the causative pathogen of mumps, a contagious
disease worldwide (20). MuV also has a high tropism for the
testis and induces orchitis, an etiologic factor of male infertility
(21). MuV can be detected in mumps orchitis (22). MuV can
efficiently replicate in most types of testicular cells and thereby
perturb testicular functions (23–27). Sialic acid and Axl/Mer
receptor tyrosine kinases play roles in MuV infection of testicular
cells (28). In fact, MuV can infect various cell types via its
receptor a2,3-sialic acid (29, 30). While MuV infects various cells
of the male genital tract, it is not sexually transmitted. In the
present study, we hypothesized that SP inhibits viral infection,
and we attempted to elucidate the antiviral effect of SP on
different cell types against various viruses. We found that SP
potently inhibited MuV infection of different cell types of the
genital tract and the infection of HeLa cells by various virus
types, including MuV, herpes simplex virus 1 (HSV-1),
adenovirus 5 (AV-5), and dengue virus 2 (DeV-2).
MATERIALS AND METHODS

Cell Culture
Vero E6 (CRL-1586), HeLa (CCL-2), and 15P1 (CRL-2618) cell
lines were purchased from ATCC (Manassas, VA, USA). C33A
(HTB-31) cell line was obtained from the cell center of the
Peking Union Medical College (PUMC, Beijing, China).
The primary epididymal epithelial cells (EEC) were isolated
from 3-week-old C57BL/6J mice based on previous described
procedures (31). The cells were cultured in Dulbecco's modified
Eagle’s medium (DMEM) (Thermo Fisher Scientific, Waltham,
MA, USA) and supplemented with 5% fetal calf serum (FCS)
(Thermo Fisher Scientific), 1.2 mg/ml sodium bicarbonate, 100
U/ml penicillin, and 100 mg/ml streptomycin, under a
humidified atmosphere of 5% CO2 in compressed air at 37°C.

Sample Collection
All of the human samples were obtained from the Andrology
Department of the China-Japan Friendship Hospital. We
collected 20 semen samples from healthy individuals between
30 and 40 years of age. After liquefaction at 37°C for 1 h, SP was
Frontiers in Immunology | www.frontiersin.org 2103
obtained by centrifugation of semen at 12,000 × g for 10 min and
collection of the cell-free supernatant. The SP was then stored at
−80°C as individual or pooled samples. Ten prostatic fluids (PF)
were obtained from healthy individuals 30 to 40 years of age. The
prostate was massaged by urologist using a finger inserted
through the anus to collect PF in a 1.5-ml microcentrifuge
tube. PF were centrifuged at 12,000 × g for 10 min, and
supernatants were collected. After a 10-fold dilution in PBS,
individual and pooled PF were stored at −80°C. We obtained
three seminal vesicles and epididymides from prostatic
carcinoma patients aged 48 and 50 years. Epididymal fluids
(EF) were diluted 10-fold in PBS. The seminal vesicles were cut
into small pieces (<1 mm3) in PBS at a concentration of 1 g/ml to
extract seminal vesicle fluids (SVF). After vortex for 2 min, the
SVF were obtained by collecting supernatant after centrifugation
at 12,000 × g for 10 min. The SVF were then pooled and stored at
−80°C. All of the samples were used after informed consent had
been given by donors and approved by the ethics committee of
the PUMC.

Viral Preparations
MuV, HSV-1, AV-5, and DeV-2 were kindly provided by
laboratories of the PUMC (Beijing, China), and all viruses were
amplified and titrated in Vero cells. Briefly, Vero cells (5 × 106)
were seeded in 100-mm culture dishes with 10 ml of DMEM
supplemented with 10% FCS. After 24 h, the cells were infected
with viruses at a multiplicity of infection (MOI) of 1.0. Seven
days after infection, we collected the culture medium and lysed
the cells by freezing in liquid nitrogen and thawing at 37°C three
times. After centrifugation at 2,000 rpm for 10 min, the
supernatants were collected. Viral preparations were
maintained in PBS at a density of 1 × 109 plaque-forming
units/ml and then stored at −80°C.

Treatments of Viruses, SP, and PF
For the pre-treatment of viruses with fluids from the male genital
tracts, we incubated viruses with the defined concentration of the
fluids in complete medium at 37°C for the specific durations. For
heat treatment, SP and PF were heated in boiling water for
15 min. After a centrifugation at 12,000 × g for 10 min,
supernatants were collected. To treat samples with enzymes, SP
and PF were incubated with individual enzymes, including 300
µg/ml proteinase K (ProK) (P6565, Sigma-Aldrich, St. Louis,
MO, USA), 200 U/ml DNase I (2270A, Takara Bio., Dalian,
China), 200 µg/ml RNase A (GE101, TransGen Biotech, Beijing
China), 200 U/ml PNGase F (G5166, Sigma), and 100 U/ml
lipase (L8620, Solarbio Life Sciences Ltd. Co, Beijing, China), at
37°C for 5 h. SP and PF were then heated in boiling water for
5 min to inactivate enzymes.

Cell Infection
Target cells were cultured in 6-well plates at 5 × 105 cells/well.
After 24 h, cell culture media were replaced with the pre-
incubated mixtures of viruses and fluids, and the cells were
incubated at 37°C for 1 h. The culture media were then replaced
with virus- and fluid-free media. MuV binding to HeLa cells was
determined after incubating the cells with 50 MOI MuV on ice
February 2021 | Volume 12 | Article 580454
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for 1 h. After three washes with PBS, cells were collected for virus
detection. For MuV entry, cells were incubated with 50 MOI
MuV for 1 h at 37°C and the surface-bound MuV was removed
by treating cells with 0.25% trypsin (Thermo Fisher Scientific)
for 5 min. The cells were then collected for MuV detection.

TCID50
Vero cells were seeded in 96-well plates at a density of 5 × 103

cells/well in 100 ml of culture media. After 24 h in an incubator
with 5% CO2 at 37°C, a serial dilution of MuV was added into
plate wells. Ten days later, we calculated 50% tissue-culture
effective dose (TCID50) values according to the Reed-
Muench method.

Cellular Viability
Cellular viability was assessed using a Cell Counting Kit-8 (CCK-8)
assay kit (Dalian Meilun Biotechnology Co., Ltd., Dalian, China)
according to the manufacturer’s instructions. Briefly, HeLa cells
were seeded in 96-well plates at a density of 5 × 103 cells/well in 100
ml culture media. At specific durations after MuV infection, 10 ml of
the CCK-8 solution was added to each well. Two hours later,
NADH produced by viable cells transformed colorless WST®-8 to
orange color WST®-8 formazan. We measured the absorbance at
450 nm; the ratio of the absorbance value to the control (set as “1”)
represented cellular viability.

Immunofluorescence Staining
HeLa cells were cultured in 35-mm culture dishes and fixed with
refrigerated 4% methanol at −20°C for 3 min. After washing
them twice with PBS, the cells were permeabilized with 0.2%
Triton X-100 (Zhongshan Biotechnology Co.) in PBS for 10 min
and blocked with 5% normal goat serum (Zhongshan
Biotechnology Co.) for 1 h at room temperature. The cells
were subsequently incubated with mouse anti-MuV-NP
monoclonal antibody (sc-57922) (Santa Cruz Biotechnology,
Dallas, TX, USA) at 4°C in a humidified chamber for 24 h.
After washing them twice with PBS, the cells were incubated with
tetramethyl rhodamine isothiocyanate (TRITC)-conjugated goat
anti-mouse secondary antibodies (Zhongshan Biotechnology
Co.) for 1 h. Nuclei were counterstained with 4′, 6′-diamidino-
2-phenylindole (DAPI) (Zhongshan Biotechnology Co.)
according to the manufacturer’s instructions. The cells were
then mounted with antifade mounting medium (Zhongshan
Biotechnology Co.) and observed under a fluorescence
microscope BX-51 (Olympus, Tokyo, Japan).
Frontiers in Immunology | www.frontiersin.org 3104
Real-Time Quantitative RT-PCR
(qRT-PCR)
Total RNA was extracted using Trizol reagents (Thermo Fisher
Scientific) according to the manufacturer’s instructions. The total
RNA (1 mg) was reverse-transcribed into cDNA in a 20-ml
reaction mixture containing 2.5 mM of random hexamers, 2
mM of deoxynucleotide triphosphates, and 200 units of Moloney
murine leukemia virus reverse transcriptase (Promega, Madison,
WI, USA). We performed PCR in a 20-ml reaction mixture
containing 0.2 ml of cDNA, 0.5 mM of forward and reverse
primers, and 10 ml of Power SYBR Green PCR Master Mix
(Applied Biosystems, Foster City, CA, USA) on an ABI PRISM
7300 real-time cycler (Applied Biosystems). Relative mRNA
levels were determined using the 2−DDCt method, as described
in the Applied Biosystems User Bulletin No. 2 (P/N 4303859).
The primer sequences for PCR are listed in Table 1.

Western Blot Analysis
Cells were lysed in a lysis buffer containing a protease inhibitor
cocktail (Sigma-Aldrich), and the protein concentrations were
determined using a bicinchoninic acid protein assay kit (Pierce
Biotechnology, Rockford, IL, USA). Proteins (20 mg/well) were
separated using 10% SDS-PAGE and then electro-transferred
onto polyvinylidene fluoride membranes (Millipore, Bedford, MA,
USA). The membranes were blocked with Tris-buffered saline (pH
7.4) containing 5% non-fat milk for 1 h at room temperature and
then incubated with mouse anti-MuV-NP (ab9880) (Abcam,
Cambridge, UK) or anti-b-Actin (66009-1-lg) (Sigma-Aldric)
mAbs for 24 h at 4°C. After washing them twice with Tris-
buffered saline containing 0.1% Tween-20, the membranes were
incubated with HRP-conjugated secondary antibodies for 1 h at
room temperature. Protein bands were visualized with an Enhanced
Chemiluminescence Detection Kit (Zhongshan Biotechnology Co.).

Ultrafiltration of SP and PF
SP and PF were separated to four fractions (<3 kDa, >3 kDa, <100
kDa, >100 kDa) by ultrafiltration using Amicon® Ultra-0.5
Centrifugal Filter Devices (Merck Millipore Co., Darmstadt,
Germany) according to manufacturer’s instructions. Briefly, 500
µl of samplewas added tofilter device and capped it. The devicewas
spun at 12,000 × g for 30 min. The filtrate was collected. The
retentate was washed twice with PBS by repeating centrifugation.
The filter device was placed upside down in a 1.5 ml micro-
centrifuge tube and spun at 1,000 × g for 2 min to obtain the
retentate. The retentate was diluted to a final volume of 500 µl.
TABLE 1 | Primers used for real-time qRT-PCR.

Target genes Forward (5’ ! 3’) Reverse (5’ ! 3’)

MuV-NP TCAGATCAATCGCATCGGGG CTTGCGACTGTGCGTTTTGA
HSV-1-UL49 GGTGTTCGTCGTCTTCGGAT CTTCAGGTATGGCGAGTCCC
AV-5-Hexon GGTGGCCATTACCTTTGACTCTTC CCACCTGTTGGTAGTCCTTGTATTTAGTATCATC
DeV-2-NS1 AATCCGCTCAGTAACAAG GTTTCGGGACCATCAATA
ACTB CATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGAT
Actb GAAATCGTGCGTGACATCAAAG TGTAGTTTCATGGATGCCACAG
NP, nuclear protein; UL, unique long gene; NS, non-structural protein.
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Statistical Analysis
Statistical difference between two groups was determined using
Student’s t test. A one-way ANOVA with Bonferroni’s (selected
pairs) post-hoc test was used for multiple comparisons. We
performed calculations using SPSS version 13.0 (SPSS Inc.,
Chicago, IL, USA). Data were presented as the means ± SEM
of at least three experiments. A P-value <0.05 was considered to
be statistically significant.
RESULTS

MuV Infection of HeLa Cells
To evaluate MuV infection and replication in vitro, human
cervical epithelium cancer-derived HeLa cells were used as host
cells. Real-time qRT-PCR results showed that MuV efficiently
infected HeLa cells and replicated within them in a time-
dependent manner (Figure 1A). The RNA levels of MuV
nuclear protein (MuV-NP) gene were dramatically increased
within cells at 24 and 48 h after infection with MuV at a MOI of
1.0. Accordingly, the protein levels of MuV-NP were increased in
HeLa cells in a time-dependent manner after infection (Figure
1B). MuV-NP was further confirmed using immunofluorescence
staining, which showed much greater fluorescent densities in
cells at 24 and 48 h after infection (Figure 1C, lower panels).
TCID50 assay results also showed that viral loads in the HeLa cell
culture medium significantly increased in a time-dependent
manner (Figure 1D). MuV infection did not significantly affect
cellular viability (Figure 1E).

Inhibition of MuV Infection by SP
To analyze the effect of SP on MuV infection, MuV-NP level was
examined in HeLa cells after inoculation with a pre-incubation
mixture of SP and MuV. A 2-h pre-incubation of 1.0 MOI MuV
with SP at 37°C significantly attenuated MuV-NP RNA levels in
HeLa cells in a dose-dependent manner at 48 h after infection
(Figure 2A). In addition, Western blot analysis showed that
MuV-NP protein levels were reduced by the presence of SP
(Figure 2B). A 2-h pre-incubation of MuV with 1.0% SP
dramatically inhibited MuV infection. The inhibitory efficiency
of 1.0% SP on MuV infection depended upon the duration of the
pre-incubation of MuV with SP; that is, the 2-h pre-incubation of
1.0 MOI MuV with 1.0% SP markedly reduced MuV-NP RNA
(Figure 2C) and protein (Figure 2D) levels. Accordingly, SP
significantly reduced MuV loads in the culture medium in a pre-
incubation time-dependent manner 48 h after infection (Figure
2E). The presence of 1.0% SP for up to 2 h did not impair HeLa
cell viability (Figure 2F). These results suggested that SP
contains an antiviral factor that potently inhibits MuV
infection. However, the presence of 1.0% SP for long terms
could significantly reduce cell viability (Figure S1). We therefore
incubated HeLa cells with SP for 1 h to avoid the cytotoxic effect
in the present study.

To confirm whether SP acted on viruses or target cells, we firstly
treated HeLa cells with 1.0% SP for 1 h, and the cells were then
infected with 1.0 MOI MuV. The pre-treatment of HeLa cells with
Frontiers in Immunology | www.frontiersin.org 4105
SP did not affect MuV infection (Figure S2). Further, we compared
MuV infection after the pre-incubation of MuV with SP at 37, 4, or
45°C for 2 h to determine the association between the antiviral effect
A B

C

D E

FIGURE 1 | MuV replication in HeLa cells. (A) Time-dependent MuV
replication. HeLa cells were infected with MuV at a MOI of 1.0, and cells
without MuV infection served as controls (Ctrl). Total RNA was extracted at
specific times after infection, and the relative RNA levels of MuV-NP were
analyzed using real-time qRT-PCR. (B) Protein levels of MuV-NP. HeLa cells
were infected with MuV as described in (A). At the indicated time-points after
infection, MuV-NP protein levels in the cellular lysates were determined using
Western blot analysis. (C) Intracellular MuV-NP. HeLa cells were infected with
MuV as described in (A). We determined intracellular distribution of MuV-NP
(red) using immunofluorescence staining. The cytoplasm and nuclei were
localized by immunofluorescence staining for b-Actin (green) and DAPI (blue).
(D) Viral loads. HeLa cells were infected with 1.0 MOI MuV for the indicated
periods of time. MuV loads in culture medium were determined using a
TCID50 assay. (E) Cell viability. After infection with MuV at a MOI of 1.0 for the
indicated durations, the HeLa cell viability was determined using the CCK-8
assay. Images represent at least three independent experiments. Data are
presented as means ± SEM of three separate experiments. Scale bar = 20
mm. ND, not detectable.
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of SP and temperature. MuV infection was significantly inhibited by
the pre-incubation at 4°C while the inhibition was evidently reduced
in comparison with the pre-incubation at 37°C (Figure S3).
However, MuV infection was completely abolished at 45°C in
both the presence and absence of SP.

To determine which step of the viral infection cascade was
inhibited by SP, we detected MuV binding and entry. MuV
efficiently bound (Bd) with and entered (En) into HeLa cells in
the absence of SP (Figure 2G). Treatment of cells with 0.25%
trypsin for 5 min significantly removed bound MuV-NP RNA,
but did not affect the entered MuV-NP RNA level. The 2-h pre-
incubation of MuV with SP almost completely blocked MuV
binding and entry to cells because Bd and En MuV-NP RNA
levels were extremely low. Western blotting results confirmed
that the pre-incubation of MuV with SP markedly reduced Bd
and En MuV-NP protein levels (Figure 2H, upper panel).
Trypsin evidently reduced Bd MuV-NP but did not affect En
MuV-NP levels (Figure 2H, lower panel). The diminished MuV
entry in the presence of SP was most likely due to the impairment
of virus binding as it is essential for virus entry.

Characterization of Seminal
Antiviral Factor
To characterize the properties of the antiviral factor, SP was treated
with protein- and nucleic acid-degrading enzymes for 5 h at 37°C.
Treatments of SP with either ProK, DNase I, or RNase A did not
alterMuV-NPRNA (Figure 3A, left panel) or protein (right panel)
levels inHeLa cells 48 h after infection. ProK,DNase I, andRNaseA
efficiently digested seminal proteins, isolated DNA and RNA from
HeLa cells, respectively (Figure S4). Moreover, the treatment of SP
with PNGase F and lipase retained the SP inhibition of MuV
infection (Figure S5). In controls, the treatment of MuV with
each enzyme alonewithout SPdid not affectMuV infection (Figure
S6). The results suggest that proteins, nucleic acids, glycosylated
molecules, and lipids were not responsible for the antiviral effect
of SP.

The molecular size of the antiviral factor was assessed by SP
filtration through 100-kDa and 3-kDa filters. A 2-h pre-incubation
ofMuVwith the retentate (Ret) of both filters dramatically reduced
MuV-NP RNA (Figure 3B, left panel) and protein (right panel)
levels. The SP filtrate (Fil) of 100-kDa filter also evidently reduced
MuV-NP levels, whereas the filtrate of 3-kDa filter did not affect
MuV infection. Moreover, the treatment of the retentate of two
filters with boiling water did not markedly reduced the inhibitory
effects on MuV infection (Figure 3C). Notably, SDS-PAGE results
showed that the retentate of 100-kDa filter contained abundant
<100 kDa molecules, whereas the filtrate of 100-kDa filter did not
contain proteins of >100-kDa (Figure S7), which indicate that the
ultrafiltration through 100-kDa filter did not efficiently separated
>100-kDamolecules from smaller molecules. These results suggest
that the antiviral component exists in >3kDa fraction, but not in
<3 kDa fraction.

Inhibition of MuV Infection by
Prostate Fluids
Given that SP is mostly produced by the prostate, seminal vesicle,
and epididymis, we examined the antiviral effect of the prostatic
A B

C D

F

G H

E

FIGURE 2 | Inhibition of MuV infection by SP. (A) Dose-dependent SP
inhibition of MuV infection. MuV was pre-incubated with the indicated doses
of SP for 2 h, and MuV without SP treatment served as controls (Ctrl). HeLa
cells were infected with MuV. Total RNA was extracted at 48 h after MuV
infection, and MuV-NP RNA levels were determined using real-time qRT-PCR.
(B) HeLa cells were treated as described in (A). The protein levels of MuV-NP
were determined using Western blot analysis. (C, D) Time-dependent SP
inhibition of MuV infection. MuV was pre-incubated with 1.0% SP for the
specific durations. HeLa cells were infected with MuV for 48 h. MuV-NP RNA
(C) and protein (D) levels were determined with real-time qRT-PCR and a
Western blot analysis, respectively. (E) MuV loads in culture medium. MuV
was treated, and HeLa cells were infected as described in (C). Culture
supernatants were collected at 48 h after MuV infection, and MuV loads in
culture supernatants were determined using the TCID50 assay. (F) Cell
viability. HeLa cells were treated as described in (C), and the cell viability was
assessed using the CCK-8 assay. (G, H) MuV binding (Bd) and entry (En).
MuV was pre-incubated in the absence (−SP) or the presence (+SP) of 1.0%
SP for 2 h. HeLa cells were inoculated with 50 MOI of MuV on ice for 1 h to
detect MuV binding to cells. HeLa cells were inoculated with 50 MOI of MuV
at 37°C for 1 h to examine MuV entry into cells. MuV bound to cells was
removed by treatment with 0.25% trypsin (+Try) for 5 min. MuV-NP RNA (G)
and protein (H) levels were determined using real-time qRT-PCR and
Western blot analysis, respectively. Images represent at least three
independent experiments. Data are presented as means ± SEM of three
experiments. *P < 0.05, **P < 0.01.
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fluids (PF), seminal vesicle fluids (SVF), and epididymal fluids
(EF). The pre-incubation of MuV with PF at doses of 0.2 and 1%
significantly reduced MuV-NP RNA levels in HeLa cells 48 h
after infection, whereas SVF and EF did not affect MuV-NP RNA
levels (Figure 4A, left panel). Accordingly, PF markedly reduced
MuV-NP protein level at a dose of 1% (Figure 4A, right panel).
The retentate of PF through a 3-kDa filter dramatically reduced
MuV-NP RNA (Figure 4B, left panel) and protein (right panel)
levels, although the filtrate did not affect MuV-NP levels. Both
the retentate and filtrate through a 100-kDa filter significantly
inhibited MuV infection. Treatment of PF with boiling water
Frontiers in Immunology | www.frontiersin.org 6107
(BW), proteinase K (ProK), DNase I, or RNase A did not affect
MuV-NP RNA (Figure 4C, left panel) and protein levels (right
panel). The 2-h pre-incubation of MuV with PF dramatically
diminished bound and entered MuV-NP RNA (Figure 4D, left
panel) and protein (right panel) levels. These observations are
similar to the those for SP, suggesting that the antiviral
component in SP is most likely produced by the prostate gland.

Individual Variations in Antiviral Effect
To compare the antiviral activities of SP and PF from individual
donors, we examined the antiviral effect of 20 SP and 10 PF samples.
A

B

C

FIGURE 3 | Characterization of antiviral component. (A) Physical properties of the antiviral component. SP was treated with proteinase K (ProK), DNase I, or RNase
A at 37°C for 5 h. MuV was incubated with SP for 2 h, and MuV without treatment served as the control (Ctrl). HeLa cells were infected with 1.0 MOI of MuV. At
48 h post-infection, MuV-NP RNA (left panel) and protein (right panel) levels were determined using real-time qRT-PCR and a Western blot, respectively. (B) Size
analysis of the antiviral component. SP was filtered through 100 kDa and 3 kDa filters. Filtrate (Fil) and retentate (Ret) fractions were collected. MuV was incubated
with fractions for 2 h, and HeLa cells were infected with MuV. MuV-NP RNA (left panel) and protein (right panel) levels were determined. (C) Heat resistance of the
antiviral component. The Fil and Ret fractions of ultrafiltration were treated with boiling water (BW) for 10 min, and then incubated with MuV for 2 h. MuV-NP RNA
(left) and protein (right) levels were determined. Images represent at least three independent experiments. Data are presented as means ± SEM of three experiments,
**P < 0.01.
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FIGURE 4 | Antiviral effect of male genital tract fluids. (A) Antiviral effect of prostatic fluids (PF), seminal vesicle fluids (SVF), and epididymal fluids (EF). MuV was
incubated with the indicated doses of PF, SVF, or EF at 37°C for 2 h, and HeLa cells were infected with 1.0 MOI of MuV. At 48 h after infection, MuV-NP RNA levels
(left panel) were determined using real-time qRT-PCR. The inhibition of PF on MuV-NP protein level (right panel) was analyzed by a Western blot. (B) Antiviral effect of
PF fractions. PF were filtered through a 3-kDa filter, and MuV was incubated with either 1% filtrate (Fil) or 1% retentate (Ret) at 37°C for 2 h. MuV without treatment
served as the control (Ctrl). HeLa cells were infected with 1.0 MOI of MuV. MuV-NP RNA (left panel) and protein (right panel) levels were determined 48 h after
infection. (C) Properties of the antiviral factor in PF. PF were treated in boiling water (BW) for 5 min, or incubated with Proteinase K (ProK), DNase I, or RNase A at
37°C for 5 h, followed by heating inactivation in BW for 5 min. MuV was incubated with 1% PF for 2 h, and HeLa cells were infected with 1.0 MOI of MuV. MuV-NP
RNA and protein levels were determined 48 h after infection. (D) MuV binding (Bd) and entry (En). MuV was pre-incubated with 1% PF (+PF) or without PF (-PF) at
37°C for 2 h. HeLa cells were inoculated for 1 h with 50 MOI MuV on ice for binding or at 37°C for entry. MuV-NP RNA (left panel) and protein (right panel) levels
were determined. Images represent at least three independent experiments. Data are presented as means ± SEM of three experiments. *P < 0.05, **P < 0.01.
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All 20 of the SP samples at a dose of 1% dramatically reduced the
MuV-NP RNA level in HeLa cells 48 h after MuV infection (Figure
5A). In contrast, 0.2% SP exhibited great variation in inhibiting
MuV infection. Although the 0.2% SP treatment of samples 7, 9, 12,
and 18 greatly reduced MuV-NP RNA levels, other SP samples did
not significantly inhibit MuV infection at a dose of 0.2%. Similarly,
1% of all PF samples substantially decreased MuV-NP RNA levels
(Figure 5B). Although 8 of 10 PF samples significantly reduced
MuV-NP RNA levels at the dose of 0.2%, samples 6 and 7 did not
significantly reduce MuV-NP RNA at this dose (Figure 5B). These
results indicated that the antiviral effect is a general property of
human SP and PF with variation in individual donors.
Frontiers in Immunology | www.frontiersin.org 8109
Pan-Antiviral Effect of the Antiviral Factor
To determine whether the SP inhibition of MuV infection is a cell
line-specific effect, we performed the experiments on three other
cell types, including C33A, EEC, and 15P1. Similar to the
observations in HeLa cells, the pre-incubation of MuV with
1.0% SP remarkably reduced MuV infection in all these cells
(Figure 6A). To examine whether the antiviral factor specifically
inhibits MuV infection or generally inhibits infection by other
viruses, we analyzed the effect of SP and PF on the infection of
HeLa cells by HSV-1, AV-5, and DeV-2. The pre-incubation of
these viruses with 1.0% SP or PF dramatically reduced the RNA
levels of HSV-1 (Figure 6B, left panel), AV-5 (middle panel), and
A

B

FIGURE 5 | Antiviral effect of SP and PF from individual donors. (A) Antiviral effect of SP. SP samples were collected from 20 individual donors. MuV was incubated
with 0.2 or 1.0% individual SP samples for 2 h. MuV without treatment served as the control (Ctrl). HeLa cells were infected with 1.0 MOI of MuV. Total RNA was
extracted from cells 48 h after MuV infection. MuV-NP RNA levels were determined using real-time qRT-PCR. (B) Antiviral effect of individual PF samples. Individual
PF samples were collected from 10 donors. MuV was incubated with individual PF, and HeLa cells were infected as described in (A). MuV-NP RNA levels were
determined 48 h after infection. Data are presented as means ± SEM of three experiments. *P < 0.05, **P < 0.01.
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DeV-2 (right panel) in HeLa cells 48 h after infection. Similarly,
SP and PF significantly attenuated loads ofHSV-1 (Figure 6C, left
panel), AV-5 (middle panel), and DeV-2 (right panel) in the
culture medium. These results indicated that the antiviral factor
in SP and PF exerts a pan-antiviral activity.
DISCUSSION

The presence of viruses in semen is a risk for sexual spread of
pathogens. Semen is not only a passive vector for viral spread,
but also impacts viral transmission. The facilitative and
inhibitory effects of semen on HIV-1 transmission have been
documented (32). In the present study, we examined the antiviral
effect of SP. We demonstrated that human SP decidedly inhibited
Frontiers in Immunology | www.frontiersin.org 9110
MuV, HSV-1, AV-5, and DeV-2 infection, which suggest a pan-
antiviral effect of SP.

The male reproductive system is a potential refuge for
harboring viruses due to its immunosuppressive environment
for protecting immunogenic germ cells from autoimmune
responses (33). The mammalian testis, in particular, is a
remarkably immunoprivileged organ wherein viruses can
escape from immune surveillance and impair testicular
function (34, 35). The antiviral effect of SP constitutes an
important strategy for restricting the sexual transmission of
viruses. MuV manifests a tropism for the testis and frequently
induces orchitis (21). While natural MuV-induced diseases have
been only observed in human beings, MuV can infect different
species (29). Accordingly, the present study showed that several
cell types from the human female genital tract and the mouse
A

B

C

FIGURE 6 | Pan-antiviral effects of antiviral factor. (A) SP effect on MuV infection of different cell types. MuV was incubated with (+) 1% SP or without (−) SP at 37°C
for 2 h. Human cervical squamous carcinoma cell line C33A, mouse primary epididymal epithelial cell (EEC), and mouse Sertoli cell line 15P1 were infected with 1.0
MOI MuV. MuV-NP RNA (left panel) and protein (right panel) levels were determined at 48 h after MuV infection. (B, C) Antiviral effect of SP against different viruses.
(B) Viral RNA. Herpes simplex virus 1 (HSV-1), adenovirus 5 (AV-5), and dengue virus 2 (DeV-2) were incubated with 1% SP or PF for 2 h. Viruses without treatment
served as the controls (Ctrl). HeLa cells were infected with each virus at a MOI of 1.0. RNA levels of HSV-1 (left panel), AV-5 (middle panel), and DeV-2 (right panel)
were determined using real-time qRT-PCR 48 h after infection. (C) Viral loads in culture medium. Viruses were treated, and HeLa cells were infected with each virus,
as described in (B). Culture medium was collected 48 h after infection. Viral loads of HSV-1 (left panel), AV-5 (middle panel), and DeV-2 (right panel) in the medium
were determined using TCID50. Data are presented as means ± SEM of three experiments. **P < 0.01.
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male genital tract were efficiently infected in vitro by MuV, and
that SP potently inhibited MuV infection of the target cells.
These results suggest that the antiviral effect of SP is a general
property independent target cells.

The effect of semen on HIV-1infection has been intensively
studied because sexual transmission is a major route of viral
spread. Semen may inhibit HIV-1 infection through distinct
mechanisms. Early studies showed that SP abrogated HIV-1
infection through gp17 glycoprotein, cationic polypeptides, DC-
SIGN (7, 36). Several other studies demonstrated that exosomes
in human semen were involved in the inhibition of HIV-1
infection (8–10). Recent studies showed that seminal exosomes
and salivary extracellular vesicles inhibited ZIKV infection
through the impairment of viral attachment to target cells by
acting on cells (12, 37). These mechanisms could not explain SP
inhibition of MuV infection in the present study. We
demonstrated that SP acted on MuV and did not target host
cells. Moreover, the fraction of <100 kDa potently inhibited MuV
infection, which did not support the involvement of exosomes.
While the retentate of 100 kDa filter also significantly inhibited
MuV infection, we could not conclude that it was indeed the
effect of a >100 kDa component because this fraction contained
abundant <100 kDa components. We also demonstrated that
heating at boiling water did not affect the inhibitory effect of SP
on MuV infection, and that neither proteins nor glycosylated
molecules were involved in the SP inhibition of MuV infection,
which corresponded the observations in the inhibition of semen
on ZIKV infection (12). We further excluded the involvement of
nucleic acids and lipids because the treatments of SP with
respective enzymes did not restrain the inhibition of MuV
infection. After the exclusion of these macromolecules, it is
hard to image what the antiviral factor is. We may speculate
that a small molecule that naturally binds to the macromolecules
poses the virucidal effect of SP. Since the antiviral factor likely
produced by the prostate, the analysis on the products of the
prostatic cells in vitro would aid in the identification of the
antiviral factor. The antiviral component in SP potently inhibited
viral infection because 1% SP profoundly inhibited viral
infection. The antiviral effect of SP is an interesting issue that
is worthy of further investigation.

To understand the mechanisms by which SP inhibited
MuV infection, we explored the targets acted upon by the
antiviral factor. A time-dependent pre-incubation of MuV
with SP was required for the antiviral effect. By contrast, the
pre-treatment of HeLa cells with SP did not alter MuV
infection. These results suggest that the antiviral factor acted
on viruses and did not act on target cells. These results differ
the observation that semen inhibited ZIKV infection by acting
on target cells via extracellular vesicles (12), suggesting that
semen possesses different antiviral components against viral
infection through distinct mechanisms. Although SP is highly
toxic to cell culture in vitro, we used a low dose of 1% SP and
treated cells for a short time of 1 h to reduce the cytotoxicity.
We provided evidence that the treatment of HeLa cells
with 1% SP up to 2 h did not significantly impair cell
viability and did not inhibit MuV infection, which excluded
Frontiers in Immunology | www.frontiersin.org 10111
involvement of the cytotoxic effect in the SP inhibition of
MuV infection.

SP is principally produced by accessory sex glands, including
the seminal vesicle and prostate glands, which contribute to
approximately 70 and 25% of SP, respectively (38, 39). The
epididymis also produces ~5% of SP. An antiviral effect was only
observed with PF, whereas SVF and EF did not inhibit MuV
infection, suggesting that the antiviral component in SP was
produced by the prostate. Numerous viruses have been found
and persist long-term in the testis because of the testicular
immunoprivileged status (3). Viruses may be shed from the
testis into semen. In addition to the mucosal barrier and
viral tropism, the production of an antiviral factor by the
prostate gland should restrict the overall sexual transmission
of viruses.

In contrast to the antiviral effects of semen, several previous
studies focused on the role of semen in facilitating HIV-1
infection (32). These studies demonstrated that seminal
amyloid fibrils enhanced HIV-1 infection by facilitating the
attachment of HIV-1 to targets cells (14). This enhancement
was also reported for HCMV infection (16). Notably, a recent
study demonstrated that SP inhibited HCMV infection (13). Our
present study provided substantial evidence that SP inhibited
MuV infection of different cell types, including human cervical
carcinoma cell lines, mouse primary epididymal epithelial cells,
and a mouse Sertoli cell line. We showed that the antiviral
component produced by the prostate and acted directly on the
virus. Moreover, we found that SP also inhibited HSV-1, AD-5,
and DeV-2 infection. The discrepancies in the results from these
different studies have yet to be resolved. We realize that seminal
amyloid fibrils always promote infection of different viruses,
whereas the effect of whole SP on viral infection remain
controversial. Considering that different virus strains and
target cells were used in the previous studies, the effect of SP
on viral infection should depend on the virus strains and host
cells through different mechanisms. The virus- and host cell-
specific antiviral effect of SP is an interesting issue for future
study. Notably, the infected or inflammatory status of the male
genital tract may impact HIV-1 infection (19). Since MuV has a
tropism for the testis and epididymis and induces a severe
inflammation in these organs, the potential modification of SP
due to inflammation in the male genital tract may impact the
antiviral effect of SP, which should be considered and worthy
of clarification.

In summary, the immunoprivileged status of the male
reproductive tract provides a sanctuary for viruses to escape
immune surveillance. These viruses may shed into semen,
thereby transmitting via sexual activity. It is important for the
male reproductive system to adopt mechanisms that inhibit viral
infection for restricting sexual transmission of the viruses. In the
present study, we characterized a pan-antiviral property of SP
and PF that potently inhibited infection of various types of cells
by different viruses. Our results provided novel insights into
the antiviral effect of SP and we believe that the isolation
of specific antiviral factors from semen may benefit
antiviral therapy.
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Supplementary Figure 1 | Long-term effect of SP on cell viability. HeLa cells
were incubated with 1.0% SP for the specific durations. Culture media were
replaced with fresh complete media without SP. The cell viability was assessed
Frontiers in Immunology | www.frontiersin.org 11112
using the CCK-8 assay 48 h after the medium replacements. Data are presented as
means ± SEM of three experiments. *P < 0.05, **P < 0.01.

Supplementary Figure 2 | SP effect on cells and MuV. HeLa cells were pre-
incubated with 1% SP (C+SP) for 1 h and then transfected with 1.0 MOI MuV. MuV
was pre-incubated with 1% SP (MuV+SP) and then transfected HeLa for 1 h. HeLa
cells were transfected with MuV without SP served as the control (Ctrl). At 48 h after
infection, MuV-NP RNA (left panel) and protein (right panel) levels were determined
using real-time qRT-PCR and Western blot, respectively. Data are the means ±
SEM of three experiments and images represent at least three independent
experiments. **P < 0.01.

Supplementary Figure 3 | Temperature-dependent antiviral effect of SP. MuV
was incubated with 1% SP (+) or without SP (−) for 2 h at 4, 37, or 45°C. HeLa cells
were infected with 1.0 MOI MuV. MuV-NP RNA and protein levels were determined
using real-time qRT-PCR and Western blot. Data are the means ± SEM of three
experiments. Images represent three independent experiments. *P < 0.05,
**P < 0.01.

Supplementary Figure 4 | Efficiency of enzymes. (A) Proteinase K (ProK).
Seminal plasma (SP) was incubated with 300 mg/ml (+) or without (−) ProK at 37°C
for 5 h and then heated in boiling water for 5 min. Each sample (2 ml/well) was
loaded for SDS-PAGE with 10% polyacrylamide gel. Proteins were visualized after
staining with Coomassie blue and following by decoloration. Molecular sizes were
referred by protein markers (M). (B, C) Nucleic acid enzymes. Genomic DNA and
total RNA were isolated from HeLa cells. DNA (B) or RNA (C) were treated with 200
U/ml DNase I or 200 mg/ml RNase A at 37°C for 5 h. DNA and RNA were
determined after electrophoresis in 1% agarose. Images are the representatives of
at least three independent experiments.

Supplementary Figure 5 | PNGase F and lipase treatments. Seminal plasma
(SP) was treated with 200 U/ml PNGase F or 100 U/ml lipase at 37°C for 5 h. MuV
was incubated with SP for 2 h. MuV without SP served as the control (Ctrl). HeLa
cells were infected with 1.0 MOI MuV. MuV-NP RNA (left panel) and protein (right
panel) levels were determined at 48 h after infection using real-time qRT-PCR and
Western blot, respectively. Images represent three experiments. Data are the
means ± SEM of three experiments. **P < 0.01.

Supplementary Figure 6 | Effect of enzymes on MuV infection. (A) Proteinase K
(ProK), DNase I, and RNase A were heated in boiling water for 5 min. MuV was
incubated with 300 mg/ml Pro K, 200 U/ml DNase I, and 200 mg/ml RNase A for 5 h.
MuV without enzymes served as the control (Ctrl). HeLa cells were infected with 1.0
MOI MuV, and MuV-NP RNA (left panel) and protein (right panel) were determined at
48 h after MuV infection. (B) PNGase F and lipase were heated in boiling water for
5 min. MuV was incubated with 200 U/ml PNGase F or 100 U/ml lipase for 5 h. HeLa
cells were infected and MuV-NP was determined as described in (A). Data are the
means ± SEM of three experiments, and images are the representatives of three
experiments.

Supplementary Figure 7 | Fractions of seminal plasma (SP). SP was separated
to four fractions by ultrafiltration using 100 kDa and 3 kDa filter devices. The
retentates (Ret) and filtrates (Fil) of the two filters were subjected to SDS-PAGE with
10% polyacrylamide gel. The protein components were visualized after Coomassie
blue staining and decoloration. Protein sizes were referred by molecular markers
(M). Images represent three experiments.
REFERENCES

1. Salam AP, Horby PW. The breadth of viruses in human semen. Emerg Infect
Dis (2017) 23(11):1922–4. doi: 10.3201/eid2311.171049

2. Feldmann H. Virus in Semen and the Risk of Sexual Transmission. N Engl J
Med (2018) 378(15):1440–1. doi: 10.1056/NEJMe1803212

3. Le Tortorec A, Matusali G, Mahe D, Aubry F, Mazaud-Guittot S, Houzet L,
et al. From ancient to emerging infections: the odyssey of viruses in the male
genital tract. Physiol Rev (2020) 100(3):1349–414. doi: 10.1152/
physrev.00021.2019
4. Frouard J, Le Tortorec A, Dejucq-Rainsford N. In vitro models for
deciphering the mechanisms underlying the sexual transmission of viruses
at the mucosal level. Virology (2018) 515:1–10. doi: 10.1016/
j.virol.2017.11.023

5. Sabatte J, Remes Lenicov F, Cabrini M, Rodriguez Rodrigues C, Ostrowski M,
Ceballos A, et al. The role of semen in sexual transmission of HIV: beyond a
carrier for virus particles. Microbes Infect (2011) 13(12-13):977–82.
doi: 10.1016/j.micinf.2011.06.005

6. O’Connor TJ, Kinchington D, Kangro HO, Jeffries DJ. The activity of
candidate virucidal agents, low pH and genital secretions against HIV-1 in
vitro. Int J STD AIDS (1995) 6(4):267–72. doi: 10.1177/095646249500600409
February 2021 | Volume 12 | Article 580454

https://www.frontiersin.org/articles/10.3389/fimmu.2021.580454/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.580454/full#supplementary-material
https://doi.org/10.3201/eid2311.171049
https://doi.org/10.1056/NEJMe1803212
https://doi.org/10.1152/physrev.00021.2019
https://doi.org/10.1152/physrev.00021.2019
https://doi.org/10.1016/j.virol.2017.11.023
https://doi.org/10.1016/j.virol.2017.11.023
https://doi.org/10.1016/j.micinf.2011.06.005
https://doi.org/10.1177/095646249500600409
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Chen et al. Antiviral Effect of Semen
7. Martellini JA, Cole AL, Venkataraman N, Quinn GA, Svoboda P, Gangrade
BK, et al. Cationic polypeptides contribute to the anti-HIV-1 activity of
human seminal plasma. FASEB J (2009) 23(10):3609–18. doi: 10.1096/fj.09-
131961

8. Madison MN, Jones PH, Okeoma CM. Exosomes in human semen restrict
HIV-1 transmission by vaginal cells and block intravaginal replication of LP-
BM5 murine AIDS virus complex. Virology (2015) 482:189–201. doi: 10.1016/
j.virol.2015.03.040

9. MadisonMN, Roller RJ, Okeoma CM. Human semen contains exosomes with
potent anti-HIV-1 activity. Retrovirology (2014) 11:102. doi: 10.1186/s12977-
014-0102-z

10. Welch JL, Kaddour H, Schlievert PM, Stapleton JT, Okeoma CM. Semen
exosomes promote transcriptional silencing of HIV-1 by disrupting NF-kB/
Sp1/Tat circuitry. J Virol (2018) 92(21):e00731–18. doi: 10.1128/JVI.00731-18

11. Ouattara LA, Anderson SM, Doncel GF. Seminal exosomes and HIV-1
transmission. Andrologia (2018) 50(11):e13220. doi: 10.1111/and.13220

12. Muller JA, Harms M, Kruger F, Gross R, Joas S, Hayn M, et al. Semen inhibits
Zika virus infection of cells and tissues from the anogenital region. Nat
Commun (2018) 9(1):2207. doi: 10.1038/s41467-018-04442-y

13. Lippold S, Braun B, Kruger F, Harms M, Muller JA, Gross R, et al. Natural
Inhibitor of Human Cytomegalovirus in Human Seminal Plasma. J Virol
(2019) 93(6):e01855–18. doi: 10.1128/jvi.01855-18

14. Munch J, Rucker E, Standker L, Adermann K, Goffinet C, Schindler M, et al.
Semen-derived amyloid fibrils drastically enhance HIV infection. Cell (2007)
131(6):1059–71. doi: 10.1016/j.cell.2007.10.014

15. Torres L, Ortiz T, Tang Q. Enhancement of herpes simplex virus (HSV)
infection by seminal plasma and semen amyloids implicates a new target for
the prevention of HSV infection. Viruses (2015) 7(4):2057–73. doi: 10.3390/
v7042057

16. Tang Q, Roan NR, Yamamura Y. Seminal plasma and semen amyloids
enhance cytomegalovirus infection in cell culture. J Virol (2013) 87
(23):12583–91. doi: 10.1128/JVI.02083-13

17. Bart SM, Cohen C, Dye JM, Shorter J, Bates P. Enhancement of Ebola virus
infection by seminal amyloid fibrils. Proc Natl Acad Sci U S A (2018) 115
(28):7410–5. doi: 10.1073/pnas.1721646115

18. Sabatte J, Faigle W, Ceballos A, Morelle W, Rodriguez Rodrigues C, Remes
Lenicov F, et al. Semen clusterin is a novel DC-SIGN ligand. J Immunol (2011)
187(10):5299–309. doi: 10.4049/jimmunol.1101889

19. Camus C, Matusali G, Bourry O, Mahe D, Aubry F, Bujan L, et al. Comparison
of the effect of semen from HIV-infected and uninfected men on CD4+ T-cell
infection. AIDS (2016) 30(8):1197–208. doi: 10.1097/QAD.000000000
0001048

20. Rubin S, Eckhaus M, Rennick LJ, Bamford CG, Duprex WP. Molecular
biology, pathogenesis and pathology of mumps virus. J Pathol (2015) 235
(2):242–52. doi: 10.1002/path.4445

21. Masarani M, Wazait H, Dinneen M. Mumps orchitis. J R Soc Med (2006) 99
(11):573–5. doi: 10.1258/jrsm.99.11.573

22. Bjorvatn B. Mumps virus recovered from testicles by fine-needle aspiration
biopsy in cases of mumps orchitis. Scand J Infect Dis (1973) 5(1):3–5.
doi: 10.3109/inf.1973.5.issue-1.02

23. Wu H, Zhao X, Wang F, Jiang Q, Shi L, Gong M, et al. Mouse Testicular Cell
Type-Specific Antiviral Response against Mumps Virus Replication. Front
Immunol (2017) 8:117. doi: 10.3389/fimmu.2017.00117

24. Jiang Q, Wang F, Shi L, Zhao X, Gong M, Liu W, et al. C-X-C motif
chemokine ligand 10 produced by mouse Sertoli cells in response to mumps
virus infection induces male germ cell apoptosis. Cell Death Dis (2017) 8(10):
e3146. doi: 10.1038/cddis.2017.560

25. Le Goffic R, Mouchel T, Ruffault A, Patard JJ, Jegou B, Samson M. Mumps
virus decreases testosterone production and gamma interferon-induced
Frontiers in Immunology | www.frontiersin.org 12113
protein 10 secretion by human leydig cells. J Virol (2003) 77(5):3297–300.
doi: 10.1128/jvi.77.5.3297-3300.2003

26. Wu H, Jiang X, Gao Y, Liu W, Wang F, Gong M, et al. Mumps virus infection
disrupts blood-testis barrier through the induction of TNF-alpha in Sertoli
cells. FASEB J (2019) 33(11):12528–40. doi: 10.1096/fj.201901089R

27. Le Tortorec A, Denis H, Satie AP, Patard JJ, Ruffault A, Jegou B, et al. Antiviral
responses of human Leydig cells to mumps virus infection or poly I:C
stimulation. Hum Reprod (2008) 23(9):2095–103. doi: 10.1093/humrep/
den207

28. Wang F, Chen R, Jiang Q, Wu H, Gong M, Liu W, et al. Roles of Sialic Acid,
AXL, and MER Receptor Tyrosine Kinases in Mumps Virus Infection of
Mouse Sertoli and Leydig Cells. Front Microbiol (2020) 11:1292:1292.
doi: 10.3389/fmicb.2020.01292

29. Xu P, Huang Z, Gao X, Michel FJ, Hirsch G, Hogan RJ, et al. Infection of mice,
ferrets, and rhesus macaques with a clinical mumps virus isolate. J Virol
(2013) 87(14):8158–68. doi: 10.1128/jvi.01028-13

30. Kubota M, Takeuchi K, Watanabe S, Ohno S, Matsuoka R, Kohda D, et al.
Trisaccharide containing alpha2,3-linked sialic acid is a receptor for mumps
virus. Proc Natl Acad Sci U S A (2016) 113(41):11579–84. doi: 10.1073/
pnas.1608383113

31. Zhu W, Zhao S, Liu Z, Cheng L, Wang Q, Yan K, et al. Pattern recognition
receptor-initiated innate antiviral responses in mouse epididymal epithelial
cells. J Immunol (2015) 194(10):4825–35. doi: 10.4049/jimmunol.1402706

32. Doncel GF, Joseph T, Thurman AR. Role of semen in HIV-1 transmission:
inhibitor or facilitator? Am J Reprod Immunol (2011) 65(3):292–301.
doi: 10.1111/j.1600-0897.2010.00931.x

33. Dejucq N, Jegou B. Viruses in the mammalian male genital tract and their
effects on the reproductive system. Microbiol Mol Biol Rev (2001) 65(2):208–
31. doi: 10.1128/mmbr.65.2.208-231.2001

34. Liu W, Han R, Wu H, Han D. Viral threat to male fertility. Andrologia (2018)
50(11):e13140. doi: 10.1111/and.13140

35. Li N, Wang T, Han D. Structural, cellular and molecular aspects of immune
privilege in the testis. Front Immunol (2012) 3:152. doi: 10.3389/
fimmu.2012.00152

36. Autiero M, Gaubin M, Mani JC, Castejon C, Martin M, el Marhomy S, et al.
Surface plasmon resonance analysis of gp17, a natural CD4 ligand from
human seminal plasma inhibiting human immunodeficiency virus type-1
gp120-mediated syncytium formation. Eur J Biochem (1997) 245(1):208–13.
doi: 10.1111/j.1432-1033.1997.00208.x

37. Conzelmann C, Groß R, Zou M, Krüger F, Görgens A, Gustafsson MO, et al.
Salivary extracellular vesicles inhibit Zika virus but not SARS-CoV-2
infection. J Extracell Vesicles (2020) 9(1):1808281. doi: 10.1080/
20013078.2020.1808281

38. Gonzales GF. Function of seminal vesicles and their role on male fertility.
Asian J Androl (2001) 3(4):251–8.

39. Verze P, Cai T, Lorenzetti S. The role of the prostate in male fertility, health
and disease. Nat Rev Urol (2016) 13(7):379–86. doi: 10.1038/nrurol.2016.89

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Chen, Zhang, Gong, Wang, Wu, Liu, Gao, Liu, Chen, Lu, Yu, Liu,
Han, Chen and Han. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
February 2021 | Volume 12 | Article 580454

https://doi.org/10.1096/fj.09-131961
https://doi.org/10.1096/fj.09-131961
https://doi.org/10.1016/j.virol.2015.03.040
https://doi.org/10.1016/j.virol.2015.03.040
https://doi.org/10.1186/s12977-014-0102-z
https://doi.org/10.1186/s12977-014-0102-z
https://doi.org/10.1128/JVI.00731-18
https://doi.org/10.1111/and.13220
https://doi.org/10.1038/s41467-018-04442-y
https://doi.org/10.1128/jvi.01855-18
https://doi.org/10.1016/j.cell.2007.10.014
https://doi.org/10.3390/v7042057
https://doi.org/10.3390/v7042057
https://doi.org/10.1128/JVI.02083-13
https://doi.org/10.1073/pnas.1721646115
https://doi.org/10.4049/jimmunol.1101889
https://doi.org/10.1097/QAD.0000000000001048
https://doi.org/10.1097/QAD.0000000000001048
https://doi.org/10.1002/path.4445
https://doi.org/10.1258/jrsm.99.11.573
https://doi.org/10.3109/inf.1973.5.issue-1.02
https://doi.org/10.3389/fimmu.2017.00117
https://doi.org/10.1038/cddis.2017.560
https://doi.org/10.1128/jvi.77.5.3297-3300.2003
https://doi.org/10.1096/fj.201901089R
https://doi.org/10.1093/humrep/den207
https://doi.org/10.1093/humrep/den207
https://doi.org/10.3389/fmicb.2020.01292
https://doi.org/10.1128/jvi.01028-13
https://doi.org/10.1073/pnas.1608383113
https://doi.org/10.1073/pnas.1608383113
https://doi.org/10.4049/jimmunol.1402706
https://doi.org/10.1111/j.1600-0897.2010.00931.x
https://doi.org/10.1128/mmbr.65.2.208-231.2001
https://doi.org/10.1111/and.13140
https://doi.org/10.3389/fimmu.2012.00152
https://doi.org/10.3389/fimmu.2012.00152
https://doi.org/10.1111/j.1432-1033.1997.00208.x
https://doi.org/10.1080/20013078.2020.1808281
https://doi.org/10.1080/20013078.2020.1808281
https://doi.org/10.1038/nrurol.2016.89
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Frontiers in Immunology | www.frontiersin.

Edited by:
Michael H. Lehmann,

Ludwig Maximilian University of
Munich, Germany

Reviewed by:
Nadine Krüger,

Deutsches Primatenzentrum,
Germany

Benhur Lee,
Icahn School of Medicine at Mount

Sinai, United States

*Correspondence:
Daishu Han

dshan@ibms.pumc.edu.cn

Specialty section:
This article was submitted to

Viral Immunology,
a section of the journal

Frontiers in Immunology

Received: 11 August 2020
Accepted: 04 March 2021
Published: 18 March 2021

Citation:
Wu H, Wang F, Tang D and Han D

(2021) Mumps Orchitis: Clinical
Aspects and Mechanisms.

Front. Immunol. 12:582946.
doi: 10.3389/fimmu.2021.582946

MINI REVIEW
published: 18 March 2021

doi: 10.3389/fimmu.2021.582946
Mumps Orchitis: Clinical Aspects
and Mechanisms
Han Wu1,2, Fei Wang2, Dongdong Tang3 and Daishu Han2*

1 Department of Immunology, Shenzhen University School of Medicine, Shenzhen, China, 2 Institute of Basic Medical
Sciences, School of Basic Medicine, Peking Union Medical College, Chinese Academy of Medical Sciences, Beijing, China,
3 Reproductive Medicine Center, Department of Obstetrics and Gynecology, The First Affiliated Hospital of Anhui Medical
University, Hefei, China

The causative agent of mumps is a single-stranded, non-segmented, negative sense RNA
virus belonging to the Paramyxoviridae family. Besides the classic symptom of painfully
swollen parotid salivary glands (parotitis) in mumps virus (MuV)-infected men, orchitis is
the most common form of extra-salivary gland inflammation. Mumps orchitis frequently
occurs in young adult men, and leads to pain and swelling of the testis. The administration
of MuV vaccines in children has been proven highly effective in reducing the incidence of
mumps. However, a recent global outbreak of mumps and the high rate of orchitis have
recently been considered as threats to male fertility. The pathogenesis of mumps orchitis
remains largely unclear due to lack of systematic clinical data analysis and animal models
studies. The alarming increase in the incidence of mumps orchitis and the high risk of the
male fertility have thus become a major health concern. Recent studies have revealed the
mechanisms by which MuV-host cells interact and MuV infection induces inflammatory
responses in testicular cells. In this mini-review, we highlight advances in our knowledge of
the clinical aspects and possible mechanisms of mumps orchitis.

Keywords: mumps, MuV, orchitis, testis, infertility
INTRODUCTION

Mumps is a worldwide contagious disease caused by mumsp virus (MuV). MuV is mainly
transmitted via the respiratory route. MuV infection results in painful inflammatory symptoms,
such as parotitis, orchitis, oophoritis, aseptic meningitis, encephalitis and pancreatitis (1). Besides
the typical painfully swollen parotitis in infected males, orchitis is the most common extra-salivary
inflammation and an important etiological factor of male infertility (2).

Mumps orchitis generally manifests around a week after the onset of parotitis (1, 3).
Approximately 30% of mumps orchitis in post pubertal males suffer from infertility or
subfertility (3). Mumps orchitis may lead to the atrophy of germinal epithelium with
spermatogenesis arrest and the disruption of steroidogenesis. MuV complications are not lethal,
therefore lacking human samples to examine disease pathogenesis.

Current information on pathogenesis after MuV infection is largely based on investigation using
animal models (4–8). We have recently examined mechanisms underlying MuV infection of
testicular cells, MuV-induced immune responses and impairment of testicular functions in mouse
org March 2021 | Volume 12 | Article 5829461114
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models, which provide novel insights into the pathology of
mumps orchitis and related male infertility (9–11). In this mini
review, we briefly summarize MuV biology and focus on
mechanisms underlying pathogenesis of mumps orchitis.
MUV AND COMPLICATIONS

MuV belongs to the Paramyxoviridae family, which consists of
enveloped particles that contain a non-segmented single
negative-strand RNA genome (Figure 1). The MuV genome
consists 15,384 nucleotides that encodes seven proteins:
nucleoprotein (NP), polymerase (L), phosphoprotein (P),
matrix protein (M), hemagglutinin/neuraminidase (HN),
fusion protein (F), and small hydrophobic protein (SH) (12).
MuV strains can be classified into 12 genotypes based on the
nucleotide diversity of the SH gene (13, 14). Viral RNA
encapsulated by NP is the template for replication. A complex
of L and P acts as a replicase to transform the negative-strand
RNA to a positive-strand RNA and as a transcriptase to generate
mRNA. HN and F glycoproteins cooperatively mediate virus
attachment and internalization to host cells via its receptor sialic
acid that is present on the surface of most mammalian cell types.

MuV is initially transmitted via the respiratory route by the
inhalation of contaminated droplets from an infected respiratory
tract. Based on the array of symptoms, MuV would initially
replicate within the lymphoid and reticuloendothelial tissue of
the respiratory tract, which then lead to a transient viremia that
may spread viruses into multiple organs (12). While it is assumed
Frontiers in Immunology | www.frontiersin.org 2115
that MuV first infects the respiratory epithelium, the primary
target cells for early infection and replication remain unclear.
However, MuV has rarely been detected in blood, probably due
to the coincident development of specific antibodies.

Besides asymptomatic and mild respiratory diseases in
approximately 30% of infections, the typical characteristics of
mumps include swollen parotitis, which is used to diagnose the
disease. Parotid gland swelling is mostly bilateral, occurs 2−3
weeks after transmission, and lasts for 2−3 days. The symptom
may persist for a week or more in minor cases. Following
parotitis, MuV infection can lead to inflammation in the
reproductive and central nerve systems, including orchitis,
oophoritis, encephalitis, and meningitis (1). MuV may also
result in myocarditis, pancreatitis and nephritis. While the
complications are mostly self-limiting, long-term sequelae
such as infertility, paralysis, hydrocephalus and deafness
can occur. Mumps orchitis is the most concerned extra-parotid
gland inflammation due to its detrimental effect on
human reproduction.
CLINICAL ASPECTS OF MUMPS
ORCHITIS

Vaccination and Incidences of Mumps
Orchitis
In the pre-vaccine era, mumps was an infectious disease that was
most commonly transmitted among children and was mainly
FIGURE 1 | Schematic diagram of mumps virus. The MuV core is enveloped by matrix protein (M) and lipid bilayer containing small hydrophobic protein (SH), spike
fusion protein (F) and hemagglutinin-neuramindase (HN). The genomic RNA combines with nucleoprotein (NP), polymerase (L) and phosphoprotein (P) to form the
core of the helical nucleocapsid.
March 2021 | Volume 12 | Article 582946
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complicatedwith parotitis (15, 16).With routineMuVvaccination,
mumps incidence has dramatically declined. However, there have
been large outbreaks of mumps worldwide in the past decades,
including vaccinated populations (17–31). In China, the mumps
vaccinewasfirst introduced in theNational ImmunizationProgram
in 2007 (32). From June 2020, the policy had changed to receive two
doses of trivalentmeasles, mumps and rubella (MMR) vaccine. The
annual occurrence of mumps cases from 2009 to 2019 is shown in
Figure 2. After high vaccination coverage, mumps incidence
dropped by half in 2016 from its peak in 2012. Notably, mumps
incidences slightly increased from2017 to 2019. Thismay be due to
the fact that more than 10 years have passed since the first one dose
vaccine was administered, and vaccine effectiveness has declined.

The recent resurgence of mumps mainly involved
adolescents and young adults, with high rates of orchitis
frequently reported (3, 33–35). Orchitis is the most common
complication of mumps and occurs in as high as 40% of all
mumps cases in young adult men (36). Mumps orchitis is
mostly unilateral, but can occur bilaterally in 10−30% of cases
(37). Unvaccinated postpubertal males are susceptible to virus
outbreaks and are at high risk of developing mumps orchitis.
In China, the vaccination rate of men born in the 1990s, who
are now 30 years old, is low due to lacking MMR vaccination
program in less developed areas. Thus, it is essential to be
aware of this epidemiological shift and the resurgence of
mumps orchitis in the clinic. Cases of orchitis following
MMR vaccination are reported in post-pubertal adults,
suggesting that the MMR vaccination may have an adverse
effect on the testis in certain young adults (38–41). Therefore,
whether unvaccinated male in this age group should be offered
the MMR vaccine requires in-depth and carefully evaluation.

Clinical Manifestations
Mumps orchitis usually occurs at about one week after the onset
of parotitis in young adult males with MuV infection. The onset
of orchitis is associated with constitutional symptoms, such as
headache and fever and later manifests as testicular swollen and
pain. Examination of the scrotum generally indicates swelling
testes, associated tenderness, and inflammation of the scrotum.
Frontiers in Immunology | www.frontiersin.org 3116
Epididymitis also occurs in most of the mumps orchitis cases and
results in mumps epididymo-orchitis (42, 43). A recent study
demonstrates that the epididymal head is mostly involved in
mumps epididymo-orchitis, which is in contrast to bacterial
epididymitis that commonly occurs in the cauda epididymis
(44, 45). During the acute phase, the endocrine function of the
testes is altered, e.g., decreased testosterone levels. Some cases
also show increased luteinizing hormone (LH) and follicle-
stimulating hormone (FSH) levels (46). The acute symptoms
can resolve within two weeks; however, testicular atrophy can
occur in half of the orchitis patients and is characterized by
an oblong shape, low echogenicity, and decreased vascularity
based on ultrasonographic findings (3, 47). However, seminal
abnormalities, including sperm count, motility and morphology,
may sustain for years after recovery (37), suggesting the
abnormal spermatogenesis can occur.

Diagnostic and Therapeutic Approaches
There is no standard criteria procedure for MuV diagnosis
because it is not a common condition that is observed in
hospital. Diagnosis of MuV is mainly based on clinical
complication and laboratory testing. Orchitis characteristically
presents with swollen and pain testes. Ultrasonography can
provide image features, including low echogenicity,
hypervascularity, and increased volume of the testes and
epididymis (43, 48). Testicular inflammation and hydrocele
could also be detected. The routine urine analysis is necessary
for diagnosing the mumps orchitis to rule out bacterial
infection (33).

The definitive diagnosis of mumps orchitis should be based
on laboratory tests. The presence of MuV in saliva or seminal
fluid can be determined by real time RT-PCR. The MuV-specific
IgM and IgG antibodies in blood can be measured by ELISA for
serological markers of MuV infection. A positive serum IgM or a
four-fold increase in IgG level is considered serologically positive
for MuV infection (49). While MuV can be isolated from the
seminal fluid within two weeks after symptom onset (50), the test
for viral infectivity is usually not performed in the clinical
diagnosis due to the complicated procedure for this test.
FIGURE 2 | Annual mumps cases reported in China from 2009 to 2019. Data come from reports of the National Health Commission of China.
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MuV infection is mostly self-limiting, and there is currently
no specific antiviral therapy available. The treatment for mumps
orchitis generally includes supportive procedures, including bed
rest, scrotal support, and analgesic and anti-inflammatory drugs
against pain and fever. Symptoms can resolve with treatment in
4−10 days (51). Steroid drugs were used to diminish testicular
pain and swelling, but it does not alter the clinical course and
prevent subsequent atrophy. Interferon has been used in a series
of cases to cure mumps orchitis; however, this is a controversial
method because there is conflicting evidence on its therapeutic
effect. Erpenbach et al. claimed to have prevented testicular
damage and infertility in four patients who had bilateral
mumps orchitis by using systematic interferon for seven days
(52). However, Yeniyol et al. found that interferon is not effective
in preventing testicular atrophy because 40% of patients presents
evidence of total atrophy of seminiferous tubules on testicular
biopsies performed during follow-up (53). A recent study that
assessed a series of 56 cases of mumps orchitis treated with
interferon also showed some kind of hormone or sperm
impairment in most patients during the later follow up period,
while only two patients (14%) were considered free of sequelae
(3). Although some treatments can diminish the complications
of acute mumps orchitis, the preventive and therapeutic
approaches of the orchitis-caused testicular damage and
subfertility/infertility require establishment.
MECHANISMS OF MUMPS ORCHITIS

It is difficult to study the pathogenesis of mumps orchitis in
humans due to the lack of samples. Recent studies using mouse
models provide insights to mechanisms by which MuV infects
testicular cells and impairs testicular functions (Figure 3).

MuV Receptors and Testis Tropism
It is well-known thatMuVhas high tropism to the testis (57). Thus,
understanding the mechanism of receptor recognition by MuV is
very important. Sialic acid,which is expressedon the cell surface as a
terminal component of sugar chains, plays a role in mediating
infection of many viruses, including influenza viruses (58), the
Middle East respiratory syndrome coronavirus (59), and Zika virus
(ZIKV) (60). A previous study demonstrated that MuV used a
trisaccharide containinga2,3-linked sialic acid on the cell surface as
a receptor that interacts with MuV attachment protein HN (61).
The MuV-HN-receptor interaction triggers the activation of the F
protein, causing fusion of the viral envelope with the plasma
membrane and allowing cell entry (62). A very recent study has
confirmed the presence of sialic acid on the surface of Sertoli cells
(SCs) andLeydig cells (LCs) (63).Depletionof sialic acidbysialidase
decreasesMuV internalization into SCs andLCs, but does not affect
MuVbinding to these cells (63). These results suggest that other co-
receptors for MuV binding to testicular cells exist. Recently, two
novel glycan motifs, sialyl LewisX (SLeX) and the GM2 ganglioside
(GM2-glycan), have been shown to serve as MuV receptors (64).
Whether these receptors function for MuV tropism toward
testicular cells requires further investigation.
Frontiers in Immunology | www.frontiersin.org 4117
Other types of cell receptors such as AXL andMER, which are
members of a subfamily of receptor tyrosine kinases, have been
suggested as potential candidates for MuV tropism. AXL and
MER are abundantly expressed in SCs and LCs and play
important roles in regulating testicular immune privilege (65).
Both AXL and MER can interact with the ligands Gas6 and
protein S that in turn bind to the surface of enveloped viruses
(66). Several studies have demonstrated that AXL facilitates
infection of multiple viruses, including Ebola virus (67),
influenza virus (68), and ZIKV (69). AXL and MER have been
suggested to function as binding or entry factors for MuV based
on the observation that these are highly expressed in the testis
during MuV infection (63, 70). Knockout of Axl, Mer, and both
Axl andMer did not affect MuV binding to SCs and LCs, and the
levels of MuV internalized into SCs and LCs were comparable
(63). Thus, AXL and MER were not required as binding or entry
factors for MuV in these cells. However, a genetic study showed
that double knockout of both Axl andMer remarkably decreased
MuV replication, whereas single knockout of either Axl or Mer
barely affected MuV replication. Additionally, a study using an
inhibitor of AXL and MER showed no change in MuV
replication in type 1 interferon receptor knockout (Ifnar1−/−)
SCs and LCs, while it significantly decreased in wild-type cells,
suggesting a redundant role of AXL andMER in facilitating MuV
replication in SCs and LCs by inhibiting the antiviral IFN
signaling (63). These findings on the mechanism underlying
receptors-mediated MuV binding, internalization and
replication (Figure 3) may be helpful discovering the targets
for the prevention of MuV infection.

MuV-Induced Immune Response in
Testicular Cells
Due to the lack of testicular biopsy from mumps orchitis
patients, it is difficult to investigate MuV infection and
pathogenesis in the testis. Although humans are believed to be
the only natural reservoir, MuV was experimentally used to
infect various animal models to evaluate protective immunity
against MuV (8, 71). Unfortunately, studies on the pathogenesis
of orchitis in the animal models are limited. A current study
found that MuV can infect the majority of mouse testicular cells,
including SCs, LCs, testicular macrophages (TMs), and male
germ cells (GCs) (9). However, MuV differentially replicates in
these testicular cells. MuV replicated at relatively high efficiency
rate in SCs compared with LCs and TMs. In contrast, MuV does
not replicate in male GCs. These findings suggest that testicular
cells exhibit different innate antiviral responses against
MuV replication.

To understand the mechanisms underlying MuV-induced
orchitis, a recent study investigated the pattern recognition
receptors-initiated innate immune responses of testicular cells
to MuV infection (11). MuV induces innate immune responses
in mouse SCs and LCs through the activation of Toll-like
receptor 2 (TLR2) and retinoic acid-inducible gene I (RIG-I)
signaling pathways. MuV-initiated TLR2 signaling mainly
induces pro-inflammatory cytokines (TNF-a and IL-6) as well
as chemokines (MCP-1 and CXCL10), whereas the RIG-I
March 2021 | Volume 12 | Article 582946
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FIGURE 3 | Schematic of MuV infection of testicular somatic cells and downstream effects. Sialic acid (SA) on the surface of Sertoli cells (SCs) and Leydig cells
(LCs) mediated MuV entry into cells. Gas6 and Axl/Mer (AM) receptor tyrosine kinase system facilitates MuV replication by inhibiting antiviral response. MuV triggers
Toll-like receptor 2 (TLR2) and cytosolic RNA sensors MDA5/RIG-I signaling pathways, thereby inducing the expression of various immunoregulatory cytokines,
including pro-inflammatory factors TNF-a and IL-6, chemokines CXCL10 and MCP-1, and type 1 interferons INF-a and IFN-b. IFN-a and IFN-b then induce the
expression of various proteins, including ISG15, OAS1 and Mx1, that can inhibit MuV replication. MuV infection also induces the production of CXCL10, MCP-1,
TNF-a and IL-6 by testicular macrophages (TM). CXCL10 produced by SC in response to MuV infection induces apoptosis of germ cells, whereas TNF-a disrupts
blood-testis barrier (BTB) integrity and permeability. MuV infection of LC inhibits testosterone synthesis. MuV-induced TNF-a is presumably responsible for the MuV
inhibition of testosterone synthesis. MCP-1 and CXCL10 produced by SC, LC and TM may recruit leukocytes (L), resulting in orchitis. Sg, spermatogonium; Sp,
spermatocyte; RS, round spermatid; ES, elongated spermatid. SOCS, suppressor of cytokine signaling. !, promotion; ┴, inhibition; ×, disruption of BTB. The red
dashed line indicates a possible signaling pathway in SCs and LCs according to previous findings (54–56).
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pathway principally participated in the induction of type 1
interferons (IFN-a and IFN-b). In response to MuV infection,
SCs produced relatively high levels of pro-inflammatory
cytokines and chemokines, but low levels of IFN-a and IFN-b
compared to LCs. A previous study using a mouse model showed
that mumps-associated gene geranylgeranyl diphosphate
synthase 1 deficiency in SCs resulted in male infertility and
abnormal activation of MAPK and NF-kB downstream of TLR2
signaling (72). These investigations suggest that TLR2 plays a
crucial role in initiating the innate immune responses to MuV
infection in testicular cells. However, the TLR2 ligand in MuV
has yet to be identified. In contrast, TNF-a, IL-6, MCP-1,
CXCL10, IFN-a and IFN-b were nearly undetectable in male
GCs after MuV infection, suggesting a low level of innate
immune response in GCs (11). MCP-1 and CXCL10 produced
by TMs, SCs and LCs in response to MuV infection should
facilitate the recruitment of leukocytes into the testis for MuV
orchitis (Figure 3).

Usually, viral replication in infected cells is restricted by
cellular innate antiviral responses. The production of IFNs is a
universal mechanism of the host’s defense against viral infection
(73). IFN-b can inhibit MuV replication in SCs, LCs, and TMs by
inducing the expression of antiviral proteins, including ISG15,
OAS1, and MX1, but not in GCs. Remarkably, GCs and TMs are
equipped with autophagy machineries, and autophagy restricts
MuV replication in these cells. In contrast, autophagy is not
involved in limiting MuV replication in LCs and SCs. These
findings suggest a cell type-specific innate antiviral mechanisms
against MuV replication in testicular cells.

Notably, viral infection in male GCs may be sexually
transmitted to female partners and fetus, thus leading to virus
parallel and vertical transmission (74). The antiviral defense of
male GCs is particularly important not only for male fertility but
also for limiting virus transmission. The innate antiviral
responses in most type of cells after viral infection produce
type 1 IFNs and various pro-inflammatory cytokines (75). The
increased levels of certain pro-inflammatory cytokines can be
harmful to spermatogenesis (76). However, autophagy directly
uptakes and degrades viruses that invade GCs, without the
induction of pro-inflammatory cytokines (77). Therefore,
autophagy of male GCs should be suitable for the antiviral
defense without harming spermatogenesis.

MuV Infection Damages Testis Function
The cytokines induced by viral infection can mediate organ
dysfunction and tissue damage (78). We recently found that
MuV infection induced the production of various pro-
inflammatory cytokines and inhibited testosterone synthesis in
LCs (11). The production of pro-inflammatory cytokines such as
TNF-a by LCs after MuV infection may be responsible for the
inhibition of testosterone synthesis by reducing the expression of
enzymes for testosterone synthesis (79). However, one study
showed that the testicular testosterone level was reduced in TNF-
a knockout mice, which was probably caused by the
augmentation of Mullerian inhibiting substance in the testis
(80). TNF-a may play dual roles in the protection and
disruption of the tissue functions dependent on its level under
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pathophysiological conditions. The high level of TNF-a in the
testis due to infection and inflammation disrupts testicular
functions (81, 82). Moreover, we demonstrated that the
production of TNF-a and CXCL10 in SCs after MuV infection
impaired blood-testis barrier (BTB) and induced GC apoptosis,
respectively (10, 83). The BTB plays an important role in
maintaining normal spermatogenesis. TNF-a produced by SCs
in response to MuV infection impaired BTB formation by
reducing the levels of occludin and zonula occludens 1 (ZO-1)
(83). The finding is supported by a previous study that occludin
is one of the target proteins of TNF-a in rat SCs (84). Moreover,
a recent study showed that the exposure of SCs to inflammatory
mediators derived from ZIKV-infected macrophages also led to
the degradation of the ZO-1 protein, which correlated with
increased BTB permeability (85). These findings suggest an
adverse role of virus-induced production of inflammatory
cytokines such as TNF-a. During spermatogenesis, a large
number of novel antigens are produced by post-meiotic
spermatids in seminiferous tubules after immune self-tolerance
has been established (86). The production of autoantibodies
against GC antigens is a common feature for orchitis patients.
This may explain why mumps orchitis often causes male
infertility in postpubertal and young adult men but rarely
affects children when the spermatids have not yet been
produced in the testes.

The deleterious effects of MuV infection on male GCs have
also been examined in a recent study (10). The study showed that
TNF-a produced by mouse SCs in response to MuV induced
CXCL10 expression in autocrine manner. CXCL10 is a
pleiotropic cytokine capable of exerting various functions,
including the chemotaxis of leucocytes and induction of
apoptosis (87). CXCR3, as the receptor of CXCL10, is
expressed on the surface of male GCs. CXCL10 activates
caspase-8/3 through CXCR3 that in turn induces GC apoptosis
(10). Therefore, blocking CXCL10-CXCR3 signaling may
alleviate GC degeneration caused by MuV infection.

Laboratory animal models are critical for the studies on the
pathogenesis of MuV-induced diseases. Unfortunately, mice are
not susceptible to MuV infection. Although MuV efficiently
replicates in mouse testicular cells in vitro, this is not evident
in vivo (11). The detrimental effects of ZIKV on the testis are only
occurred in mice lacking interferon signaling but not inWTmice
(88). A recent study showed that mice lacking type 1 interferon
signaling were susceptible to MuV infection (71). Whether
orchitis is generated in Ifnar1−/− mice after MuV inoculation
remain unknown, and thus requires further investigation.
Alternatively, a mouse cell-adapted MuV strain may be used to
establish an orchitis model, but how far the observations in
mouse models are relevant to human remains questionable.
CONCLUSIONS

The recent outbreaks occurring in highly vaccinated populations
have sparked renewed interest in mumps and complications,
particularly orchitis. There is a growing concern that a group of
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mumps cases has shifted from children to young adults and is
associated with a high rate of orchitis and severe reproductive
problems. The mechanisms behind the development of mumps
and orchitis are unknown. Several recent studies on MuV based
on primary cells have improved our understanding of mumps
virus pathogenesis with regard to MuV receptors-testicular cells
interaction, innate immune responses to MuV infection, and
detrimental effects on testicular function using mouse models.
However, a number of knowledge gaps remain. MuV can
effectively replicate in mouse testicular cells in vitro. The testis
is an immunoprivileged organ for the protection of the
spermatozoon from adverse immune response (89). Whether
the testicular immune privilege status provides a refuge for MuV
replication to escape immune surveillance requires clarification.
Rare orchitis cases after the MMR vaccination were reported,
suggesting a potential risk of the vaccination (38–41, 71). The
pathogenesis of the vaccination-related orchitis remains
uncertain and is worth investigating further. In-depth
Frontiers in Immunology | www.frontiersin.org 7120
understanding of these questions would help in the
development of preventative and therapeutic approaches for
mumps orchitis and male infertility.
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Background: Obesity is a recognized risk factor for low fertility and is becoming
increasingly prevalent in many countries around the world. Obesity changes intestinal
microbiota composition, causes inflammation of various organs, and also reduces sperm
quality. Several microorganisms are present in the testis. However, whether obesity
affects the changes of testicular microbiota and whether these changes are related to
reduced fertility in obese men remain to be elucidated.

Methods: In the present study, a zebrafish obesity model was established by feeding with
egg yolk powder. Sperm motility was measured by the Computer Assisted Sperm
Analysis system, testicular microbial communities was assessed via 16s RNA
sequencing, the immune response in zebrafish testis was quantified by quantitative
real-time polymerase chain reaction and enzyme-linked immunosorbent assay, and the
testicular tissue structure was detected by electron microscopy and hematoxylin–eosin
staining.

Results: Compared with the control group, zebrafish sperm motility was dramatically
reduced, the expression of testicular proinflammatory cytokines in the testes was
upregulated, and the blood–testis barrier structure was disrupted in the obese group.
In addition, testicular microbiome composition was clearly altered in the obese group.

Conclusion: Obesity alters testicular microbiota composition, and the reason behind the
decreased sperm motility in obese zebrafish may be related to changes in the testicular
microbial communities.
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HIGHLIGHTS

Changes in the composition of testicular microbiota in
obese zebrafish.

Decreased sperm motility in obese zebrafish.

Defective tight junction of blood–testis barrier in obese zebrafish.

Zebrafish testicular immune response is activated.

Altered testicular microbiota in obese zebrafish are related to
changes in their gut microbes.
INTRODUCTION

In recent decades, the number of obese men of childbearing age
has almost doubled (1, 2). In 2000, 65% of adult men had a body
mass index (BMI) over 25 (overweight), and 30% had a BMI
higher than 30 (obesity) (3). Cohort analysis demonstrated that
the total sperm count and sperm motility were lower in obese
than in healthy donors (4, 5). Endocrine disorders (disorders of
testosterone levels) (6, 7), genetics, autophagy (8), and physical
or chemical factors are all involved in low fertility caused by
obesity in men.
Frontiers in Immunology | www.frontiersin.org 2124
There are approximately 1013–1014 bacteria in the human
intestine (9). The gut microbiota can regulate liver metabolism
by reducing energy expenditure and promoting obesity (10).
Faecalibacterium prausnitzii, an anti-inflammatory bacterium,
was found to be significantly decreased in the intestine of
morbidly obese diabetic patients (11, 12). In previous studies,
obese mice fed on a high-fat diet (HFD) had increased intestinal
permeability, and the abundance of Bacteroides, Clostridium, and
Bifidobacterium in the intestine of mice decreased by 50% (13,
14). The richness of Enterobacter cloacae strain B29 was
significantly aggrandized in the intestinal microorganisms of
obese individuals (15, 16). The above findings demonstrated
that High-fat-diet reduces the abundance of predominant
bacteria in the intestine and accelerates the richness of
pathogenic bacteria, thereafter the metabolites of the changed
microbiota may contribute to obesity, which destroys the
intestinal vascular barrier. The human testis has tissue-
associated symbiotic bacteria, with Actinomycetes, Bacteroides,
Pachybacteria , and Proteus being the most abundant
microorganisms in the men with testicular tumor (seminoma)
with normozoospermic (17). A study showed that Clostridium
spp. are related to the vitality and morphology of human sperm
(18). Cohort studies have found that an increase in
Actinomycetes and Sclerotinia changes the testicular microbiota
GRAPHICAL ABSTRACT | Schematic of zebrafish testis microbiological disturbance and BTB disruption caused by obesity. STII, spermatids at the second phase
of spermiogenesis; SCI, primary spermatocytes; LE, Leydig cells in the interstitium; SE, Sertoli cells. The blue arrow indicates the basement membrane of the
zebrafish testis, and the black stars indicate the breach of the zebrafish BTB and the vascular barrier. Small graphics in the picture represent microorganisms.
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in male patients with non-obstructive azoospermia. Moreover,
patients with complete germ cell aplasia did not have Clostridia
in their testes (17). All of the above findings suggest that changes
in testicular microorganisms may be associated with decreased
male fertility.

An article found that adult males over 35 years of age may
develop epididymitis caused by intestinal pathogens (19). Studies
have shown that the permeability of the blood–testis barrier (BTB)
is increased and testicular development is altered in obese mice
when their intestinal microbiota composition was changed (20–22).
However, whether obesity changes the testicular microorganism
composition and whether defects in testicular function caused by
obesity are related to changes in testicular microorganism
composition remain to be elucidated. Thus, we constructed a
zebrafish obesity model through HFD feeding. After 8 weeks, the
sperm motility and integrity of the BTB were measured. Based on
16s RNA sequencing, the testicular and intestinal microbial
community composition was analyzed to reveal the association
between obese infertility and testicular microbiota.
MATERIALS AND METHODS

Chemicals and Materials
Egg yolk powder (59% fat, 32% proteins, 2% carbohydrates) with a
purity >98% was obtained from Solarbio (Cat # E8200, China).
Fragments and coverslip for zebrafish sperm motility testing were
purchased from Hamilton Thorne - 203L-72 (Lot # 559599, USA).
Oil Red O was purchased from Sigma (Lot # SLBT6544, USA).

Fish Maintenance and HFD Feeding
Zebrafish embryos were provided by the Institute of Reproductive
Health, Tongji Medical College, Huazhong University of Science
and Technology. Zebrafish were maintained in a flow-through
system containing charcoal-filtered water on a 14 h light/10h dark
photoperiod at 28 ± 0.5°C.

AB zebrafish strains were utilized because these strains have
become the most commonly used zebrafish for studying obesity
and obesity-related experiments (22–25). We randomly assigned
80 3-month-old adult zebrafish to two diet groups. One group
(40 per group) was fed with red worms to maintain physiological
energy requirements, whereas the other group was given 30 mg
of egg yolk powder per fish per day while feeding an equivalent
number of red worms. Zebrafish were maintained in 5 L tanks for
every 10 fish and were fed twice daily. They were fasted overnight
and sacrificed in the eighth week (26).

Measurement of Zebrafish Length, Weight,
Blood Glucose, and Cholesterol
The body weight and length of zebrafish were recorded and
calculated to obtain the BMI. We collected blood samples from
the dorsal artery and pooled blood samples for every 8 fish for
one exemplary feeding experiment. Fasting blood glucose was
measured using a glucometer (Safe blood glucose meter,
Sannuo), and cholesterol levels were determined using the
Amplex® Red Cholesterol Assay Kit (Invitrogen) (26).
Frontiers in Immunology | www.frontiersin.org 3125
Histology
Cryosections from zebrafish liver were prepared by embedding
freshly isolated liver tissue in 4% paraformaldehyde (Sigma‐
Aldrich, St. Louis, Missouri, USA). The slides were stained at
room temperature with Oil Red O in the dark overnight, and
images were captured under an Olympus microscope (Tokyo,
Japan) (27). Anatomically comparable sections of subcutaneous
fat were stained with hematoxylin–eosin (HE), and microscopic
images were obtained at 40× magnification under an Olympus
microscope (Tokyo, Japan). Put a fresh zebrafish testis sample of
about 1-2 mm3 into the electron microscope fixation solution
within 2 minutes, fix it with osmium acid, dehydrate, infiltrate,
and embed it, and cut it into a thickness of 80-100nm (Leica, EM
UC7, Germany), double staining with uranium and lead, and dry
at room temperature Overnight, observe the microstructure of
the tissue under the electron microscope (FEI, Tecnai G2 20
TWIN, American).

Zebrafish Sperm Motility Test
Zebrafish semen was manually squeezed out and placed in a 100
mL Eppendorf tube with 10 mL of D-Hank’s solution. The mixed
droplets of sperm were placed on a 20 mm slide and then added
with 5 mL of 0.1% bovine serum albumin solution (activated).
The slide was immediately covered with a coverslip and pushed
under the HT Computer Assisted Sperm Analysis (CASA) II
Animal (Hamilton Thorne, USA). Each group randomly selected
6 fish for sperm motility test, and repeated the test for each fish 5
times, and the average was determined. Sperm motility test for
each fish was completed within 1 h after fresh zebrafish semen
was collected.

Enzyme-Linked Immunosorbent Assay
Serum IL-1b levels were determined by using the Fish IL-1b
ELISA Kit (MyBioSource), and serum testosterone levels were
quantified by using Testosterone ELISA Kit (Cayman) following
the manufacturer’s instructions.

Detection of Gene Expression
Prepare enough sterile dissecting instruments, anesthetize the
zebrafish on ice, and extract fresh zebrafish testis samples in a
sterile ultra-clean bench. Each zebrafish dissection instrument is
not reused. DNA was extracted from the fresh testicular tissue
according to the instructions of the EZNA® Soil DNA Kit
(Omega Biotechnology Company, Norcross, Georgia, USA).
We pooled the bilateral testes of 10 zebrafish in each group
into an experimental group for DNA extraction. Total RNA was
extracted from zebrafish testis by using TRIzol reagent (Takara
Biochemicals, Japan) following the manufacturer’s protocol.
RNA reverse transcriptase reaction was conducted using a
PrimeScript RT kit (Takara, Kusatsu, Japan). Real-time
polymerase chain reaction (RT-PCR) was performed on a
StepOnePlus Real-Time PCR instrument (Applied Biosystems).
The gene expression levels of b-actin, tnf-a, il-1b, and il-8 were
detected via an SYBR Green system (DBI Bioscience) using
oligonucleotide primers (Table 1) (28, 29). Each tested gene
was repeated three times for qRT-PCR.
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16s RNA Sequencing and Bioinformatics
Analysis
Taking into account that zebrafish are aquatic animals, feces are
not easy to collect, our gut microbes and testis microbe
specimens come from the entire zebrafish intestine or testis
(30). Prepare enough sterile dissecting instruments, anesthetize
the zebrafish on ice, and extract fresh zebrafish testis samples in a
sterile ultra-clean bench. Each zebrafish dissection instrument is
not reused. We pooled the bilateral testes of 10 zebrafish in each
group into an experimental group for DNA extraction. DNA was
extracted from the fresh testicular tissue according to the
instruct ions of the EZNA® Soi l DNA Kit (Omega
Biotechnology Company, Norcross, Georgia, USA), and the
qua l i ty of DNA was detec ted by 2% agarose ge l
electrophoresis. The DNA concentration and purity were
determined by using NanoDrop2000. Then, the 16S rRNA V3-
V4 gene (338F 5’-ACTCCTACGGGAGGCAGCAG-3’ and 806R
5’-GGACTACHVGGGTWTCTAAT-3’) was amplified by PCR,
and the PCR product was recovered on a 2% agarose gel. The
recovered product was purified by using the AxyPrep DNA Gel
Extraction Kit (Axygen Biosciences, Union City, CA, USA) and
detected by 2% agarose gel electrophoresis using a Quantus™

Fluorometer (Promega, USA). The NEXTFLEX Rapid DNA-Seq
Kit was used to build the library. Sequencing was performed on
the Miseq PE300 platform (Illumina).

Trimmomatic software was used for sequencing the original
sequences for quality control. FLASH software was employed for
splicing. UPARSE software (version 7.1) was applied to cluster
the sequences into OTUs based on 97% similarity and remove
the chimeras. RDP classifier (2.11) was applied to annotate
species classification for each sequence. 16S rRNA sequencing
data were analyzed using QIIME 1.9.1 (31). To minimize the
effects of false sequences, we deleted OTUs that were less than
0.005% of the total number of sequences and performed data
flattening. The sequences were compared using Mothur 1.30.2
for alpha diversity analyses. The genome of the gut microbiome
was deduced from the 16S rRNA sequence by PICRUSt (32).

Data Analyses
Data were quantified as the difference relative to that of the
control group and are shown as mean ± standard error of the
mean. The data were verified for normality and homogeneity of
variance using the Kolmogorov–Smirnov one-sample test and
Levene’s test. Intergroup differences were assessed by one-way
ANOVA followed by Dunnett’s post hoc test. All statistical
Frontiers in Immunology | www.frontiersin.org 4126
analyses were conducted by SPSS 18.0. The level of statistical
significance was set at P < 0.05, indicated by an asterisk.
RESULTS

Construction of a Zebrafish Obesity Model
After 8 weeks of HFD feeding, we compared parameters related to
obesity, including body weight, BMI, and condition index. The
presence of early obesity-related metabolic alterations was
investigated by quantifying blood glucose levels and cholesterol
levels to determine whether the modeling was successful. Compared
with the control group, the abdomen of zebrafish in the obese group
was enlarged, as shown by the black arrow in Figure 1A. The
bodyweight increased by approximately 1.4 times, the body length
increased by approximately 1.2 times, and the BMI increased from
27–28 to 32–34 (P < 0.0001) (Figures 1B–D). A significant
enhancement in the number of subcutaneous adipocytes in
zebrafish was observed. The space between subcutaneous muscle
fibers was enlarged by adipocytes, and the volume of each adipocyte
increased by approximately 2–3 times under a 10× microscope
(Figure 1E). Consistent with the expected results, the number of
zebrafish liver fat vacuoles was higher in the obese group than in the
control group (Figure 1F). We detected the expression levels of
cholesterol and glucose in the blood of zebrafish, compared with the
control group, the blood cholesterol level in the obese group
increased (P < 0.01) (Figure 1G), and the blood glucose levels
increased (P < 0.05) (Figure 1H). The above data indicated the
successful construction of the zebrafish obesity model.

Sperm Motility Decline in the Obese
Zebrafish Model
We analyzed the effects of obesity on zebrafish sperm motility.
Figure 2A shows a visual representation of zebrafish spermmotility
within 120 s, where green indicates motile sperm, blue indicates
progressive sperm, purple indicates slow sperm, and red indicates
immobile sperm. In 80 s, the number of stationary sperm was
higher than that of the control group. The zebrafish motile time and
the motile average path velocity (VAP) in the obese groupmarkedly
decreased (P < 0.01) (Figures 2B, C). In addition, the percentage of
zebrafish sperm forward motion and the progressive VAP of
zebrafish sperm were distinctly reduced (Figures 2D, E). Electron
microscopy revealed that the zebrafish sperm heads in the obese
group had lesions, as shown by the red arrow in Figure 2F, and the
count of head lesions of zebrafish sperm in the obese group was
TABLE 1 | Sequences of primer pairs used in the real-time quantitative PCR reactions.

Gene Primer sequences (from 5’ to 3’) Size (bp)

b-actin F: ATGGATGAGGAAATCGCTGCC 127
R: CTCCCTGATGTCTGGGTCGTC

tnf-a F: GGGCAATCAACAAGATGGAAG 250
R: GCAGCTGATGTGCAAAGACAC

il-1b F: TGGTGGATTCAGTGCCGTCT 246
R: AGGCCAGGTACAGGTTACTTTTG

il-8 F: GTCGCTGCATTGAAACAGAA 158
R: CTTAACCCATGGAGCAGAGG
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obviously increased in the control group (P < 0.001) (Figure 2G).
The above results indicate that diet-induced obesity reduces the
sperm quality of adult zebrafish, which in turn has a negative impact
on the fertility of male zebrafish.

Obesity Destroys Zebrafish BTB Structure
and Accelerates Testicular Inflammation
To investigate whether the testicular tissue structure is affected by
obesity, we compared the HE staining of zebrafish testes. Unlike
mammalian seminiferous tubules, each of the seminiferous vesicles
encased by the Sertoli cells in the zebrafish’s seminary is the same
type of seminiferous cells. In the Figure 3A, as shown by the yellow
stars, each seminiferous vesicle contains equally developed
spermatogenic cells, and the tissue structure of the seminiferous
vesicles and the seminiferous epithelium is clear. The red arrow
indicates the area between the two seminiferous epitheliums.
However, the testes in the obese group had disordered
seminiferous tubules and blurred contour boundaries
(Figure 3A). We examined the BTB structure under an electron
microscope. The control group had a normal BTB physiological
structure, whereas the obese group had a significant disorder. Large
number of vacuoles, irregular arrangement of tight junction in the
gap link between the Sertoli cells and the spermatogenic cells was
observed in the obese group (Figure 3B). Therefore, obesity
increases the permeability of the BTB.

Obesity is related to direct damage to testicular function.
Therefore, we investigated the changes in blood testosterone
Frontiers in Immunology | www.frontiersin.org 5127
levels between the two groups and found that the plasma
testosterone levels in the obese group were dramatically
decreased (P < 0.001) (Figure 3C). Compared with the control
group, the expression levels of il-8, tnf-a, and il-1b in zebrafish
testes of the obese group were increased (Figure 3D). and the
protein levels of IL-1b in the plasma of the obese group was
increased (P < 0.01) (Figure 3E). Therefore, our results suggest
that diet-induced obesity contributes to the inflammatory
response in zebrafish testes.

High-Fat Diet-Induced Obesity Changes
the Intestinal Microorganism Composition
Obesity induced by high-fat diet can change the composition of
intestinal microbiota, so we tested the intestinal microbiota in the
zebrafish obesity model. Consistent with our expectations,
the analysis of the intestinal microbial composition revealed
that the abundance of the dominant intestinal bacteria
Plesiomonas (from 26.39% to 3.87%) and Vibrio (from 12.42%
to 6.45%) remarkably decreased, and the pathogenic bacteria
Aeromonas (from 5.35% to 29.49%) dramatically increased in the
obese group compared with the control group (Figure 4A). At the
genus level, the bacterial community compositions in the control
and obese groups were also different in terms of abundance and
diversity. Each group contained unique bacteria. Sixty-eight types
of bacteria and seven species of different bacteria were observed in
the two groups (Figure 4B). In addition, based on the phylum
level abundance indicated that obesity induced by a high-fat diet
A B D

E

F

G H

C

FIGURE 1 | Successful establishment of the obesity model. (A) Male zebrafish appearance in control and obese groups. A clearly larger abdomen can be seen in
zebrafish in the obese group as shown by the dark blue arrow. (B, C) Measurement of body weight and length of zebrafish before and after exposure. (D) Significant
differences in the BMI index. (E) Expression of subcutaneous fat in zebrafish (scale bar = 100 mm). (F) Expression of fat droplets in the liver (scale bar = 100 mm).
(G, H) Determination of cholesterol in the blood and detection of blood glucose. Values are mean ± SME (n = 5). The asterisk represents a statistically significant
difference when compared with the controls; *, ** and **** at P < 0.05, P < 0.01 and P < 0.0001, respectively.
June 2021 | Volume 12 | Article 639239

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Su et al. Obesity Causes Changes in the Testicular Microbiota
clearly changes the composition of gut microbes, compared with
the control group, Proteobacteria (from 97.49% to 91.27%)
increased in the obese group, while Fusobacteria (from 5.74%
to 0.22%) and Firmicutes (from 2.38% to 0.97%) decreased
(Figure S1). Based on LEfSe multi-level species discriminant
analysis, we observed a conspicuous difference, in which 26
bacterial groups showed self-evident relative abundance in the
obese and control groups (Figure 4C), indicating a palpable
difference in intestinal microbiota after obesity.

High-Fat Diet-Induced Obesity Changes
the Testicular Microorganism Composition
To understand the relationship between the obesity-related
decrease in male fertility and testicular microbial communities,
16s RNA sequencing analysis of the microbial communities was
performed. The testis microbe data from one sample of the obese
group were excluded because they were deemed non-compliant.
The statistical analysis demonstrated that Pseudomonas,
Lactobacillus, and Bifidobacterium are the main genera in the
testis. However, compared with the control group, the relative
abundance of Lactobacillus in the obese group was increased,
whereas the richness of Bifidobacterium decreased (Figure 5A).
On the phylum level abundance indicated that obesity induced
by a high-fat diet changes the testicular microbes, compared with
the control group, Proteobacteria (from 57.93% to 58.56%) and
Firmicutes (from 29.61% to 32.84%) increased in the obese
group, while and Actinobacteria (from 12.39% to 8.36%)
Frontiers in Immunology | www.frontiersin.org 6128
decreased (Figure S2). Alpha diversity analysis of the testicular
microbes revealed that obesity was associated with a reduction in
species diversity in the testis (Wilcoxon rank-sum test, P = 0.03;
Figure 5B). Analysis of the differences in the testicular
microbiota of the two groups screened out an additional
15.28% of Escherichia-Shigella in the obese group. However,
Plesiomonas and Vibrio were not found in the pie chart of the
obese group (Figure 5C). These data indicated that the diversity
of bacteria in the obese group decreased.

In addition, we performed a sample-to-species analysis to
display the distribution ratio of dominant species in each group
of microbiotas and the distribution ratio of predominant species in
different groups (Figure S3). At the genus level, each group
contained unique bacteria. The bacterial community composition
in the control and obese groups was also visibly different in terms of
abundance and diversity (Figure 5D). Fifty-one common bacterial
species were observed in the two groups. The heatmap and sample
cluster tree analyses of 50 species of testicular microorganisms in
different groups (Figure S4) showed significant differences in the
predominant testicular microorganism composition after obesity.

To study the changes in the function and metabolism of the
microbial community in the testis between the obese and control
groups, we deduced the genome from 16S rRNA data and
analyzed the functional potential of the intestinal microbiota
using PICRUSt. Differences in 25 related genes were screened. In
the obese group, the functions of signal transduction mechanism,
amino acid transport and metabolism, lipid transport and
A

B

D E

F GC

FIGURE 2 | Effects of obesity on the sperm motility of zebrafish. (A) Intuitive CASA image of zebrafish sperm movement under a microscope. (B) Sperm MOT
between the two groups. (C–E) Percentage of motile VAP and progressive VAP (%) of adult zebrafish. (F) Comparison of sperm morphology between the two
groups under the electron microscope. (G) The obese group had lesions on the head of the sperm as shown by the red arrow. Data represent mean ± SME (n = 6).
*, ** and *** at P < 0.05, P < 0.01 and P < 0.001, respectively.
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metabolism, carbohydrate transport metabolism, and coenzyme
transport and metabolism all decreased, especially signal
transduction mechanism and amino acid transport and
metabolism (Figure 5E). 16s RNA functional prediction
analysis data indicate that the changes in metabolic indications
may be related to the decline of sperm motility caused by obesity.

Comparison Between Testicular
Microbiota and Intestinal Microbiota
Our results indicated that testicular and intestinal microbes have
their predominant microbiota. For instance, Plesiomonas (26.39%),
Frontiers in Immunology | www.frontiersin.org 7129
Vibrio (12.42%), and Aeromonas (5.35%) were highly expressed in
the control intestinal microorganisms, whereas Lactobacillus and
Bifidobacterium accounted for 19.94% and 12.19% in the testicular
microorganisms, respectively. Pseudomonas had the highest
composition in the gut and testicular microorganisms regardless
of whether the zebrafish was obese or not (Figure 6A and
Figure S5). Predominant bacteria such as Vibrio, Plesiomonas,
Aeromonas, and Pseudomonas were all expressed in normal
intestinal and testicular microbes. However, after obesity, the
abundance of Vibrio and Plesiomonas was dramatically decreased
in testicular and intestinal microbes (Figure 6B). The expression of
A

B

D EC

FIGURE 3 | Obesity causes the destruction of zebrafish BTB structure and testicular inflammation. (A) Testicular HE staining in the control and obese groups.
Yellow stars indicate sperm vesicles of the same type of spermatogenic cells in the zebrafish testis, and the red arrow indicates the interstitial part. Obviously, the
zebrafish spermatogenic cells were disorderly arranged, and the interstitium was thickened. (B) Ultrastructure of zebrafish BTB. Red boxes indicate connections
between Sertoli cells and germ cells in zebrafish testis. In the enlarged image, the BTB structure of the obese group is damaged, as shown by the red arrow.
(C) Detection of testosterone in the blood. The testosterone level of the obese group was markedly decreased (P < 0.001). (D) Effects of ODP exposure on the
mRNA levels of tnf-a, il-1b, and il-8 in zebrafish testis. (E) Detection of IL-1b expression in the blood by ELISA. Data represent mean ± SME (n = 5). The asterisk
represents a statistically significant difference when compared with the corresponding controls; *, ** and *** at P < 0.05, P < 0.01 and P < 0.001, respectively.
June 2021 | Volume 12 | Article 639239

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Su et al. Obesity Causes Changes in the Testicular Microbiota
Escherichia-Shigella in the intestinal and testicular microbes of the
control group and intestinal microorganisms of the obese group was
low (less than 0.15%) but accounted for 15.28% in the testicular
microbes of the obese group (Figures 6A, B). The above data
demonstrate that the composition of predominant intestinal and
testicular microorganisms has changed, and there may be a
connection between these changes and obesity.
DISCUSSION

To our knowledge, this study is the first to report on the
relationship between obesity and testicular microorganisms.
Our results demonstrated that the sperm motility index and
blood testosterone levels of the obese group were reduced
compared with the control group. Obesity can cause disorders
in the BTB structure, and the expression of IL-1b protein
remarkably increased in the blood. Based on the above
research, we began to consider the role of testicular microbes
in obesity and their relationship with intestinal microbes, the
changes in testicular microbes, the cause of the changes, and
whether these variables may be related to alterations in
gut microbes.
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Previous studies indicate that the permeability of the
testicular BTB was increased in a diet-induced obese mouse
model (33). This is consistent with our research results, obesity
caused zebrafish disordered seminiferous tubules and blurred
contour boundaries, and the structure of the tight junction
protein involved in the gap link between the Sertoli cells and
the spermatogenic cells was destroyed. BTB permeability may
cause testicular inflammation, and cytokines can be employed as
markers of inflammation (34, 35). Our results show, the
expression levels of il-8, tnf-a, and il-1b in zebrafish testes of
the obese group were increased, and the protein levels of IL-1b in
the plasma of the obese group was increased in the obese group.
Obesity can lead to hypogonadism (lower testosterone levels) in
men through the effects of enterotoxin (36), and our results
indicated that the zebrafish serum testosterone level decreased
after obesity. The above-mentioned obesity leads to the
destruction of the zebrafish testis structure, increases the
expression of inflammatory factors, and decreases the level
of testosterone.

A growing number of evident have shown that obesity is
regulated by multiple organs. For instance, certain bacteria and
their metabolites may directly target the brain through vagal
nerve stimulation or immune nerves, and the endocrine
A B

C

FIGURE 4 | Differences in intestinal microbial composition after High-fat diet-induced obesity. (A) Composition of intestinal microbial communities in the control and
obese groups. (B) Venn plot population analysis results in gut microbes between the control and obese groups. (C) LEfSe multi-level species discriminant analysis
using non-parametric factorial Kruskal–Wallis rank sum test and LDA to find groups that significantly differ in abundance. Data represent mean ± SME (n = 3).
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mechanism targets the brain indirectly (37, 38). Chronic kidney
disease (39, 40) and non-alcoholic fatty liver disease (41) can
cause significant changes in the composition and function of
intestinal microbiota, which can cause systemic inflammation.
First, our results demonstrated that Plesiomonas and Vibrio were
the predominant testicular microorganisms in the obese group.
Moreover, the relative abundance of Lactobacillus and
Bifidobacterium was decreased in the testes of the obese group,
indicating that obesity can cause reduced diversity of testicular
microorganisms. Moreover, no rank-c-Cyanobacteria and
Bacteroides are normally expressed in the intestinal microbes
but not in the testicular microbes of the control group. However,
they were observed in the testicular microbes of the obese group.
Frontiers in Immunology | www.frontiersin.org 9131
Of note, the abundance of Escherichia-Shigella was increased by
15.28% in the obese group, whereas it was less than 0.15% in the
control group and intestinal microorganisms. The above findings
indicate that there may be a connection between intestinal and
testicular microorganisms.

Under healthy conditions, there may be bacterial translocation
between adjacent organs, and intestinal microbiota generally
cannot enter other organs under healthy conditions. An article
on HFD-fed mice may provide a mechanism for intestinal
vascular barrier leakage and the passage of macromolecules and
bacteria, due to the translocation of intestinal bacteria transferred
to the liver and the destruction of intestinal vascular barrier by
bacteria or virulent factors (42). However, with the help of the
A
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C

FIGURE 5 | Microbial community composition analysis in the testes of normal and obese male zebrafish showing marked microbial differences between the two
groups. (A) The pie chart shows the community species composition information of testicular microbes at the gate level in the control and HFD groups. (B) Shannon
diagram of alpha diversity analysis of testicular microorganisms (P = 0.03). (C) Analysis and selection of dominant strains of testicular microbial communities that
were markedly differently expressed in the two groups. (D) Venn plot population analysis results between the two groups. (E) Predictive analysis of microbiota
function. Data represent mean ± SME (n = 3). * at P < 0.05.
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B

A

FIGURE 6 | Comparison between testicular and intestinal microorganisms. (A) Analysis of the microbial community composition of the testis and intestinal samples in
the control and obese groups. The histogram results show that the dominant species are the same at the gate level for different samples, but the relative abundance is
different. (B) The heatmap shows the species composition and sample cluster tree analysis of 50 species of bacterial communities in the testis and intestinal tracts of
different groups at the genus level. Red indicates high bacterial abundance, whereas blue indicates low abundance. Data represent mean ± SME (n = 3).
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pathogenicity island 2-encoded type III secretion system and
reduced intestinal endothelial cell-dependent b-catenin signaling,
certain pathogens can penetrate the intestinal vascular barrier to
reach these organs and induce systemic immune response (43).
The leakage of bacteria and their metabolites can also affect the
function of the vascular wall barrier of the brain (44, 45), eyes
(46), and testes (18). Our results indicate that obesity leads to
reduced sperm motility, affects sperm quality, destroys the BTB,
and causes a highly inflammatory state in zebrafish testis.
Endotoxins can dramatically increase the permeability of the
intestinal wall and damage the mucosa to form inflammation
and ulcers (47, 48). Therefore, we speculate that the disturbances
of intestinal microbes may affect testicular microbes through the
leakage of pathogenic bacteria and their metabolites.

A study on intestinal microbes and sperm quality indicated
that endotoxemia and epididymal inflammation are caused by an
imbalance in intestinal microbiota in mice, which are the main
factors attributed to sperm quality and motility. The authors
transplanted intestinal microorganisms from HFD-fed mice to
mice fed with a normal diet. After 15 weeks, the endotoxins in
the blood nearly increased by threefold, and sperm motility was
also affected (49). The results suggested that obesity alters
intestinal microbiota composition and reduces sperm motility.
This finding further validated the speculation that intestinal
microorganisms may be transferred to the testis via the
destruction of the intestinal vascular barrier and through the
blood, thereby affecting testicular microbiota composition.

A study on the intestinal microbiota of individuals with polycystic
ovary syndrome (PCOS) and clinical indicators associated with
imbalanced microbiota found substantial differences in the types of
intestinal microorganisms between PCOS and non-obese control
groups. A positive correlation was observed between the abundance
of Shigella and Streptococcuswith testosterone and BMI (50). PCOS is
a systemic disease of the female genital ovaries related to obesity (51).
In male reproductive diseases associated with obesity, Escherichia-
Shigella may be positively correlated with testosterone and BMI.
CONCLUSION

We speculate that the disturbance of intestinal microbes causes the
imbalance of testicular microbiota through the production of
endotoxemia, which increases the richness of Escherichia-Shigella
and causes testicular inflammation. On the one hand, Escherichia-
Shigella promotes the process of endotoxemia, and on the other
hand, it further exacerbates testicular inflammation, leading to
orchitis. Under the action of a large number of inflammatory
factors and toxins, the BTB is damaged. While affecting the
structure of the testis, the physiological functions of the testis were
also adversely affected. Testosterone levels and sperm quality
dramatically decreased. In short, the decline of sperm motility in
obesity may be caused by an imbalance in testicular microbiota,
leading to the destruction of the BTB structure and inflammatory
response in the testis. Despite our findings, this study has some
limitations. For example, our sample size is limited. And because of
thesmall sizeofzebrafish (themeantestisweightofzebrafishwas4.7±
0.2mg), themicrobiological samples we collect aremixed samples.
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Supplementary Figure 4 | Species composition at different levels of the testicular
bacterial community at the gate level and heatmap and sample cluster tree analyses.
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Supplementary Figure 5 | Venn plot population analysis results of all samples,
including gut and testicular microbes.
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The physiological process of male reproduction relies on the orchestration of
neuroendocrine, immune, and energy metabolism. Spermatogenesis is controlled by
the hypothalamic-pituitary-testicular (HPT) axis, which modulates the production of
gonadal steroid hormones in the testes. The immune cells and cytokines in testes
provide a protective microenvironment for the development and maturation of germ
cells. The metabolic cellular responses and processes in testes provide energy production
and biosynthetic precursors to regulate germ cell development and control testicular
immunity and inflammation. The metabolism of immune cells is crucial for both
inflammatory and anti-inflammatory responses, which supposes to affect the
spermatogenesis in testes. In this review, the role of immunometabolism in male
reproduction will be highlighted. Obesity, metabolic dysfunction, such as type 2
diabetes mellitus, are well documented to impact male fertility; thus, their impacts on
the immune cells distributed in testes will also be discussed. Finally, the potential
significance of the medicine targeting the specific metabolic intermediates or immune
metabolism checkpoints to improve male reproduction will also be reassessed.

Keywords: immunometabolism, immune privilege, metabolic reprogramming, immune cells, male reproduction,
hypothalamic-pituitary-testicular axis
INTRODUCTION

Male reproduction is a multi-step process starting from the production of germ cells in testes and
transport of sperm to the sperm-egg binding site in the fallopian tube, which is orchestrated by the
sophisticated regulation of the endocrine and immune system (1–3). Spermatogenesis is a complex
and highly-coordinated cellular differentiation process controlled by the hypothalamic-pituitary-
testicular (HPT) axis that modulates gonadal steroid hormones in testes (4, 5). Whereas,
spermatogenesis presents a unique challenge to the immune system because meiosis and
subsequent cellular differentiation events involved in spermatogenesis occur long after the
systemic tolerance is established (6, 7). In order to protect the testicular germ cells from
detrimental immune responses, the male reproductive system adopts an exclusive immune
milieu, which is referred to as the blood-testis barrier (BTB) in testes. The BTB anatomically
divides the seminiferous epithelium into the basal compartment containing meiotic (leptotene,
org July 2021 | Volume 12 | Article 6584321136
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zygotene, and pachytene spermatocytes) germ cells and the
adluminal compartments. All subsequent post-meiotic (round
and elongating spermatids) germ cells, thus, allowing early-stage
germ cells (spermatogonia) localized outside of BTB to become
autoantigenic foreign bodies to the immune system (8, 9). Except
for the above testicular physical barriers, the testicular immune
privilege will be sustained by coordinating systemic immune
tolerance, and antigen-specific regulatory immunoregulation
(10). Infection or physical trauma of the testis can perturb
testicular immune privilege, causing inappropriate immune
responses or inflammation, which may result in altered tissue
and cellular metabolic function, and eventually leading to
impairment of spermatogenesis, autoimmune disorders, and
male infertility (11–13).

Metabolism cooperation among testicular cells is crucial for
normal spermatogenesis since increased energy requirements
during reproduction and metabolic factors play a predominant
role in controlling the functional activity of the reproduction
endocrine and immunity in testes (14). The establishment of
BTB physically and physiological compartmentalize the
seminiferous epithelium into two different milieus forming a
microenvironment to support spermatogenesis. Metabolic
regulation is essential for developing germ cells into mature
spermatids due to the specific metabolic demands of germ
cells (15). The BTB is composed of specialized junctions
between adjacent Sertoli cells, which is located near the
basement membrane, is responsible for maintaining the
different levels of substances between rete testis fluid and
the lymph or plasma (16). Sertoli cells provide structural and
functional support for the development of the germ cells due to
their role in maintaining the suitable ionic and metabolic
microenvironment in testes (17, 18). They use different
metabolic substrates, including glucose and fatty acids, and
growth factors to meet their metabolic demands and nurture
germ cells (19–22). Because the testis is a naturally hypoxic
organ, Sertoli cells preferentially use glucose and go through
anaerobic glycolysis rather than the tricarboxylic acid cycle to
meet the specific metabolic demands of germ cell development
(18, 23). Besides, Sertoli cells regulate testicular immune
tolerance by producing anti-inflammatory cytokines and
prostanoid molecules, slowing leukocyte migration and
inhibiting complement activation and membrane-associated
cell lysis (24). In the interstitium, Leydig cells also contribute
to the spermatogonial microenvironment by secreting
growth factors and steroid hormones whose metabolism is
notable in testes (25, 26). Androgens in Leydig cells are
derived from cholesterol, which metabolizes to progesterone
and, subsequently, testosterone (26). Testosterone regulates
spermatogenesis and contributes to the maintenance of the
BTB (27). In addition to Sertoli cells and Leydig cells, immune
cells presenting in the interstitium, such as macrophages, mast
cells, T cells, natural killer (NK) cells, are responsible for the
regulation of sperm generation (28, 29). Metabolism, as well as
the key signaling pathway mediating metabolic activity in
various immune cells of human blood or rodent animals, have
been elaborated in recently published reviews (30–33). However,
Frontiers in Immunology | www.frontiersin.org 2137
even though all testicular cells, including germ cells, Sertoli cells,
Leydig cells, testicular macrophages and lymphocytes, can
regulate local immunity in the testis, the specific metabolic
functions of testicular immune cells and the different metabolic
pathways of testicular immune cells in physiological and
pathological states have been neglected (29).

Immunometabolism is a recently emerging area of research
that focuses on the crosstalk between the immune and metabolic
systems, and studies in the field of reproduction have shown that
immunometabolic disorders may be associated with infertility
(34–36). Accumulating data from cellular and animal researches
focusing on how metabolism regulated immune cell function
have been reported, which provide new therapeutic opportunities
for many diseases related to immune system dysregulation like
autoimmune diseases and cancer (37–39). However, little
literature on the immunometabolism or metabolism of immune
cells in the male reproductive system, neither in animals nor in
humans. In addition, metabolic factors play a dominant role in
controlling the functional activity of the HPT axis in men due to
the increased energy requirements during reproduction.
Therefore, men who are overweight and suffer from metabolic
syndrome may be at higher risk of infertility than their healthy
counterparts (14). In this review, we will focus on the following
topics (a) functional impacts of the neuroendocrine-immune
systems on male reproduction; (b) the normal metabolic state
of immune cells in testes and their alteration in metabolic
diseases; (c) potential therapeutic strategies for male infertility
based on key immunometabolic targets.
REGULATION OF HPT AXIS AND IMMUNE
ON MALE REPRODUCTION

Regulation of HPT Axis on
Male Reproduction
Both positive and negative feedback regulatory mechanisms
homeostatically regulate the HPT axis. The gonadotropin-
releasing hormone (GnRH) is the central regulator of the HPT
axis and is secreted from the hypothalamus in a periodic pulsatile
manner and regulates the synthesis and secretion of
gonadotropins, which are luteinizing hormone (LH) and
follicle-stimulating hormone (FSH), by the pituitary gland.
Gonadotropins, in turn, acts on testes to stimulate the
synthesis of sex gonadal steroid hormones and modulates the
testicular-specific morphological changes and functions (40).
Conversely, testosterone secreted by the testes provides
continuous negative feedback to the hypothalamus and
pituitary gland to maintain a steady GnRH, LH, and FSH
secretion state. Thus, these gonadal steroids, together with
pituitary gonadotropins, explicitly establish physiological
homeostasis via feedback regulatory mechanisms to keep
healthy male reproductive function (4, 41).

Inside testes, the Sertoli cells provide morphogenetic support
through cell-cell interactions, nutrients, and biochemical
components through lactate, hormones, and cytokines to
facilitate spermatogenesis (22). Leydig cells are the major site
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for the synthesis of the predominant male steroid hormone
(testosterone), and cytokines, such as macrophage-migration-
inhibitory factor (MIF), for the regulation and maintenance of
spermatogenesis and extra-testicular androgenic and anabolic
and anti-inflammatory functions (42, 43). All the above
components of the HPT axis coordinate to produce sex steroid
hormones, maintain spermatogenesis and sperm counts and
quality (27, 44).

Regulation of metabolic process in testes is another crucial
factor that has a direct influence on male reproduction. Germ
cells have specific metabolic requirements for their development,
preferentially utilizing lactate as a substrate for ATP production
(21). Sertoli cells fulfill the energy requirement of the germ cells
and themselves through glycolysis and fatty acid oxidation (18).
FSH and sex steroid hormones from the HPT axis have been
proven as the regulatory factors that modulate Sertoli cell
metabolism (18, 45). FSH regulates glycolytic metabolism in
mature Sertoli cells through increasing glucose uptake and both
pyruvate and lactate production. Meanwhile, FSH has a
regulatory effect on lipid metabolism by influencing lipid
esterification in Sertoli cells (18, 46, 47). Androgens and
estrogens also regulate Sertoli cell metabolism. 5a-
Dihydrotestosterone and 17b-estradiol are reported to regulate
glucose uptake and lactate production in Sertoli cells isolated
from humans (48). A recent genome-wide study of androgen and
estrogen receptor binding sites proved that sex hormones
regulate lipid metabolism in adult Sertoli cells from rats by
transcriptionally controlling the expression of the genes (49).
Despite energy metabolism for germ cell development, Leydig
cells are stimulated by LH and metabolize cholesterol to
testosterone and other steroid hormones, which are required
for spermatogenesis and other funct ions for male
reproduction (26).

Impact of GnRH and Pituitary
Gonadotropins on Immune Function
The immune system does not work in isolation as neuro-
endocrine-immune and central nervous systems are integrated
through a complex network (50) of signal molecules, including
cytokines, hormones, and neurotransmitters (51, 52). Evidence
suggests the hypothalamic-pituitary-gonadal (HPG) axis and
related hormonal system may modulate immune function (53).
Physiologically, GnRH acts as an autocrine or paracrine factor to
regulate both neuroendocrine and immune functions.
Immunoreactive and bioactive GnRH receptor (GnRH-R) has
been identified in human peripheral lymphocytes, implicating
that GnRH may function as an autocrine or paracrine factor to
regulate immune functions (54–56). Blockade of central and
peripheral GnRH-R during maturation of both the HPG axis
and brain-thymus-lymphoid axis remarkably impairs the
development of the immune system (57). The administration of
GnRH antagonist into rodent and primate fetuses resulted in the
suppression in the numbers of thymocytes and immune cell
development, suggesting GnRH plays a crucial role in immune
system modulation and development (56, 58). In mammals,
GnRH induces the expression of cytokines such as interleukin-2
Frontiers in Immunology | www.frontiersin.org 3138
(IL-2) and interferon-g (IFN-g), promoting their proliferation and
activation of immune cells (59). Taken together, these pieces of
evidence indicate that GnRH may be directly involved in the cell-
mediated and humoral immune response.

Nevertheless, a paucity of studies illustrating the
immunomodulatory actions of FSH and LH experimental and
clinical evidence suggested that these two gonadotropins induce
the proliferation of immune cells and modify cytokine (e.g., IL-
10, interferon-g) production (60, 61). After treatment with
gonadotropin, the immune cell populations were altered in
male patients with idiopathic hypogonadotropic hypogonadism
(IHH), suggesting that gonadotropin could modulate both cell-
mediated and humoral immunity (62).

Collectively, Sertoli cell metabolism plays a decisive role in the
male reproductive physiology process. And FSH and sex steroid
hormones (androgens and estrogens) from the HPT axis have
been shown to regulate Sertoli cell metabolism.

Impact of Sex Steroid Hormones on
Immune Function
Besides sexual differentiation and reproduction, sex steroid
hormones also influence immune function due to the presence
of hormone receptors on immune cells (63, 64). Owing to
lipophilic properties, sex steroid hormones can alter membrane
properties of immune cells by integrating into their membrane,
leading to changes in the immune cell functions (51). Androgens
and estrogens represent the two major gonadal steroid hormones
produced by the testes. Estrogens and androgens exert their
effects through binding to their well-recognized estrogen
receptors (ERs) and androgen receptors (ARs), respectively,
which are expressed in primary lymphoid organs as well as
various immune cells (59). Thus, sex steroids, particularly
androgen and estrogens, can modulate immune cell
development and immune response and also regulate
reproductive functions in males.

Androgen
Men produce 20 times more testosterone than women, and the
incidences of autoimmune disease remain relatively lower among
men (65–67). Thus, androgens are believed to affect both the
development and function of the innate immune response and
the adaptive immune system (51, 68). In human males, androgen
deficiency is characterized by an increase in serum levels of
inflammatory cytokines, such as IL-1b, tumor necrosis factor a
(TNF-a), and the number of macrophages in the circulation
(69). Furthermore, loss of testicular immune privilege was
detected in the mice with deficiency of the androgen receptor
in Sertoli cells, revealing the role of androgen in testicular
immune privilege (70). Testosterone, as the dominant
androgen in testes, its level is decreased in experimental
autoimmune orchitis (EAO, a model of male immune
infertility) rat. Protective effect is shown in the development of
disease and the inflammatory response in EAO rat treated with
testosterone supplementation, which prevented the increase of
macrophage and reduced the number of CD4+ T cells
accompanied with increasing number of regulatory T cells
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(Tregs) in testes comparing with the EOA rat without
testosterone replacement (71). The mechanism of testosterone
actives Tregs is that testosterone induces expression of Foxp3 in
human T cells through binding of the AR to gene regulatory
sequences, which leads to the generation of CD4+CD25+Foxp3+

regulatory T cells, which are viewed as important players in
testicular immune tolerance (72). Furthermore, testosterone
inhibits the lipopolysaccharide-induced inflammatory response
on TNF-amRNA expression both in Sertoli cells and peritubular
cells which support spermatogenesis and transport of
spermatozoa as well as testicular immune regulation, while no
effect was found in testicular macrophages (73). Taken together,
these studies suggested that androgens modulate not only the
numbers but also the function and responses of innate immune
cells in mammals, as well as the immunosuppressive effect in
male reproduction through influencing the numbers and
secretion of testicular immune cells. However, the role and
mechanism of androgens in regulating the testicular immune
status remains to be clarified and elucidated.

Estrogen
Estrogens, as relevant physiological regulators in men, exhibit an
immunoenhancing effect (66). Two intracellular ER subtypes
(ERa and ERb) are expressed in the mammalian immune system
to regulate the innate and adaptive immune system as well as
immune cell development (64, 68, 74). Of note, both ERa and
ERb are expressed by a diverse array of immune cell types,
including T cells, B cells, macrophages, dendritic cells (DCs), and
NK cells (75, 76). Estrogen regulates immunity and maintains
Frontiers in Immunology | www.frontiersin.org 4139
immunometabolic function in males (77, 78). In transgenic male
mice that overexpress human aromatase genes (AROM+ mice),
increased estradiol promoted testicular macrophage activation;
however, testicular macrophages were enhanced in a rat model of
EAO, indicating the stimulating effect of estrogens on
immunoregulation of male reproductive function (79, 80).

Collectively, sex steroids function as regulators of the immune
system, and androgens and estrogens affect different subsets of
immune cells. In general, androgens appear to predominantly
have immunosuppressive activity, while estrogen exhibit an
immunoenhancing effect on immune cells and immune activity
(Figure 1). Thus, androgens exert suppressive effects in the
immune-privileged environment of testes, while estrogens
exert immunoenhancing activities in testes, which warrants
further investigation.
POSSIBLE CONTRIBUTION OF
METABOLISM OF IMMUNE CELLS TO
MALE REPRODUCTION

The testicular interstitial space possesses potent immunoregulatory
activities through the production of cytokines and other
immunoregulatory molecules such as androgens by interacting
cell types, including macrophages, DCs, T cells, NK cells, mast
cells, and Leydig cells (6, 9). For instance, the anti-inflammatory
factor TGF-b and IL-10, can suppress the immune response to
maintain the immune homeostasis of testes (6, 9). These immune
cells primarily express a high tolerance to germ cell autoantigens,
FIGURE 1 | The hypothalamic-pituitary-testicular (HPT) axis and the testicular immune-privileged microenvironment. GnRH stimulates the release of pituitary
gonadotropins, induces male reproductive function as well as affects cellular and humoral immune function. GnRH promotes the proliferation of immune cells and
modifies cytokines production. Pituitary gonadotropins are involved in cellular and humoral immune development. Sex steroid hormones are secreted by the
stimulation of LH that acts on Leydig cells in testis. Androgens and estrogens affect male reproductive function via modulation of the immune system and immune
response. Various cell types present in the testicular interstitial space, including macrophages, DCs, T cells, NK cells, mast cells, and Leydig cells, providing a unique
microenvironment for testicular functions. Androgens play crucial roles in maintaining the integrity of testicular immune-privileged microenvironment (solid arrow),
while estrogens seem to play a stimulatory role in testicular immunoregulation which needs further investigations (dotted arrow).
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meanwhile maintain protection against microbial infections. At
present, the microenvironmental signals like androgens,
prostaglandins, and corticosterone have been indicated to
influence the phenotype and function of testicular immune cells
(81). Since metabolic flux can dictate cell fate like immune cell
effector and regulatory function, the field of immunometabolism
has seen tremendous development over the past decade (33). Yet
metabolic reprogramming in immune cells of testes has not been
illustrated. This may be due to a paucity of nonpathological tissue
samples in human (82). Conceivably, immunometabolism pattern
has been partly established in tumor and gravid uterus which are
also immune-privileged sites, which could be used as reference for
the new areas of research in immunometabolism in male
reproduction. In this article, therefore, we attempt to establish the
possible immunometabolic pathways involved testicular function.

Macrophages
In testes, macrophages represented the most abundant immune
cells in the interstitial space (83). For example, rat testicular
macrophages were accounting for approximately 80% of the
testicular leukocytes (84). A recently study in human testes
revealed that testicular resident macrophages are approximately
62% of testicular myeloid cells and express 6-fold higher levels of
the M2 macrophages marker (CD163) than blood monocytes
(85). According to the morphology and localization, human
testicular macrophages could be classified into interstitial and
peritubular macrophages; but no marker has been found to
distinguish both types (86). Unlike in humans, mouse testicular
interstitial and peritubular macrophages were characterized by
CD64hiMHCIIlo and CD64loMHCIIhi, respectively (87, 88). Once
established in the niche, except the empty niche, these
macrophages self-maintain for long periods of time without
replenishment from blood monocytes in the steady condition
(88). Interstitial macrophages closely contact with Leydig cells,
which might contribute to facilitate testosterone. For example,
when Leydig cells cultured in testicular macrophages-conditioned
medium, the production of testosterone significantly increased,
whereas had less effect on conditioned medium from peritoneal
macrophages (89). Subsequently, macrophage-derived factor 25-
hydroxycholesterol, might works as an exogenous substrate
engaging in testosterone production, had been found to
increase (90). Moreover, in both the colony stimulating factor1
(CSF1) mutation mouse lacked most macrophage populations
and the transient macrophage depletion mouse model,
intratesticular testosterone were reduced (91, 92). Testosterone
regulated downstream gene expression like Rhox5 through
interacting with androgen receptor in Sertoli cells, and then
regulated spermatogenesis processes, including maintenance of
spermatogonial numbers and BTB, completion of meiosis by
spermatocytes, adherence of elongated spermatids to Sertoli cells,
and the release of mature spermatozoa (93, 94). On the other hand,
dihydrotestosterone, a derivative of testosterone, modulates levels
of glycolysis-related transporters (glucose and monocarboxylate
transporter) and enzymes (phosphofructokinase1and lactate
dehydrogenase), and consequently acts on glucose metabolism in
rat Sertoli cells (95, 96). Glucose metabolism within Sertoli cells is
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crucial for spermatogenesis since developing germ cells consume
lactate produced by Sertoli cells as their main energy source (97).
Testicular macrophages might express CSF1 and retinoic acid
biosynthesis enzymes ALDH1A2 and RDH10 to promote
spermatogonial proliferation and differentiation. In
macrophages-depleted testes, followed by ALDH1A2 and
RDH10 decrease, spermatogonia differentiation would be
disrupted (98). However, it can’t identify whether these
evidences resulted from peritubular macrophages depletion or
interstitial macrophages depletion leading to reduce these factors
production by Leydig cells, since the depletion models targeted all
macrophages. Winnall and Hedger summarized four subsets of rat
testicular macrophages, including CD68+CD163- (21.7%) newly-
arrived macrophages and CD68+CD163- infiltrating macrophages
accounting for 21.7%, CD68+CD163+ intermediate macrophages
(36.7%), and CD68-CD163+ resident macrophages (42%) (83).
Recently, this idea has been renewed by the data, utilizing flow
cytometric analyses, that all, not only 57%, testicular macrophages
are positive for CD68 and comprised by CD68+CD163+ (80%) and
CD68+CD163- cells (20%) (81).

In fact, rat testicular macrophages characterized by high level
of CD163 that were related to maintain testicular immune
privilege through secreting large amounts of the anti-
inflammatory cytokine like IL-10, and inducing expansion of
immunosuppressive Tregs (81, 85, 99). Similarly, macrophages
in mouse testes also display an immunosuppressive phenotype
by expressing significantly higher levels of immunosuppressive
genes, namely Mrc1, Dab2, Igf1, and Lgals3 (88). In accordance
with these evidences, previous data suggested that the number of
CD25+Foxp3+ Tregs would increase after coculture of testicular
macrophages and splenic T cells (81). In general, classically
activated macrophage phenotype or M1 macrophages activated
by the stimulation of TLRs through bacterial lipopolysaccharides
(LPS) or the cytokine IFN-g are pro-inflammatory, like
peritoneal macrophage. However, rat testicular macrophages
are specifically polarized to regulatory phenotype with similar
properties as M2 phenotype under LPS/IFN-g stimulation (99,
100). Even during inflammation resulting from uropathogenic
Escherichia coli (UPEC), mouse resident macrophages (F4/
80hiCD11blo) were only number proliferation, but not
transformed to inflammatory macrophages (F4/80loCD11bhi)
that impaired testis tissues and spermatogenesis (88). It can be
confirmed by the evidence that focal impairment of
spermatogenesis induced by UPEC infection in wild type mice
was ameliorated in chemokine receptor 2-deficient mice, which
lack peripheral blood monocytes due to defective egress of
Ly6Chi monocytes from the bone marrow (88). This is partly
because testicular macrophages exhibit an attenuated response to
inflammatory cues by inhibiting TLR cascade gene expression
and blocking the nuclear factor-kB (NF-kB, a proinflammatory
transcription factor) signaling pathway (101). As a consequence,
the process leads to the low production of pra facilitating the
protection of the delicate germ cells from a ‘cytokine storm’ (82).
Meanwhile, testicular macrophages also produce much lower
concentration proinflammatory cytokines than peritoneal
macrophages to retain bactericidal activities through the
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activation protein transcription factor 1 (AP-1) and cAMP
response element binding protein (CREB) signaling pathways
(100). Secondly, high amounts of testosterone (around100-fold
higher than in serum), prostaglandins (PGs, like PGE2 and PGI2,
around 3000-fold higher than in serum), and corticosterone
(around 7-fold higher than in serum) in testicular interstitial
fluid are associated with the establishment and maintenance of
the immunosuppressive phenotype of M2 macrophage (81). In
support, these molecules polarized GM-CSF-induced monocyte-
derived M1 macrophages to the M2 macrophage phenotype
characterized by significantly expression of IL-10 and CD163
(81). Among these molecules, testosterone and PGE2 suppressed
the activation of the NF-kB signaling pathway by deferring IkBa
degradation, and PGE2 concomitantly activated the CREB and
signal transducer and activator of transcription 3 (STAT3) anti-
inflammatory signaling pathways in LPS stimulated macrophages.
However, corticosterone did not attenuate the activation of theNF-
kB signaling pathway and increase the activation of STAT3, but
activated theCREBsignaling. Endogenous corticosteroneproduced
by testicular macrophages was the principal molecule in
maintaining testicular macrophages phenotype and function.
This idea could be supported when peritoneal macrophages
cultured in testicular macrophages supernatant, the secretion of
TNF-a was significantly reduced upon stimulation with LPS, an
effect abolished using a corticosterone inhibitor (81). Furthermore,
the metabolic reprogramming of immune cells is required for the
polarization and activation of macrophages, which is increasingly
apparent in macrophage populations derived from the
mouse peritoneum (102) and bone-marrow (103, 104).
Immunosuppressive M2 macrophages induced by IL-4/IL-13
maintain high levels of oxygen consumption rate to reduce
glucose flow through the pentose phosphate pathway (PPP) to
oxidative phosphorylation (OXPHOS) and tricarboxylic acid
(TCA) cycle (102–104). M2 macrophages also exhibited a
significant increase of uptake and oxidation of fatty acids (FAs)
which are suppressed inM1macrophages (105). Testicular somatic
cells, such as Sertoli cells, Leydig cells and macrophages, synthesize
high levels of FAs metabolites to sustain the M2 phenotype.
Coinciding with this, rat testicular prostaglandins that were
mainly produced by these cells from arachidonic acid by the
action cyclooxygenase (COX) are much higher than in serum
under physiological condition (81, 106). However, COX/
prostaglandins system was related with infertile patients with
impaired spermatogenesis (106). This discrepancy may imply that
PGs play distinctly different roles in testes of different species. Thus,
the potential mechanism of COX/prostaglandins system on male
infertility need to be further investigated. Different from
inflammatory macrophages, M2 macrophages metabolize
arginine to polyamines that are highly immunosuppressive acting
byhigh levels of arginase 1 (ARG1) (107). Elevated lactate produced
by tumor cells has been shown to promote theM2-like polarization
and increase ARG1 expression (108). Concomitantly with efficient
glycolysis process, Sertoli cells produced abundant lactate and
secreted them into seminiferous epithelium for germ cells (97).
But whether Sertoli cells-produced lactate polarized testicular
macrophages toward the M2 phenotype is less clear.
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Conversely, inflammatory M1 macrophages, induced by
IFN-g/LPS, exhibited glucose metabolism shift towards the
anaerobic glycolytic pathway and the PPP to meet the rapid
energy requirements, and increased demands for biosynthetic
precursors used for the synthesis of pro-inflammatory factors
(e.g., NO, TNF-a, IL-6) (109). Consequently, this metabolic
reprogramming leads to increased lactate, succinate, NADPH
necessary for reactive oxygen species (ROS) production (107).
Arginine is also a critical nutrient for M1 macrophages to
generate cytotoxic nitric oxide (an important pro-inflammatory
mediator) by inducible nitric oxide synthase (iNOS) (107).
However, in nutrient deficits tumor tissue, an immunologically
privileged site, when glycolysis, PPP and TCA cycle were
suppressed, the generation of succinate, NADPH and ROS
were concomitantly limited, M1 macrophages function were
severely limited (107). In this context, testicular interstitial
space maintained immunosuppressive state whether partially
due to the nutrient constitution, where remains to
be investigated.

Overall, the above evidences indicate that testicular
macrophages might enhance oxidative metabolism and
decrease anaerobic metabolism to maintainM2 macrophages
phenotype. In fact, further studies are needed for the
metabolism pattern of macrophages in testes, which may help
to understand the role of macrophages in spermatogenesis.

Dendritic Cells
Testicular DCs, a small immune cell population within testes, are
phenotypically immature and functionally tolerogenic DCs
under physiological conditions. They are involved in effector T
cell inactivation and Tregs development and are associated with
the adaptive immune system of testes under physiological
conditions (110). Moreover, immature DCs might be involved
in recognition of normal sperm antigens and induction of
immune tolerance to protect sperm cells under physiological
conditions (110). Fatty acid oxidation (FAO) and OXPHOS are
essential catabolic process for the development of immature DCs
(111, 112). Notably, drugs (e.g., vitamin-D3) that promote the
OXPHOS pathway may facilitate tolerogenic DC (adopted
tolerant status) phenotype and function such as the production
of IL-10 (113). Moreover, inhibition of FAO prohibited the
function of immature DCs and partially restored T cell
stimulatory capacity (111). Indoleamine 2,3-dioxygenase
(IDO), an enzyme for catalyzing the metabolism of tryptophan
and then generating kynurenine, usually maintains a basal level
in DCs (114). Functioning as an endogenous ligand for aryl
hydrocarbon receptors on T cells, kynurenine has been found to
induce the generation of Foxp3+ Tregs and the upregulation of
programmed cell death receptor 1 (PD-1) on activated CD8+ T
cells, both of which were associated with immunosuppression
(115, 116). IDO is reported to induce DCs to initiate immune
tolerance and to stimulate the development of Tregs in tumors
and pregnant uterus both are immunologically privileged site like
testes (117–119). Recently, the IDO-based mechanism has also
been identified to be involved in testicular immune privilege
(120). The expression of IDO is rapidly increased when DCs
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suffer from LPS/IFN-g-stimulation, leading to limited microbial
growth and reduced injurious hyperinflammatory responses
(121, 122). However, testicular DCs mildly expressed IDO,
meanwhile IDO activity is reduced in EAO rat (120, 123).
These differences might be attributed to the fact that the
Sertoli cells indirectly inhibit LPS-induced DCs maturation
through paracrine effect. Supporting this idea, when bone
marrow-derived DCs cocultured with Sertoli cells from mouse
testes that secreted galectin-1, the expression of iNOS, COX2,
and IDO are decreased, whereas the levels of IL-10 and TGF-b1
are significantly increased in LPS-stimulated DCs (124).

However, DCs maturation under the pathological conditions
overcome the immune tolerance by the local activation of
autoreactive T cells by upregulating co-stimulatory proteins
such as CD40, CD80, CD86, inflammatory cytokines, major
histocompatibility complex (MHC) class-II, which trigger
autoimmunity and causes male infertility (6). This has been
demonstrated in azoospermic testes of human with chronic
inflammation and atrophy testes of rats with EAO (12, 125).
The predominant metabolic mode of mature DCs following LPS/
IFN-g-stimulation induces a switch from OXPHOS to glycolysis,
with a decrease in TCA cycle activity, and an increase in lactate
production and flux through the PPP (126–128). Besides, mature
DCs induced by LPS also increase the expression of iNOS, which
generates NO, a reactive nitrogen species that can inhibit
mitochondrial respiration, thereby dampening OXPHOS (129).
However, it has not been reported how metabolic reprogramming
regulates the development of mature DCs in testes.

Lymphocytes
In normal human and rat testes, lymphocytes were according for
10%-20% of the total leukocyte population and sparsely
distributed throughout the interstitial space, whereas B
lymphocytes were not found (84, 86). During inflammation
induced by infection or autoimmunity, however, the number of
lymphocytes, such as effector T helper cells (Th1 and Th17), as
well as Tregs, increases significantly within the testicular
interstitial space (28, 130). Comparing with peripheral blood
where CD4+ T cells were the major lymphocyte subset, T cells in
rat testes are predominantly of the CD8+ subset, and a large
population of NK cells were also visible (131). This might be
consistent with consolidated immunosurveillance and a reduced
capacity for initiating antigen-specific immune responses. There
was reverse correlation between the largely number of NK cells and
the metastatic incidence of gastric, renal, and prostate
carcinomas (132).

Foxp3+ Tregs, the powerful immunosuppressive cells, are
found in rat, mouse and human testes under physiological
conditions, which may be associated with the immuno-
suppressive characteristics of testes (125, 133, 134). The data
about Tregs in human blood reveal that testosterone
supplement induces a strong increase in the CD4+CD25+Foxp3+

Tregs population via Foxp3 through androgen-mediated binding
of AR to the Foxp3 locus (72). However, whether or how
testosterone modulates the activation and function of T
lymphocytes remains less clear. On the other hand, testosterone
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might inhibit the activation of CD8+ and CD4+ T-cell subset.
When Leydig cells were destroyed by ethane dimethane sulfonate,
the number of CD8+ and CD4+ T cells rapidly increased. The
addition of testosterone cooperating with recovery Leydig cells
would reduce the number of CD8+ and CD4+ T cells to lower than
the control levels (135). Similar to Leydig cells, Sertoli cells have
been reported to induce the differentiation of Foxp3+ Tregs via
Notch pathway signaling through secreting JAGGED1 (136). In
fact, Tregs generation and suppressive functions are also highly
dependent on mitochondrial FAO and OXPHOS to oxidize
exogenous FAs, which is stalled by enhanced glycolysis.
Numerous regulators of Tregs suppressive function, including
adenosine monophosphate-activated protein kinase (AMPK), and
transcription factor Foxp3, by inhibiting glycolysis and promoting
FAs oxidation through suppression of mTOR activity (137). Foxp3
reduces glucose uptake in Tregs by inhibiting the expression of
glucose transporter 1 (GLUT1). Besides, AMPK, another regulator
of Tregs suppressive function, inhibits glycolysis, and promotes
FAO through the suppression of mTOR activity (137).
Interestingly, in response to TLR signals, Tregs upregulate
GLUT1 expression and anaerobic glycolysis to promote
proliferation and inhibit their suppressive function. In
inflammatory testes, although CD4+ and CD8+ Tregs are
increased, and TGF-b is expressed, more effector T cell subsets
can overwhelm the inhibitory effect of Tregs by producing pro-
inflammatory cytokines like TNF-a and IL-6 (138). Thus, Tregs
alone may not be sufficient to limit excessive T cells activation in
autoimmune settings.

T cells activation leads to dynamic transformation in cell
metabolism to protect against pathogens and to coordinate the
function of other immune cells. T cells accomplish bioenergetic
demands for activation by undergoing anaerobic glycolysis, a
process frequently observed in highly proliferative cells in which
glucose is fermented into lactate rather than oxidized in
mitochondria. Recent studies have reported the dynamic
profile of CD4+ and CD8+ T cells after activation and revealed
that glucose acts as a crucial contributor to fuel effector responses
and proliferation of immune cells (139, 140). PGE2 secreted by
Leydig cells may transform T cells from proinflammatory
phenotype (Th1) to anti-inflammatory phenotype (Th2) (141).
NK cells, comparable to lymphoid lineage members, also
upregulate anaerobic glycolysis and OXPHOS during their
activation and effector function, which parallels with the
immunometabolism of effector T cells (137). Inconsistent with
glucose transport, hypoxia-inducible factor 1a (HIF-1a), and
mTOR highlight metabolic control points in both T cells and NK
cells. Despite these similar nodes of immunometabolism, NK
cells exhibit a differential reliance on OXPHOS for IFN-g
production, while T cells rely profoundly on glycolysis to
produce IFN-g (142, 143). Furthermore, numerous inhibitory
molecules, such as IDO and PD-1, alter T cells metabolism by
reducing T cells GLUT1 expression and then inhibiting glucose
uptake (144, 145). The inhibition of both IDO and PD-1 is also
observed in NK cell; however, whether they impair NK cells
effector function by altering metabolism remains elusive (146).
Given that Sertoli cells express IDO and programmed death-1
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ligand-1 (PD-L1) and also inhibit the activation of T cells, and
NK cells, it is warranted to elucidate whether Sertoli cells regulate
these effector cells by paracrine action to control their
metabolism. It is also implicated that Sertoli cells may partly
contribute to immunosuppression for the testicular immune
privilege in the similar way.

Mast Cells
Mast cells are scarce in rat and mouse, but are more frequent in
human, all of which are quiescent under physiological status.
Mast cells in testicular interstitial space have long been
recognized to regulate steroidogenesis by Leydig cells. A
growing body of evidence indicate that increasing number of
mast cells is associated with idiopathic male infertilities and
spermatogenic disorders (147). Moreover, mast cells are
intermingled with testicular peritubular cells in the tubular
wall of infertile men and may provide a possible source of
highly increased amounts of extracellular ATP. Besides, upon
the activation of immune cells, the extracellular ATP may
function as a hazardous molecule to peritubular cells by
activating their purinoceptors (P2RX4 and P2RX7).
Subsequently, ATP-mediated events in peritubular cells lead to
enhanced expression of pro-inflammatory molecules like IL-6
and CCL7 (147). Evidence shows that inhibiting glycolytic ATP
production may suppress IL-33-induced bone marrow-derived
mast cell activation and proinflammatory factor IL-6 and tumor
necrosis factor (TNF) production (148). Thus, mast cells may be
involved in testicular inflammation via their metabolic products.

In conclusion, both the microenvironment and metabolism
reprogramming of immune cells participate in the establishment
of their phenotype and immunoregulatory function. Mainly,
glucose and FA metabolism promote the cell differentiation
towards immunologically tolerant cell phenotypes; in contrast,
inflammatory phenotype cells use glycolysis as a leading source
of energy more than mitochondrial OXPHOS for rapid removal
of pathogens (Figure 2). The disruption of metabolic
reprogramming may result in inflammation, autoimmune-
diabetes, metabolic syndrome, and even male infertility.
Therefore, exploration of the functions of immune cell
metabolism in testes is imperative in further understanding the
molecular and cellular processes underlying male infertility. And,
this may facilitate the development of novel anti-inflammatory
therapeutics targeting immunometabolism.
IMMUNE DYSFUNCTION AND
METABOLIC DISORDER IN THE MALE
REPRODUCTION

Impact of Metabolic Disorders in
Immune Cells and Functions on the
Male Reproduction
Although various immune cells have been identified in testes,
metabolism of these immune cells remain to be elucidated.
Molecular and cellular alterations in the metabolic state under
Frontiers in Immunology | www.frontiersin.org 8143
the physiological or pathological conditions in testes remain
mostly unexplored. Metabolic reprogramming of immune cells
plays a predominant role in regulating their phenotype as well as
their plasticity. Considering the abundant immune cells in testes,
activation and polarization of macrophages by pro-inflammatory
stimuli elicits metabolic reprogramming, further leading to a
shift in the balanced mitochondrial metabolism towards ROS
generation (149). ROS can stabilize HIF-1a, thus promoting
glycolysis and supporting the transcription of the pro-
inflammatory cytokine IL-1b (32, 129). IL-1 system may
involve in the autocrine regulation of Sertoli cell function in
vitro, and IL-1b is reported to reduce testicular steroidogenesis of
the immature rat that is 21-day-old (150, 151). Besides, it is
universally acknowledged that supraphysiological ROS levels
lead to defective sperm function by lipid peroxidation of
cytomembrane and DNA damage as well as protein oxidation
that leads to inactivation of enzymes, which ultimately results in
male infertility (152, 153). Types of cytokines secreted from
various metabolic processes of different immune cells due to
stimulations are not only limited to macrophages, but these
cytokines may also conversely influence the functions and
metabolism of immune cells (154). Hence, upon activation,
immune cells may cause alteration in the cellular metabolism,
leading to the secretion of cytokines that may affect testes’
normal immune cell functions.

Cytokines Changes in Inflammation in the
Male Reproduction
Inflammation of the male reproductive system is inevitably
related to changes in the levels of cytokines. Cytokines are
released from different immune cells present in the male
reproductive system and also in response to foreign antigens
and pathogens and chronic inflammation (155). The secretion of
cytokines represents the first indication from the innate host
defense to combat inflammation of the reproductive tract.
Orchitis is one of the common etiological factors related to
human subfertility/infertility. Studies on autoimmune orchitis
indicated that the initial phase of inflammation comprised of the
recruitment of the immune cells, followed by their activation and
increased production of pro-inflammatory cytokines such as IL-1
and TNF-a (12, 156). Theses complex array of proinflammatory
cytokines affects BTB permeability, which enters the
seminiferous epithelium, leading to the induction of apoptosis
of germ cells (12). Increasing evidence indicates that elevated
levels of cytokines exist in the semen, including IL-1b, IL-6, and
IL-8, which are frequently associated with inflammation and
infection of the male reproductive system (157–159).

Moreover, inflammation in the male reproductive system has
been identified to increase ROS levels, resulting in cell damage
concomitantly, apoptosis or necrosis (28, 160). ROS is not only
to be involved in the damage of spermatogenic cells and sperm
but also impairs Sertoli cells and Leydig cells in testes, which
contributes to spermatogenesis dysfunction (161–163). Released
pro-inflammatory cytokines in semen during inflammation
might modulate the balance of prooxidative and antioxidative
systems to the advantage of the oxidative stress, resulting in
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permanent peroxidative damage to spermatozoa, consequent
effects in the passage of defective paternal DNA on to the
conceptus and fertilizing potential (152, 153, 164, 165).

Systematic Metabolic and Immune
Disorders in the Male Reproduction
Metabolic disorders related to systematic diseases may also
disrupt the balance of cellar metabolic processes, immune
environment, and redox activities. Obesity and metabolic
syndrome are charac ter ized by hyper insu l inemia ,
hyperlipidemia, hyperleptinemia, and chronic inflammations,
which may also directly impair testicular functions by
dysregulating the HPT axis and immune functions in male
Frontiers in Immunology | www.frontiersin.org 9144
reproduction (166, 167). Men with a BMI range from 35 kg
m-2 to 40 kg m-2 have more than 50% reduction in total and free
testosterone levels than lean men (168). The decreased level of
testosterone is associated with diminished LH and deteriorated
semen quality (including reduced sperm count and motility as
well as morphologically normal sperm) in men with obesity
(169). An obesogenic environment initiates a Th1-lymphocyte
and M1-macrophage chronic inflammatory responses that
induce pro-inflammatory cytokines and ultimately results in
systematic inflammation in the male reproductive system
associated with a decrease in immune regulating cells and
cytokines (170). Moreover, obesity is identified to be related to
increased ROS in semen, which exhibits adverse impacts on the
FIGURE 2 | A schematic diagram of the hypothetical metabolic homeostasis of immune cells in testes under physiological or inflammatory condition. In normal
testes, immunologically tolerant cell phenotypes, comprising with macrophages (Mj), immature DCs, Tregs, and regulatory NK cells, principally rely on OXPHOS and
fatty acid oxidation pathway to fuel immunosuppressive functions and synthesis of anti-inflammatory cytokines (e.g., IL-10 and TGF-b). However, when testes suffer
from pathogens or germ cell antigens attack, the number of macrophages and mast cells are markedly increased, and the location of these cells partially shift from
the interstitium to the tubular compartment of infertile men testes. Furthermore, inflammatory phenotype cells such as infiltrating macrophages, mature DCs, effector
T helper cells, and mast cells markedly show a metabolic shift towards the anaerobic glycolytic pathway to meet the rapid energy requirements and increased
demands for synthesis of proinflammatory cytokine, like IL-6, NO and TNF-a. Then this cause ‘cytokine storm’ to disrupt the delicate equilibrium between immune
privilege and tolerance, which trigger testes inflammation and impair normal spermatogenesis, followed by male infertility. Meanwhile, Sertoli cells also contribute to
the immune-privileged status of mammalian testes, especially, maintain immature DCs, and inhibit effector T cells and NK cells via paracrine cytokines IDO and PDL-
1. Similarly, Leydig cells play an immunoregulatory effect on maintenance of regulatory macrophage phenotype and inhibition of T cells immune responses through
secreting lipid metabolites, such as testosterone, PGE2 and PGI2. Treg, regulatory T cells; DC, dendritic cell; Th, T helper cell; FAO, fatty acids oxidation; OXPHOS,
oxidative phosphorylation; TCA, tricarboxylic acid; PPP, pentose phosphate pathway; T, testosterone; PGE2 and PGI2, prostaglandins E2 and I2; IDO, indoleamine
2,3-dioxygenase; PDL-1, programmed death ligand-1; NO, nitric oxide; BV; blood vessel. +++, most abundant; ++, relatively abundant; +, present (28).
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quality and function of semen (171, 172). Similar impacts of
obesity on male reproduction, metabolic syndrome like diabetes
mellitus (DM) also disrupt the metabolism of testes that
eventually affect spermatogenesis (173).
TARGETING IMMUNOMETABOLISM AS
AN ANTI-INFLAMMATORY STRATEGY ON
MALE INFERTILITY

Male reproductive system inflammation like epididymitis and
orchitis induced by the immune disorder may be linked to male
infertility, or benign hyperplasia, or even cancer. Antibiotic
therapies are most commonly used to eradicate infection
caused by micro-organisms in the male reproductive system;
however, according to the European Association of Urology
guidelines, the treatment elicited no positive effect on
inflammatory alterations and could not reverse functional
deficits and anatomical dysfunction (174). Hence, an
appropriate selection of specific anti-inflammatory therapy is
urgently needed. Indeed, the relationship between immune and
metabolism is bidirectional and includes the integrated role of
inflammation in the pathogenesis of metabolic disorders, such as
obesity and metabolic syndrome caused by unhealthy lifestyle or
systematic diseases, and metabolic factors in the regulation of
immune cell functions (175). Collectively, these pieces of
evidence suggest that therapies targeting immunometabolism
might serve as a novel putative strategy for controlling
autoimmunity and inflammation (also can be seen in Table 1).

Antioxidant Therapy
Excessive ROS production leads to an imbalance of redox and the
production of inflammatory cytokines in large amounts (161,
183). Oxidative stress-induced by overproduction of ROS and
systematic inflammatory statuses presenting in the body, such as
obesity and metabolic syndrome, are associated with male
infertility (161). Blocking ROS production is considered as a
prior treatment for men with subfertility. Primarily, optimal
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management strategies, including controlling the elevated
inflammatory state and lifestyle modifications with appropriate
intervention, are required (170). Adopting a healthy lifestyle,
including proper nutritional quality, an appropriate form of
physical activity, and effective weight management, represents
the most critical strategy to manage metabolic disorders and
ensure good health status for male fertility (14). Simultaneous
administration of nutraceuticals, such as vitamin C, vitamin E, b-
carotenes, magnesium, selenium, zinc, stimulates immune
regulating properties (170). In addition, therapeutic drugs, like
a-lipoic acid, melatonin, coenzyme Q10, pentoxifylline, and
lycopene, are also suggested to reduce metabolic disorder-
related inflammatory status in humans (170). These
nutraceuticals and drugs that can relieve the inflammatory
status present antioxidant properties. Commonly used
antioxidants have a positive effect on male fertility, including
improvement in basic semen parameters as well as reduction of
the levels of ROS and sperm DNA fragment (176). And
antioxidants could also improve sperm motility and DNA
integrity for infertile men with elevated oxidative stress (177).
On the other side, recent randomized controlled trials
demonstrated that antioxidants did not improve semen
parameters or DNA integrity in infertile men (184, 185). The
recent Cochrane Review shows that different types as well as
treatment time of antioxidants had different effects on sperm
parameters (186). The contradictory conclusions of different
research about using antioxidant to improve semen quality
might partly result from the heterogeneous nature of the study
designs, such as the type of antioxidant, dosages, treatment
period, sample size, included criteria of participants with either
poor semen quality or high level of oxidative stress. However,
there is a considerable variability in the reported antioxidant
effect on semen parameters and the Cochrane Review was hard
to conclude about the effect of antioxidant on improving sperm
quality (186). Thus, the outcomes of antioxidant treatment on
male subfertility remains controversial. Further studies,
especially with larger sample size and well-designed
randomized controlled trials, are needed to confirm the
effectiveness of antioxidant supplementation on male fertility.
TABLE 1 | Summary of specific anti-inflammatory therapy on male infertility.

Management Consequence Successful clinical, pre-
clinical models

Reference

Antioxidant therapy lifestyle modifications;
antioxidant-rich foods intake;
oral antioxidant drug.

reduce the levels of ROS; control the elevated inflammatory
state; reduces the sperm DNA damage; improve sperm
quality and fertility.

oxidative stress; obesity;
metabolic syndrome.

(14, 170,
176, 177)

Targeting
immunometabolism
therapy

metformin;
rapamycin.

inhibit T cells; promotes memory T cells and tissue-resident
macrophages; reduces chronic inflammation and ROS;
improves insulin sensitivity; increase cholesterol and
triglyceride and fatty acid oxidation; improve sperm quality
and fertility.

T2DM; hyperglycemia;
dyslipidemia.

(178–181)

Hormone therapy testosterone;
aromatase inhibitors.

decreased production of proinflammatory cytokines;
maintained the M2 macrophage phenotype; maintain of
testicular immunosuppressive status.

experimental autoimmune
orchitis.

(82, 182)
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Targeting Metabolism for Immune
Cell Therapy
Metformin, a hypoglycaemic medication primarily used as the
first-choice treatment for the management of T2DM, reportedly
reduces chronic inflammation and ROS directly, and improves
insulin sensitivity, hyperglycemia, and dyslipidemia (178). The
anti-inflammatory activity of metformin is predominantly
mediated by activation of AMPK and inhibition of NF-kB.
Upregulation of AMPK stimulated the levels of cholesterol and
triglyceride, and fatty acid oxidation, and inactivates acetyl-CoA
(the rate-limiting enzyme in the fatty acid synthesis), thus, led to
a switch off the anabolic process (187, 188). Furthermore,
metformin has also been proven to inhibit antigen-induced T
cell proliferation in an AMPK independent manner, and
improve impaired B cell function associated with T2DM in
vivo, and reduce B cell-intrinsic inflammation in vitro (179,
180). Although the effects of metformin on male productive
function and fertility is mainly unclear, human and animal
studies have shown that this drug also modulates fertility
status and sperm quality, particularly in T2DM, through 1)
restoring the structure and weight of testes, epididymis, and
seminal vesicles, 2) inhibiting of germ cells apoptosis by
enhancing the nutritional function of Sertoli cells to produce,
3) increasing sperm count, motility and normal morphology, 4)
reducing sperm DNA fragmentation (188, 189). However, either
in non-diabetic or in non-T2DM conditions, metformin might
cause an adverse effect on the male reproductive system (188).
Thus, further studies will be needed to clarify what mechanism is
involved in this drug’s bidirectional action at different statuses.

Moreover, rapamycin-inhibited mTOR restores cellular
homeostasis and promotes tolerance and generation of
memory T cells and tissue-resident macrophages (181).
Recently, studies have also revealed that in chronic
nonbacterial prostatitis models of rats, the activation of the
mTOR signaling pathways stimulates inflammatory immune
responses by blocking NF-kB and IL-1b while administration
of rapamycin reversed these effects (190, 191).

Hormone Therapy
As mentioned earlier, high testosterone concentration helps
maintain a testicular immunosuppressive microenvironment.
This is mainly attributed to the suppressed NF-кB signaling
pathway and decreased production of proinflammatory
cytokines, leading to sustained M2-like macrophage phenotype,
thereby reducing systemic inflammation (82). Due to
testosterone’s immunosuppressive properties, some researchers
have tried to control testosterone in an EAO animal.
Furthermore, they found that testosterone treatment
significantly attenuates inflammation progression, mediated by
blocking the infiltration of inflammatory immune cells and
promoting the expansion of competent CD4+CD25+Foxp3+

Tregs in testes (71, 192, 193). Furthermore, aromatase
inhibitors increase testosterone in obese males and improve
spermatogenesis and sperm quality; however, significant
evidence-based studies on the management of male fertility
remain lacking (182). Although the adequate concentration of
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testosterone is critical for spermatogenesis, excessive testosterone
through testosterone therapy generally deteriorates fertility
parameters in males via the negative feedback mechanism and
should not be used as part of fertility management (182, 194).

Basedon the immunosuppressive properties ofTregs, drugs that
stabilize Tregs (including glucocorticoids and NSAIDs) or drugs
used to stimulate Tregs differentiation (such as TGF-b and all-trans
retinoids) are expected to maximize the benefit of Tregs-based
therapies in suppressing autoimmune diseases (138).
COOPERATION OF IMMUNE,
ENDOCRINE, AND METABOLISM IN
TESTICULAR FUNCTION

Spermatogenesis is a sophisticatedly complex process and
involves a coordinated regulation between endocrine, immune,
and metabolism in testes. The complex but methodical co-
regulation is benefited from the multiplied cell interactions,
although BTB separates these cells. As mentioned above,
testosterone produced by Leydig cells and are controlled
through LH produced in the hypothalamus plays a critical role
in the maintenance of immunosuppressive microenvironment
for normal spermatogenesis within testes through maintaining
regulatory macrophage phenotype and function, inducing
CD4+CD25+Foxp3+ Tregs expansion, and meanwhile
inhibiting CD8+ and CD4+ T cells activation. In turn, T
lymphocyte infiltration would decrease Leydig cell population
during inflammation resulting from LPS stimulation and virus
infection (such as coronavirus disease 2019), whereas the
number of Leydig cell would be recovered in ab, gd, and CD8
lymphocytes deficient mice (195–197). Macrophage numbers
was also significantly decline after Leydig cells were destroyed
or the function of Leydig cells were inhibited (84, 198). This
might imply that there was relationship between the number of
Leydig cells with Macrophage, and T lymphocytes. On the other
hand, testosterone is also bound to AR in Sertoli cells to regulate
the expression of the spermatogenesis-related gene and regulate
glucose metabolism. Furthermore, FSH, acting as the master
endocrine regulator of Sertoli cells, stimulated lactate production
by Sertoli cells in a HIF-dependent manner (199). Since
developing germ cells cannot synthesize lactate, Sertoli cells
would converse 75% of their pyruvate production into lactate
or pyruvate to fulfill germ cells (200). Tumor cells induced the
M2 macrophage phenotype by producing a high lactate level
(108). However, there is a doubt whether Sertoli cells-produced
lactate would induce immunosuppressive macrophage in testes.
Testicular FAO metabolism, particularly PGs production via
COX2, was controlled by LH, FSH, androgens, and prolactin
(106). In turn, PGs acted as an autocrine regulator of Leydig cell
steroidogenesis and Sertoli cell function and indirectly regulated
sperm maturation (106).

Although the effect of metabolism on testicular immune
homeostasis is less clear, the data from either immunologically
privileged sites like tumor tissue and pregnant uterus or some
normal tissue except testes have been shown that metabolic
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reprogramming is necessary for the polarization and activation
of immune cells, as mentioned above. For example, oxidative
metabolism, such as OXPHOS and FAO pathway, generally
markedly increased to promote the immunologically tolerant
phenotypes of macrophages, DCs, Tregs, and regulatory NK
cells. Conversely, the activation of these immune cells needs
higher anaerobic metabolism to meet the rapid energy
requirements and produce proinflammatory cytokines, like IL-
6, NO, and TNF-a. In this context, it is unquestionable that
metabolic reprogramming also plays a vital role in the
immunologically privileged characterization of the testis, which
remains to be further investigated in subsequent studies. In
supporting this, the concentration of testosterone and PGs in
testes was higher than in peripheral blood, both of which were
synthesized through lipid metabolism by testicular somatic cells.
These molecules displayed an immunosuppressive effect on
macrophages and T lymphocytes. For example, Sertoli cells act
as immunological sentinels of spermatogenesis in partial by
forming metabolites, such as PGs, IDO to polarize M2
macrophage and inhibit T and NK cells, respectively (81, 106).
On the other hand, when the body suffers from systematic
metabolic, the immune homeostasis required for the normal
spermatogenesis process will be disturbed. The metabolic
disbalance leads to male hypogonadism as well as dysfunction
of testicular environment for spermatogenesis. Metabolic
disorder with adipose tissue increases the conversion of
testosterone to 17b-estradiol and promotes feedback at HTP
axis, inhibiting the secretion of both FSH and LH, and finally
impairs spermatogenesis (201). This suppression of HPT
induced by adipose tissue might be mediated via dysregulated
leptin signaling and pro-inflammatory cytokines (202).
Moreover, obesity and metabolic syndrome, accompanied by
excessive fat deposition on the scrotal area, would trigger pro-
inflammatory status once adipocytes rupture and ultimately
disrupt the spermatogenesis (203). Additionally, a recent
experiment revealed that high-fat diet not only induced
significant more body weight than their age-matched
littermates fed but also impair spermatogenesis by altering
glucose and lipid metabolism in Sertoli cells, which lead to
Sertoli cells dysfunction and ultimately decreased sperm
quality (204). Collectively, the interactions between endocrine,
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immune and metabolism are essential to maintain the immune
environment of the testis and the proper nutrient concentration
for the spermatogenic process.
CONCLUSIONS

In summary, the regulation of male reproduction by the HPT axis
is, at least in part, through the immune system. The immune cells
effectively provide the immunocompetent microenvironment for
normal spermatogenesis and subsequent processes, such as sperm
maturation. The immune cells develop, activate, and differentiate
into unique phenotypes and function in response to the
synergistic effects of HPT axis-regulated hormones and the
immune microenvironment of the reproductive system. In turn,
the metabolic reprogramming of immune cells plays a pivotal role
in supporting and modeling the immune microenvironment.
There is accumulating appreciation for the part of metabolic
alterations in the functions of immune cells. However, the role of
immunometabolism on male fertility and whether the HPT axis
engages in switching the metabolic flux of immune cells remain to
be elucidated. With a well-established understanding of
metabolism and immunity, it would be interesting to explore
immunometabolism further to clarify the conceptual framework
for male reproductive health.
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Dandan Wang1†, Kadiliya Jueraitetibaike1†, Ting Tang2†, Yanbo Wang3, Jun Jing1,
Tongmin Xue2, Jinzhao Ma1, Siyuan Cao1, Ying Lin1, Xiaoyan Li1, Rujun Ma1,
Xi Chen3* and Bing Yao1*

1 Department of Reproductive Medicine, Affiliated Jinling Hospital, Medicine School of Nanjing University, Nanjing, China,
2 Department of Reproductive Medicine, Affiliated Jinling Hospital, Nanjing Medical University, Nanjing, China, 3 School of Life
Sciences, Nanjing University, Nanjing, China

Seminal plasma (SP), particularly SP exosomes (sExos), alters with age and can affect
female mouse uterine immune microenvironment. However, the relationship between
fertility decline in reproductively older males, and SP and sExos age-related changes,
which may compromise the uterine immune microenvironment, remains unclear. The
present study demonstrated that the implantation rate of female mice treated with SP
from reproductively older male mice (aged-SP group) was lower than that of those
treated with SP from younger male mice (young-SP group). RNA-sequencing analysis
revealed altered levels of dendritic cell (DC)-related cytokines and chemokines in the
uteri of the former group compared with those of the latter group. In vivo and in vitro
experiments demonstrated a weaker inhibitory effect of aged SP on DC maturation than
of young SP upon stimulation. After isolating and characterizing sExos from young and
advanced-age male mice, we discovered that insemination of a subset of the aged-SP
group with sExos from young male mice partially recovered the implantation rate decline.
Additional in vivo and in vitro experiments revealed that sExos extracted from age male
mice exerted a similar effect on DC maturation as SP of aged mice, indicating an age-
related sExos inhibitory effect. In conclusion, our study demonstrated that age-related
alterations of sExos may be partially responsible for lower implantation rates in the aged-
SP group compared with those in the young-SP group, which were mediated by uterine
immunomodulation. These findings provide new insights for clinical seminal
adjuvant therapy.

Keywords: seminal plasma, seminal plasma exosomes, dendritic cells, advanced-age male fertility, uterine immune
microenvironment, embryo implantation
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INTRODUCTION

Due to social pressure, extension of life expectancy,
popularization of effective contraception, and the development
of assisted reproductive technology, delayed childbirth has
become extremely common, highlighting the issue of
advanced-age-related fertility decline. Advanced paternal
age, which refers to paternal age over 40, are known to
significantly impact fertility and offspring health (1), with male
age negatively correlated with semen volume, sperm motility,
sperm morphology, reproductive hormone levels, testicular
function, chromosome structure, and sperm DNA integrity
(2–4). Irreversible cell damage and senescence from age-
related inflammation and macromolecular dysfunction (5)
produce a senescence-associated secretory phenotype (SASP)
characterized by the increased release of pro-inflammatory
cytokines, chemokines, and tissue-destructive proteases (6).
Increased extracellular vesicle (EV) release has been reported
in senescent cells, compared with normal cells, indicating an
important EV role in SASP development (7). EVs can be largely
divided into three groups, among which the smallest EV
exosomes (Exos) varying between 0.03 and 0.15 mm are the
focus of the attention of most studies in biomedicine, since they
regulate multiple intercellular signaling in physiological and
pathological situations (8, 9).

Seminal plasma (SP), an important component of male
body fluid, is not only a vehicle for carrying spermatozoa
to fertilize oocytes but also an essential actor in female
immune response regulation and embryo implantation (10–
12). Studies have demonstrated that semen can cause an
inflammatory response in human female reproductive mucosa,
including the production of inflammatory cytokines and
chemokines (13–15), upregulation of cyclooxygenase-2 (16),
and recruitment of dendritic cells (DCs) and cervical
infiltrating neutrophils (14, 17, 18). Interestingly, recent studies
have reported that SP may be beneficial to implantation
by promoting DC tolerance (19). Tolerant DCs are more
resistant to maturation upon various stimulations. Yasuda
et al. discovered that immature phenotype made up the
main component of uterine DCs (uDCs) 3.5 days post coitum
(dpc), indicating that immature DCs may play an important
role in successful implantation (20) and demonstrating
the influence of male SP on the female reproductive
immune microenvironment.

A typical mammalian ejaculation contains trillions of EVs, a
primary component of SP. SP exosomes (sExos) and SP provide
immunomodulatory functions in the uterus and may be involved
in embryo implantation (21).

Based on these previous findings, we hypothesized that
during the aging process of advanced-age males, production of
senescence-related SP and sExos alters the uterine immune
microenvironment, thus affecting embryo implantation. Our
research elucidates the influence of SP and sExos from
advanced-age male mice on embryo implantat ion,
demonstrating age-related male fertility decline.
Frontiers in Immunology | www.frontiersin.org 2154
MATERIALS AND METHODS

Mice
Specific pathogen-free (SPF) grade 6- to 8-week-, 12- to
14-week-, and 12- to 18-month-old male and 5- to 6-week-old
female C57BL/6 mice and 6- to 8-week-old female Institute of
Cancer Research (ICR) mice were purchased from Nanjing
Medical University Laboratory Animal Co., Ltd. (Certificate
number SCXK (Su) 2016-0002). The mice were housed in
12/12-h light/dark cycle, with unrestricted access to food and
water. All animal experiments were approved by the Animal
Protection and Use Committee of Jinling Hospital and carried
out in accordance with institutional guidelines.

Animal Experiment Design
As previously described (22), vasectomies were performed on 12-
to 14-week-old (young) and 12- to 18-month-old (aged) male
C57BL/6 mice, which were ready for mating, to confirm sterility
2 weeks post-surgery. Estrous cycle smears were used to identify
estrus 6- to 8-week-old female ICR mice based on vaginal
cytology (23), which were divided into two groups: one
(young-SP group) caged with young sterilized male mice and
the other (aged-SP group) with aged sterilized male mice. Mating
was determined by the presence of a copulatory plug, which was
checked at 8:00 a.m. daily, and the day of plug detection was
defined 0.5 dpc.

Zygote Collection and Culture
Zygote collection and culture experiments were performed as
previously described (24). Briefly, after 46–48 h of 10 IU
pregnant mare serum gonadotropin (PMSG) injection, 6- to 8-
week-old female ICR mice were injected with human chorionic
gonadotropin (HCG) and immediately mated with male
mice. Eighteen hours later, the zygotes were harvested and
cultured in Quinn’s 1026 cleavage medium (CooperSurgical,
Trumbull, CT, USA), supplemented with 10% Quinn’s 3001
serum protein substitute (CooperSurgical) and paraffin oil, at
37°C under 5% CO2. The embryos were transferred at the
four-cell phase and cultured in Quinn’s 1029 blastocyst
medium (CooperSurgical), supplemented with 10% Quinn’s
3001 serum protein substitute (CooperSurgical), to blastocyst
stage for subsequent transfers.

Seminal Plasma Exosomes Administration
and Blastocyst Transfer
Copulatory plugs were removed immediately after being
detected. For sExos administration, transvaginal injection of 20
ml sExos/mouse was performed at 0.5 dpc or on the morning of
estrus day. Briefly, a pipette tip was gently inserted about 5 mm
deep into the vaginal lumen of mouse, and 20 ml of sExos was
then deposited. For embryo implantation analysis, 16 blastocysts
were transferred to each pseudo-pregnant mouse at 3.0 dpc
following protocols provided by Pablo Bermejo-Alvarez (22)
with little modifications, and mice were euthanized via cervical
dislocation at 6.5 dpc to analyze implantation rates.
October 2021 | Volume 12 | Article 723409

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Wang et al. Seminal Plasma and Embryo Implantation
Mouse Uterus RNA Sequencing and
Functional Analysis
TRIzol was used to extract total RNA from the uteri of young-SP
and aged-SP group female mice at 3.0 dpc, during the pre-
implantation window and prior to embryo transfer. RNA
integrity and concentration were assessed using the RNA Nano
6000 Assay Kit of the Bioanalyzer 2100 system (Agilent
Technologies, Santa Clara, CA, USA). RNA integrity number
(RIN) ≥8 was used as a cutoff for RNA integrity. Sequencing
libraries were generated using NEBNext® Ultra™ RNA Library
Prep Kit for Illumina® (#E7530L, New England BioLabs, Ipswich,
MA, USA) following the manufacturer’s recommendations. High-
throughput sequencing was performed on the IlluminaHiSeq 2500
system (Illumina, San Diego, CA, USA) at Annoroad Gene
Technology (Beijing, China; http://www.annoroad.com). The
original data were filtered and aligned to the reference genome
using HISAT2 v2.1.0. Fragments per kilobase of transcript, per
million mapped reads were calculated to estimate gene expression
levels in each sample. DESeq2 was used to determine differential
expression between samples. Genes with q < 0.05 and log2 FC > 1
were identified as differentially expressed genes (DEGs). The Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichments of the
DEGs were used to determine their molecular interactions and
reactionnetworks.Thep-value≤0.05 and falsediscovery rate (FDR)
q-value ≤0.05 was considered as statistically significant.

RNA Extraction and Quantitative RT-PCR
Total RNA was extracted from the uteri of young-SP and aged-SP
group female mice at 3.0 dpc using a Total RNA Isolation Kit (BEI-
BEI Biotech, Zhengzhou,China). TheRNAextracted from the uteri
of unmated mice between 1:00 p.m. and 4:00 p.m. on the day of
estruswas regarded as control. ToestimateRNAquality, the ratio of
the absorbance contributed by the nucleic acid to the absorbance of
the contaminants was calculated and requirements for A260/A280

ratios are 1.8–2.2. HisScript III RT SuperMix for qPCR (Vazyme
Biotech, Nanjing, China) was used for RT-PCR. AceQ qPCR SYBR
GreenMasterMix (VazymeBiotech)was used for qPCR, according
to themanufacturer’s instructions. The sampleswere amplified and
monitored using a Roche LightCycler 96 Real-time PCR system
(Roche Diagnostics, Basel, Switzerland). The fold change in gene
expression was calculated using the 2−ΔΔCq method with the
housekeeping gene GAPDH as the internal control, which was
consistently expressed across samples. Primer-Blast was used to
design primers. The primer sequences are listed inTable 1. Briefly,
primers shouldhave the followingproperties toensure theefficiency
and specificity: length of 18–24 bases; 40%–60%G/C content; start
and end with 1–2 G/C pairs; and melting temperature (Tm) of
50°C–60°C. Primer pairs should have a Tm within 5°C of each
other; primer pairs should not have complementary regions.

Uterine Immunohistology and Luminal
Fluid Collection
DCs were detected in paraffin-embedded uterine tissues of estrus
control, young-SP group, aged-SP group, young-sExos group
(perfused with sExos extracted from young male mice), and aged-
sExos group (perfused with sExos extracted from aged male mice)
Frontiers in Immunology | www.frontiersin.org 3155
females. Intrauterine injection of 10 mg of lipopolysaccharide (LPS;
Solarbio, Beijing, China) in a total volume of 25 ml were
administered at 0.5 dpc, and uterine luminal fluid was flushed
with 50 µl of phosphate-buffered saline (PBS) prior to harvesting
uterine tissues at 3.0 dpc. Insoluble material was pelleted at
14,000 × g for 10min, and the supernatant was stored at −80°C
until analysis. Uterine tissueswerefixedwith 4%paraformaldehyde
(PFA) in PBS overnight at 4°C and dehydrated in ethanol before
paraffin embedding. Tissue sections (3 µM) were cut on a LEiCA
RM2016RotaryMicrotome (LEiCA, Shanghai), dewaxed in xylene,
and rehydrated. After antigen retrieval process, tissues were
surrounded with a hydrophobic barrier using a barrier pen. Non-
specific staining between the primary antibodies and the tissue was
blocked by incubation in blocking buffer (15%normal rabbit serum
(vol/vol) inPBS) at roomtemperature. Sectionswerewashed inPBS
before incubation with anti-CD11c Rabbit pAb (1:100, Servicebio,
Wuhan, China) for 1 h. Following washing in PBS, sections were
incubated with TRITC-conjugated goat anti-rabbit IgG (1:100,
Abcam, Cambridge, UK) overnight at 4°C in a humidified
chamber. Sections were washed in PBS before incubation
overnight with one of the followings: anti-mouse CD80
fluorescein isothiocyanate (FITC) (1:100, BioLegend, San Diego,
CA, USA), anti-mouse CD83 APC (1:100, BioLegend), anti-mouse
CD86 FITC (1:100, BioLegend), and anti-mouse MHCII Alexa
Fluor® 647 (1:100, BioLegend). Following washing in PBS, DAPI
was added, and tissues were incubated for 10 min at room
temperature. After rinsing with PBS, tissues were mounted with
an anti-fade mounting media. Images were captured using an
Eclipse Ci-E microscope (Nikon Instrument, Netherlands). To
clearly visualize double-positive cells, the green and red channels
were merged using the “AND” gate function in the Image
Calculator of ImageJ.

Preparation of Mouse Seminal Plasma
For collecting young SP and aged SP, three 12- to 14-week-old
male C57BL/6 mice and three 12- to 18-month-old male
TABLE 1 | Sequence of primers used for real-time quantitative PCR.

Gene name 5′-Sequence-3′

m-Cxcl1-F CTGGGATTCACCTCAAGAACATC
m-Cxcl1-R CAGGGTCAAGGCAAGCCTC
m-IL20rb-F ACCCCTTTAACCGAAATGCAA
m-IL20rb-R CCTCCAGTAGACCACAAGGAA
m-Fas-F TATCAAGGAGGCCCATTTTGC
m-Fas-R TGTTTCCACTTCTAAACCATGCT
m-Cxcl16-F CCTTGTCTCTTGCGTTCTTCC
m-Cxcl16-R TCCAAAGTACCCTGCGGTATC
m-Tnfsf10-F ATGGTGATTTGCATAGTGCTCC
m-Tnfsf10-R GCAAGCAGGGTCTGTTCAAGA
m-Cx3cl1-F ACGAAATGCGAAATCATGTGC
m-Cx3cl1-R CTGTGTCGTCTCCAGGACAA
m-Eda-R TCAGGGGACTCTGCCACTC
m-Eda-F CAGGCTGGGCTTTCCAACT
m-Ackr4-F AGCCAGTACGAAGTGATCTGC
m-Ackr4-R CTGCGAGCCCAGTGACAAA
m-Il17rb-F GGCTGCCTAAACCACGTAATG
m-Il17rb-R CCCGTTGAATGAGAATCGTGT
m-GAPDH-F TCTTGCTCAGTGTCCTTGC
m-GAPDH-R CTTTGTCAAGCTCATTTCCTGG
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C57BL/6 mice were used, respectively. After being euthanasia,
mouse epididymal head, caudal epididymis, prostates, and
seminal vesicles were removed from the opened abdominal
cavity with microscopic ophthalmic instruments under an
anatomical microscope and placed into 600 µl of precooled
0.5% PBS solution. These tissues were cut into small pieces with
ophthalmic scissors, and the seminal vesicle fluid was extruded
with a sterile syringe tip. The tissue suspension was transferred
to a 1.5-ml centrifuge tube and centrifuged at 9,000 × g at 4°C for
30 min. The supernatants were collected as young SP and aged SP,
respectively, both of which were stored at −80°C before use.

Enzyme-Linked Immunosorbent Assay
The production of interleukin (IL)-12p70, tumor necrosis factor-
a (TNF-a), IL-1b, IL-6, IL-10, and transforming growth factor-
beta (TGF-b) was measured by ELISA kits (Enzyme-linked
Biotechnology, Shanghai, China). Briefly, uterine luminal fluid
or cell culture supernatant was added to the reaction buffer
containing 50 ml of horseradish peroxidase (HRP)-conjugated
reagent, and the wells were sealed and placed in a 37°C water
bath for 60 min. Then, the wells were washed, and solutions A
and B were added and incubated for another 15 min. The
reaction was stopped by adding the termination buffer. The
optical density was detected with a Multimode Microplate
Reader (BioTek, Winooski, VT, USA). The concentration of
each sample was calculated from the standard curve. The limit of
these ELISA kits are as follows: mouse IL-12P70: 31.25–1,000 pg/
ml; mouse TGF-b: 25–800 pg/ml; mouse IL-10: 12.5–400 pg/ml;
mouse IL-8: 3.75–120 pg/ml; mouse IL-6: 3.75–120 pg/ml; mouse
IL-1b: 31.25–1,000 pg/ml; and mouse TNF-a: 20–640 pg/ml.

Preparation of Dendritic Cells
As previously described (25), bone marrow from the tibia and
femur of euthanized C57BL/6 mice were extracted into a culture
dish containing Roswell Park Memorial Institute (RPMI) 1640.
The bone marrow cell suspension was centrifuged at 1,000 × g for
10 min and subsequently, after the addition of 3 ml of red blood
cell lysate, at 1,000 × g for 5 min. The cells were cultured in the
absence or presence of aged SP (dilution of 1:100), young SP
(dilution of 1:100), aged sExos, or young sExos in 6-well plates at
1 × 106 cells per well; and 200 ng/ml of granulocyte-macrophage
colony-stimulating factor (GM-CSF) and 200 ng/ml of IL-4 were
added. Half of the cell culture medium was refreshed every 3
days. On day 6, non-adherent cells in the culture supernatant and
loosely adherent cells harvested by gentle washing with PBS were
pooled and used as the starting source of material for most
experiments [bone marrow-derived DCs (BMDCs)].

Flow Cytometry and Dendritic Cell
Maturation Analysis
BMDCs were stimulated with 1 mg/ml of LPS. After a 24-h
culture, the cells were then collected by centrifugation and
resuspended in single-cell PBS suspensions. Single-cell
suspensions with final cell concentration 1 × 106 cells/ml were
blocked with 0.5% bovine serum albumin (BSA) at 4°C for 15
min and incubated with fluorescently labeled antibodies for 30
min. The following antibodies were used for flow cytometry
Frontiers in Immunology | www.frontiersin.org 4156
analysis: anti-mouse CD11c PE (0.5 µg/test, BioLegend), anti-
mouse CD80 FITC (0.125 µg/test, BioLegend), anti-mouse CD83
APC (0.5 µg/test, BioLegend), anti-mouse CD86 FITC (0.125 µg/
test, BioLegend), and anti-mouse MHCII Alexa Fluor® 647 (0.25
µg/test, BioLegend). The cells were subsequently washed,
suspended in PBS solution, and analyzed using a BD
FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes,
NJ, USA). The data were analyzed using FlowJo 7.6.1 software
(Tree Star, Inc., Ashland, OR, USA).

Isolation and Characterization of Seminal
Plasma Exosomes
The previously collected SP were each diluted with PBS to a total
volume of 10 ml and centrifuged at 300 × g for 5 min. The
supernatant was transferred to a new centrifuge tube and
centrifuged at 3,000 × g for 10 min to remove cells or other
debris and at 10,000 × g for 25 min to remove other larger
vesicles. The resulting supernatant was then transferred to a
matching overspeed centrifuge tube and centrifuged at 110,000 × g
for 70 min. After the supernatant was transferred into a new
tube, 60 µl of PBS was added to resuspend the pellet, which was
then filtered with 0.45- and 0.22-mm filters and collected as
young sExos and aged sExos, respectively. All centrifugations
were carried out under 4°C, and the sExos were stored under
−80°C for at most 1 week before use. Epididymosomes were
collected following the same procedure as sExos isolation with
only epididymal head, and caudal epididymis was used. The
presence and purity of sExos were confirmed using H7700
transmission electron microscopy (Hitachi High-Tech, Tokyo,
Japan). The sExos size was directly tracked using the Nanosight
NS300 system (NanoSight Technology, Malvern, UK). Samples
were manually injected into the sample chamber at ambient
temperature. Each sample was measured thrice, and the average
value was calculated. Finally, data were analyzed using the
nanoparticle tracking analysis (NTA) analytical software,
version 2.3.

Western Blotting of Seminal Plasma
Exosomes
Western blotting was used to identify sExos. Total protein was
extracted using a radioimmunoprecipitation assay (RIPA) buffer,
and protein samples were fractionated by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE),
analyzed by Western blotting, and visualized. Membranes were
blocked with Albumin Bovine (BSA; Biofroxx, Einhausen,
Germany) in TBST (10 mM of Tris, pH 7.5, 150 mM of NaCl,
and 0.1% Tween-20) and then probed with primary antibodies
overnight at 4°C. The following primary antibodies were used:
monoclonal rabbit anti-mouse CD63 antibody (1:2,000, Abcam),
monoclonal rabbit anti-mouse TSG101 antibody (1:2,000, Santa
Cruz Biotechnology, Dallas, TX, USA), polyclonal CD9 antibody
(1:1,000, MultiSciences Biotech, Zhejiang, China), monoclonal
rabbit anti-mouse Albumin antibody (1:2,000, Abcam), and
monoclonal GAPDH antibody (1:5,000, KangChen Biotech,
Shanghai, China). After multiple washes in TBST and
incubation with HRP-conjugated secondary antibodies
(1:20,000, Beyotime, Shanghai, China), the protein bands were
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visualized using an automatic chemiluminescence image analysis
system (Tanon Science & Technology, Shanghai, China). The
intensities of protein bands were quantitated using ImageJ Gel
Analysis program.

Tracing of PKH67-Labeled Seminal
Plasma Exosomes in the Uterus
PKH67 Green Fluorescent Cell Linker Kits (Sigma-Aldrich) were
used to label sExos lipid bilayers. According to the reagent
manufacturer’s instructions, 100 mg of freshly isolated sExos
was diluted with 500 µl of diluent C and mixed with 500 µl of
diluent C, which contained 4 µl of PKH67. After being incubated
at room temperature for 5 min, 500 µl of Exosome-depleted FBS
Media Supplement (System Biosciences, Palo Alto, USA) was
added to halt the staining. The PKH67-labeled pure sExos were
then separated from the unbound dye using the ExoQuick
exosome precipitation solution (Bomais, Beijing) and were
resuspended with 60 µl of PBS. Unstained sExos were used as
a negative control. Each mouse was transvaginally injected with
20 µl of PKH67-labeled sExos or control sExos and euthanized 6
h later. The uteri were removed, frozen, and sectioned. After
blocking with 2% BSA, slides were incubated overnight with anti-
Vimentin antibody (1:200, Abcam) and anti-Cytokeratin 19
antibody (1:400, Abcam) at 4°C and then with secondary
antibodies at room temperature for 1 h. The nuclei were then
stained with DAB for 15 min, and images were digitized with an
IX73 fluorescence microscope (Olympus Corporation, Shinjuku,
Tokyo, Japan).

Internalization of Seminal Plasma
Exosomes by Bone Marrow-Derived
Dendritic Cells
sExos were labeled with PKH67 green fluorescent dye and added
to BMDCs cultured in glass-bottom chamber slides. After 24 h of
incubation, the cells were placed on poly-L-lysine-coated glass
coverslips (12 mm) during 20 min at room temperature. Then
cells were washed with PBS and fixed in 4% PFA (10 min on ice)
and washed twice with 0.1 mM of glycine in PBS. Subsequently,
cells were incubated with a mouse anti-CD11c Rabbit pAb
(1:100, Servicebio) for 1 h and revealed with TRITC-
conjugated goat anti-rabbit IgG (1:100, Abcam) for 45 min.
Then BMDCs were stained with Hoechst for 10 min. Coverslips
were mounted on glass slides using Fluoromount and visualized
with a LSM 710 laser scanning confocal microscope (Carl Zeiss,
Oberkochen, Germany).

Statistical Analysis
GraphPad Prism 8 and SPSS v.20 software packages were used
for statistical analysis. Data are expressed as mean ± standard
error of the mean. Each experiment was performed in triplicate
technical and biological replicates. The differences among
different groups and between two groups were assessed by
one-way ANOVA with the Holm–Sidak post-hoc test and
paired-samples t-test, respectively. For all tests, a bilateral test
probability of p < 0.05 was considered to represent a statistically
significant difference.
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RESULTS

Embryo Implantation Rate Reduced in
Aged-Seminal Plasma Group
In order to determine whether the effects of SP on embryo
implantation were related to male age, we constructed two
groups of sterilized male models of different age ranges equal
to 20–30 and 40–50 years in humans, using embryo transfer to
eliminate maternal and gamete factors, as illustrated by the
experimental model diagram in Figure 1A. Results showed
that the implantation rate of the aged-SP group was
significantly lower than that of the young-SP group
(Figures 1B, C), which indicated age-related effects of SP on
embryo implantation.

Uterine Transcriptomics Differed Between
Young-Seminal Plasma and Aged-Seminal
Plasma Groups
To investigate the possible causes of the disparity in implantation
rates between the aged-SP and young-SP groups, we analyzed the
RNA sequence of 3.0-dpc uteri from both groups. In hierarchical
clustering (data not shown), a sample in the young-SP group was
identified as an outlier, which laid in its own branch and
extended from the very root of the tree. Outliers increase the
variability in data, which decreases statistical power.
Consequently, we excluded this outlier, and the principal
component analysis of five samples finally included is
presented in Supplementary Figure 1. As gene cluster maps
demonstrate, 632 differentially expressed transcripts were
identified, among which 296 genes were upregulated and 336
genes were downregulated (Figures 2A, B). The results of KEGG
pathway analysis based on these genes primarily identified
protein digestion and absorption, basal cell carcinoma, ECM–
receptor interaction and cytokine–cytokine receptor interaction
(Figure 2C). Cytokines have been primarily defined as
modulators of the immune system, and the balance in their
relative abundance has been shown to impact embryo
implantation (26). Among 17 genes included in cytokine–
cytokine receptor interaction, nine have been previously
identified to be involved in DC migration and maturation.
Tolerogenic DCs that are resistant to maturation seemed to be
involved in the generation of tolerance to the embryos (27). We
therefore validated a subset of mRNAs related to DCs in
cytokine–cytokine receptor interaction pathway by qRT-PCR
(Figure 2D). Results from the qPCR analysis of total RNA
extracted from 3.0-dpc uteri during the pre-implantation
window and prior to embryo transfer identified an increase of
Cxcl1, Il20rb, Fas, Cxcl16, Tnfsf10, and Cx3cl1 and a decrease of
Eda, Ackr4, and Il17rb expression levels in the uteri of the aged-
SP group compared with those of the young-SP group, which
were inconsistent with the RNA-seq results. When compared
with the virgin control, young-SP group and aged-SP group
presented different variation trends, which proposed a complex
regulation network of SP on uterine immune status. These results
indicated that SP from advanced-age males impacts the embryo
implantation-related signaling pathways, especially those
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involving DC migration and maturation, differently than SP
from younger males.

Seminal Plasma Exerted an Inhibitory
Effect on Dendritic Cell Maturation, Which
Was Attenuated in Advanced Age
To investigate whether DC maturation was involved in the age-
related impact of SP on embryo implantation, uterine tissues of
young-SP and aged-SP groups were stained with DC maturation
markers CD80, CD83, CD86, and MHCII and were visualized.
Immunohistology results revealed that both young SP and aged
SP could induce DC accumulation in the uteri, while the
percentage of mature DCs was higher in aged-SP group than
young-SP group (Figures 3A, B). Compared with immature
phenotype, mature phenotype of DCs produce higher levels of
IL-12p70, IL-1b, TNF-a, IL-6, and lower levels of IL-10, TGF-b in
response to LPS (19). To further verify whether DC maturation
status was altered, uterine luminal fluid in aged-SP and young-SP
groups were collected, and ELISA was performed to detect
inflammatory cytokines related to DC phenotype (Figure 3C).
Results showed that the expression profiles of inflammatory
cytokines in young-SP group were better aligned with
immature DC phenotype than aged-SP group in response to
Frontiers in Immunology | www.frontiersin.org 6158
LPS, indicating an inhibitory effect of SP on uterine DC
maturation, which was attenuated in the aged-SP group. With
emerging evidence showing that SP could impact DC maturation
in vitro, BMDCs were used as in vitro model of DCs to
investigate whether a direct impact of SP on DCs existed.
CD11c was used to identify BMDCs according to the gating
strategy depicted in Supplementary Figure 2. Flow cytometry
analysis revealed that the expression levels of DC maturation
markers CD80, CD83, CD86, and MHCII were higher in the
aged-SP group than in the young-SP group (Figures 4A, B). In
the cell culture supernatant, DC-related inflammatory cytokines
presented identical expression profiles as an in vivo model
(Figure 4C). These results indicated that SP exerted an
inhibitory effect on DC maturation, which was attenuated in
advanced age.

Characterization of Seminal Plasma
Exosomes Extracted From Young and
Aged Male Mice
sExos have been proposed as the main component of SP to
provide immunomodulatory functions in the uterus (21). To
investigate whether sExos contribute to the phenotype caused by
SP, sExos of the young and aged male groups were extracted, and
A

B C

FIGURE 1 | The embryo implantation in the aged-SP group and young-SP group. (A) Schematic diagram of experimental design. (B) Embryo implantation sites of two
groups of recipient female mice on 6.5 dpc. (C) Quantitative histogram of embryo implantation rates in two groups of recipient female mice (n = 6). The differences between
two groups were assessed by paired-samples t-test. **p < 0.01. The implantation rate (%): the number of implants/number of embryos transferred. SP, seminal plasma;
dpc, days post coitum.
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further experiments were performed. Western blotting analysis
of sExos extracted from young and aged mice verified the
presence of universal exosome markers TSG101 and CD63
(Supplementary Figure 3A). Further Western blotting analysis
of sExos extracted from a single mouse confirmed minor increase
without significance in the abundance of sExos with a similar
expression level of sExos-positive markers TSG101, CD81, and
CD9 in aged group compared with young group (Figures 5A, B).
Purity was assessed based on the presence of negative marker
Albumin, and the results revealed a small amount of Albumin
contamination, which were aligned with other literature (28)
(Figures 5A, B). NTA revealed that the average sExos size of the
young and aged groups is, respectively, 102.8 nm and 206.6 nm
(Figures 5C, D). Transmission electron microscopy analysis
verified the presence of separated or clustered membrane-
bound particles in the extracted sExos (Figure 5E). These
results confirmed successful sExos extraction and an increase
in the size of sExos from aged male mice.
Frontiers in Immunology | www.frontiersin.org 7159
Intrauterine Perfusion With Young Mouse
Seminal Plasma Exosomes Partially
Rescued the Decline in Aged-Seminal
Plasma Group Embryo Implantation Rate
To further explore whether young mouse sExos have beneficial
effects on the decline of aged-SP group embryo implantation
rate, remedial experiments were performed. PKH67 immuno-
fluorescence labeling verified sExos entry into the uteri
(Figure 6A). Further results demonstrated an implantation
rate increase in the aged-SP group after perfusion with young
sExos (Figures 6B, C). Epididymosomes are an important
component of the sExos, but in our vasectomized model,
epididymosomes would not be present. As such, intrauterine
perfusion with epididymosomes extracted from young mice
(young epididymosomes) were performed to illustrate whether
epididymosomes contributed to the remedial effect of young
sExos. Western blotting results confirmed successful extraction
of epididymosomes with positive markers CD63, TSG101, and
A

D

B C

FIGURE 2 | The transcriptomics of the uteri in the young-SP group and aged-SP group. (A, B) Volcano map and heatmap depicting clustering and global changes
in gene expression for the uterus from aged-SP group and young-SP group as determined by RNA-seq. (C) KEGG pathway analysis of transcripts significantly
changed. Top nine most highly enriched categories are shown. (D) qPCR validation for a subset of genes involved in cytokine–cytokine receptor interaction. Gapdh
served as an internal control. The differences among different groups were assessed by one-way ANOVA with Holm–Sidak post-hoc test. **p < 0.01. The p-value ≤

0.05 and FDR q-value ≤ 0.05 were considered as statistically significant. SP, seminal plasma; KEGG, Kyoto Encyclopedia of Genes and Genomes; FDR, false
discovery rate; ns, not significant.
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CD9 and negative marker Albumin (Supplementary
Figure 3B), while no beneficial impact on declined
implantation rate in aged-SP group was observed after
exerting young epididymosomes (Figures 6B, C). These
results revealed the beneficial effect of sExos excluding
epididymosomes of young subjects on declined embryo
implantation rate in aged-SP group.
Frontiers in Immunology | www.frontiersin.org 8160
Seminal Plasma Exosomes Exerted an
Inhibitory Effect on Dendritic Cell
Maturation, Which Was Attenuated in
Advanced Age
For the purpose of investigating whether sExos participate in SP-
related alterations of DC maturation, sExos extracted from young
and aged male mice were perfused into the uteri of the virgin
A

B

C

FIGURE 3 | Alterations of uterine DC maturation status between young-SP group and aged-SP group in vivo. (A) Representative sections of the uteri from control
group, young-SP group, and aged-SP group mice, immunostained with anti-CD11c (red) and anti-CD80/CD83/CD86/MHCII (green) antibodies. (B) Histomorphometric
quantification of DC densities in the myometrium and endometrium of control group, young-SP group, and aged-SP group mice. (C) ELISA analysis demonstrating the
concentration of IL-12p70, TNF-a, IL-1b, IL-10, TGF-b, and IL-6 in uterine luminal fluid (mean ± SD, n = 6).The differences among different groups were assessed by
one-way ANOVA with Holm–Sidak post-hoc test. *p < 0.05 and **p < 0.01. DC, dendritic cell; SP, seminal plasma; ns, not significant.
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female mice. Uterine immunohistology with DC maturation
markers demonstrated higher percentage of mature DCs after
perfusing aged sExos than young sExos (Figures 7A, B). Uterine
luminal fluid was also collected to detect inflammatory cytokines
related to DC phenotype. An increase of IL-6 and a decrease of IL-
10 and TGF-b were observed in aged-sExos group compared with
young-sExos group (Figure 7C). Although no statistic difference
was observed regarding IL-12p70, TNF-a, and IL-1b levels, they
all increased in aged-sExos group compared with young-sExos
Frontiers in Immunology | www.frontiersin.org 9161
group. Further in vitro experiments performed to determine
whether aged sExos exerted a similar effect on DC maturation
as aged SP revealed higher levels of maturation markers CD80,
CD86, and MHCII on the surfaces of aged-sExos-treated group
DC (Figures 8A, B). ELISA analysis of the cell culture supernatant
obtained similar results as uterine luminal fluid, which further
verified that aged sExos had a weaker inhibitory effect on LPS-
induced DC maturation than young sExos (Figure 8C). Increased
sExos size may be associated with alterations in sExos composition
A

B

C

FIGURE 4 | Alterations of BMDC maturation status between young-SP group and aged-SP group in vitro. (A) Fluorescence-activated cell sorting (FACS) analysis of
CD80, CD83, CD86, and MHCII in culture supernatant. The x-axis represents the fluorescence intensity, and the y-axis represents the percentage of positive cells.
(B) Quantification of CD11c+ CD80+ DC, CD11c+ CD83+ DC, CD11c+ CD86+ DC, CD11c+ MHCII+ DC positive cells as seen in panel A (mean ± SD, n = 6).
(C) ELISA analysis demonstrating the concentration of IL-12p70, TNF-a, IL-1b, IL-10, TGF-b, and IL-6 in the culture supernatant (mean ± SD, n = 6). The differences
among different groups were assessed by one-way ANOVA with Holm–Sidak post-hoc test. *p < 0.05 and **p < 0.01. BMDC, marrow-derived dendritic cell; SP,
seminal plasma; DC, dendritic cell; ns, not significant.
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or internalization ability. Regarding the internalization rate by
DCs, no significant difference was found between young-sExos and
aged-sExos groups (Supplementary Figure 4), which indicated an
age-related effect of sExos may be associated with alterations in
sExos composition. These results showed that aged sExos acted as
main components of aged SP in affecting DC maturation.
DISCUSSION

Function decline in aging semen has been recently identified as
another factor besides spermatozoa causing age-related decline in
male fertility (29). Emerging evidence has revealed the role of SP
in regulating the uterine and fallopian tube environment, thereby
Frontiers in Immunology | www.frontiersin.org 10162
enhancing embryo implantation and development (30, 31). Such
regulation includes induction of uterine cytokine expression,
leading to immune regulation on the uterus of mice (32) and
humans (21). The immune cell migration was once believed to be
intended for removal of microorganisms and excess sperm (14,
18). However, the SP-induced influx of uterine cytokines and
chemokines is now believed to promote maternal tolerance of
paternal antigens. T cell-activating macrophages and DCs are
recruited into uterine tissue in response to semen-induced
cytokine and chemokine signals (33). An article published
recently verified migration of uDCs from the periphery just
before implantation (20). Their data also showed an increase of
immature uDCs on day 3.5 pc, which support the concept that
immature DCs may participate in embryo implantation via
A

C

E

B

D

FIGURE 5 | Characterization of sExos extracted from young and aged male mice. (A) Western blotting analysis on sExos using antibodies against the positive
markers (TSG101, CD81, and CD9) and negative marker Albumin after BCA (Bradford) protein quantification assay. (B) Quantification of band intensity as seen in
panel (A, C) Representative particle size distribution diagrams of sExos from two groups of mice as determined by nanoparticle tracking analysis. (D) Quantification
of panel C (mean ± SD, n = 6). (E) TEM images of sExos isolated from young and aged male mice. Bar = 500 mm. The differences between two groups were
assessed by paired-samples t-test. **p < 0.01. sExos, seminal plasma exosomes; BCA, bicinchoninic acid; TEM, transmission electron microscopy; BMDC, marrow-
derived dendritic cell; SP, seminal plasma; DC, dendritic cell; ns, not significant.
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regulating fetal–maternal tolerance (34). Numerous studies have
revealed an age-related decline in embryo implantation rate,
largely mediated by uterine cytokines and chemokine
inducement (15, 29, 35). In our results, we found an age-related
effect of SP on embryo implantation, accompanied by alterations
in uterine cytokines, which may be responsible for the migration
or maturation of DCs (36, 37). GM-CSF-derived BMDCs have
been used as a model to study DC biology in countless studies. It
Frontiers in Immunology | www.frontiersin.org 11163
has generally been thought that non-DCs can be eliminated by
early washing steps, discarding highly adherent cells and
enriching or sorting for CD11c+ cells. However, recent studies
reckon that CD11c+ fraction of GM-CSF cultures comprises
macrophages and DCs (38, 39). In our study, we found
alterations in DC maturation markers and changes in cytokines
involved in successful implantation, which were not specifically
secreted by DCs, with emerging evidences verifying their
A

B

C

FIGURE 6 | The increase of embryo implantation rate after perfusion with young sExos in the aged-SP group. (A) Immunofluorescence staining of the uteri after
perfusion with sExos from young male mice. Red fluorescence shows antibody reactivity against Vimentin and Cytokeratin 19, green fluorescence shows PKH67-
labeled sExos, and blue fluorescence shows nuclear DAPI reactivity (magnification, ×200). (B) Embryo implantation sites of young-SP, aged-SP, aged-SP+young-
sExos, aged-SP+PBS, and aged-SP+epididymosomes group female mice on 6.5 dpc. (C) Quantitative histogram of the embryo implantation rates in five groups of
recipient female mice as seen in panel B (mean ± SD, n = 6).The differences among different groups were assessed by one-way ANOVA with Holm–Sidak post-hoc
test. **p < 0.01. sExos, seminal plasma exosomes; SP, seminal plasma; PBS, phosphate-buffered saline; dpc, days post coitum.
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expressions in both DCs and macrophages (39). Therefore, we
assumed that the effects observed after various treatments in
BMDCs could be mainly attributed to macrophages and DCs, or
even CD11c− cells were included. Although we cannot conclude
that alterations were mediated by DCs alone, our data do strongly
suggest that DCs are at least largely involved. Tolerogenic DCs
seemed to be involved in the generation of tolerance to the
embryos (27). A previous study showed that DCs tend to
differentiate into tolerogenic DCs, which failed to develop a
mature phenotype in response to LPS in the presence of SP
(19). Our in vivo and in vitro results confirmed alterations of DC
Frontiers in Immunology | www.frontiersin.org 12164
maturation status between young-SP and aged-SP groups, which
indicated that the lower implantation rate observed in the aged-SP
group may be associated with the diminished inhibitory effect of
aged SP on DC maturation.

Semen contains sperm, testosterone (40), soluble proteins—
such as TGF-b and interferon-g (41)—that can interact with cells
in the female reproductive tract, and abundant levels of sExos
(42), which are mainly secreted from the prostate, and seminal
vesicles (43). We successfully isolated and characterized mouse
sExos with the presence of positive markers. It has been
demonstrated that senescent cells release more Exos with
A

B

C

FIGURE 7 | Alterations of uterine DC maturation status between young-sExos group and aged-sExos group in vivo. (A) Representative sections of the uteri from control
group, young-sExos group, and aged-sExos group mice, immunostained with anti-CD11c (red) and anti-CD80/CD83/CD86/MHCII (green) antibodies. (B) Histomorphometric
quantification of DC densities in the myometrium and endometrium of control group, young-sExos group, and aged-sExos group mice. (C) ELISA analysis demonstrating the
concentration of IL-12p70, TNF-a, IL-1b, IL-10, TGF-b, and IL-6 in uterine luminal fluid (mean ± SD, n = 6). The differences among different groups were assessed by one-way
ANOVA with Holm–Sidak post-hoc test. *p < 0.05 and **p < 0.01. DC, dendritic cell; sExos, seminal plasma exosomes; ns, not significant.
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different compositions, likely contributing to the SASP (44). No
significant difference between young and aged groups was
observed regarding the quantity of sExos, which indicated that
different phenotypes caused by sExos may be more associated
with their composition than quantity. NTA analysis revealed that
sExos from the advanced-age group exhibited increased size,
consistent with senescent mesenchymal stem cells Exos (45).
Increased sExos size may be associated with alterations in sExos
Frontiers in Immunology | www.frontiersin.org 13165
composition or internalization ability. With no difference
observed in the internalization rate, we hypothesized that there
might be age-related changes in the sExos composition. Related
research has confirmed that sExos can regulate the immune
response and gene expression in the female reproductive tract
(11, 46, 47), eventually contributing to embryo implantation and
gestation. In our results, young sExos partially recovered the
declined implantation rate in the aged-SP group, indicating that
A

B

C

FIGURE 8 | Alterations of BMDC maturation status between young-sExos group and aged-sExos group in vitro. (A) Fluorescence-activated cell sorting (FACS)
analysis of CD80, CD83, CD86, and MHCII in culture supernatant. The x-axis represents the fluorescence intensity, and the y-axis represents the percentage of
positive cells. (B) Quantification of CD11c+ CD80+ DC, CD11c+ CD83+ DC, CD11c+ CD86+ DC, CD11c+ MHCII+ DC positive cells as seen in panel A (mean ±
SD, n = 6). (C) ELISA analysis demonstrating the concentration of IL-12p70, TNF-a, IL-1b, IL-10, TGF-b, and IL-6 in the culture supernatant (mean ± SD, n = 6). The
differences among different groups were assessed by one-way ANOVA with Holm–Sidak post-hoc test. *p < 0.05 and **p < 0.01. BMDC, marrow-derived dendritic
cell; sExos, seminal plasma exosomes; ns, not significant.
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sExos may contribute to the age-related changes of SP. Zhao et al.
demonstrated that sExos secreted by 5-aminolevulinic acid
photodynamic therapy-treated squamous carcinoma cells can
promote DC maturation to exert an anti-tumor immunity
function (48). We found that aged sExos exerted a similar
effect on DC maturation to aged SP. The current debate over
the clinical benefits of sexual intercourse or intrauterine SP
perfusion prior to embryo transfer (49–51) has not considered
physiological and pathological conditions such as male age.
Uterine response intensity and quality are affected by semen
composition, including antigen and immunomodulatory
adjuvant content. The alteration of SP components under
various physiological and pathological conditions may be an
immune-mediated quality control process signal to the female
reproductive tract (52), leading to different pregnancy and birth
outcomes. SP from advanced-age subjects presented no obvious
benefits in our study, suggesting that male age should factor into
seminal adjuvant therapy.

In conclusion, our study demonstrates that age-related
alterations of sExos may be partially responsible for lower
implantation rates in the aged-SP group compared with those
in the young-SP group, which were mediated by uterine immune
status changes. These findings provide new insight and scientific
basis for future clinical seminal adjuvant therapy.
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Supplementary Figure 1 | Principal component analysis of 5 samples finally
included in RNAsequence analysis. Red dots represent female mice in aged-SP
group, and green dots represent female mice in young-SP group.

Supplementary Figure 2 | Gating strategy of BMDCs.

Supplementary Figure 3 | Western blotting analysis of sExos and
epididymosomes. (A) Western blotting analysis on sExos using antibodies against
positive exosomal markers (CD63 and TSG101). From left to right: sExos extracted
from young male mice; sExos extracted from aged male mice; (B) Western blotting
analysis on epididymosomes using antibodies against the positive markers
(TSG101,CD63 and CD9 ) and negative marker Albumin after BCA (Bradford)
protein quantification assay. From left to right: epididymosomes extracted from
young male mice, epididymosomes extracted from aged male mice, remaining
supernatant after isolating epididymosomes from young male mice, and remaining
supernatant after isolating epididymosomes from aged male mice.

Supplementary Figure 4 | Internalization of sExos by BMDCs
Immunofluorescence staining of BMDCs after cultured with sExos from young male
mice (A) and aged male mice (B). Red fluorescence shows antibody against
CD11c, green fluorescence shows PKH67 labeled sExos and blue fluorescence
shows nuclear (magnification, ×40). (C) Quantification of PKH67 positive CD11c+
cells. The differences between two groups were assessed by paired samples t-test,
*P < 0.05 and **P < 0.01. (n=150).
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Ostrowski M, et al. Semen Promotes the Differentiation of Tolerogenic
Dendritic Cells. J Immunol (2012) 189(10):4777–86. doi: 10.4049/
jimmunol.1202089

20. Yasuda I, Shima T, Moriya T, Ikebuchi R, Kusumoto Y, Ushijima A, et al.
Dynamic Changes in the Phenotype of Dendritic Cells in the Uterus and
Uterine Draining Lymph Nodes After Coitus. Front Immunol (2020)
11:557720. doi: 10.3389/fimmu.2020.557720

21. Paktinat S, Hashemi SM, Ghaffari Novin M, Mohammadi-Yeganeh S,
Salehpour S, Karamian A, et al. Seminal Exosomes Induce Interleukin-6
and Interleukin-8 Secretion by Human Endometrial Stromal Cells. Eur J
Obstet Gynecol Reprod Biol (2019) 235:71–6. doi: 10.1016/j.ejogrb.2019.02.010

22. Bermejo-Alvarez P, Park KE, Telugu BP. Utero-Tubal Embryo Transfer and
Vasectomy in the Mouse Model. J Vis Exp (2014) 84):e51214. doi: 10.3791/
51214

23. Caligioni CS. Assessing Reproductive Status/Stages in Mice. Curr Protoc
Neurosci (2009) Appendix 4:Appendix 4I. doi: 10.1002/0471142301.
nsa04is48

24. Lin Y, Sui LC, Wu RH, Ma RJ, Fu HY, Xu JJ, et al. Nrf2 Inhibition Affects Cell
Cycle Progression During Early Mouse Embryo Development. J Reprod Dev
(2018) 64(1):49–55. doi: 10.1262/jrd.2017-042

25. Gu AQ, Li DD,Wei DP, Liu YQ, Ji WH, Yang Y, et al. Cytochrome P450 26A1
Modulates Uterine Dendritic Cells in Mice Early Pregnancy. J Cell Mol Med
(2019) 23(8):5403–14. doi: 10.1111/jcmm.14423

26. Robertson NJ, Brook FA, Gardner RL, Cobbold SP, Waldmann H, Fairchild
PJ. Embryonic Stem Cell-Derived Tissues are Immunogenic But Their
Inherent Immune Privilege Promotes the Induction of Tolerance. Proc Natl
Acad Sci USA (2007) 104(52):20920–5. doi: 10.1073/pnas.0710265105

27. Samstein RM, Josefowicz SZ, Arvey A, Treuting PM, Rudensky AY.
Extrathymic Generation of Regulatory T Cells in Placental Mammals
Frontiers in Immunology | www.frontiersin.org 15167
Mitigates Maternal-Fetal Conflict. Cell (2012) 150(1):29–38. doi: 10.1016/
j.cell.2012.05.031
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Maintain the Immune Suppression
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Macrophages are functionally plastic and can thus play different roles in various
microenvironments. Testis is an immune privileged organ, and testicular macrophages
(TMs) show special immunosuppressive phenotype and low response to various
inflammatory stimuli. However, the underlying mechanism to maintain the
immunosuppressive function of TMs remains unclear. S100A9, a small molecular Ca2+

binding protein, is associated with the immunosuppressive function of macrophages.
However, no related research is available about S100A9 in mouse testis. In the present
study, we explored the role of S100A9 in TMs. We found that S100A9 was expressed in
TMs from postnatal to adulthood and contributed to maintaining the immunosuppressive
phenotype of TMs, which is associated with the activation of PI3K/Akt pathway. S100A9
treatment promotes the polarization of bone marrow-derived macrophages from M0 to
M2 in vitro. S100A9 was significantly increased in TMs following UPEC-infection and
elevated S100A9 contributed to maintain the M2 polarization of TMs. Treatment with
S100A9 and PI3K inhibitor decreased the proportion of M2-type TMs in control and
UPEC-infected mouse. Our findings reveal a crucial role of S100A9 in maintaining the
immunosuppressive function of TMs through the activation of PI3K/Akt pathway, and
provide a reference for further understanding the mechanism of immunosuppressive
function of TMs.

Keywords: S100A9, macrophage polarization, testicular macrophage, immune suppression, orchitis
INTRODUCTION

Macrophage has been classically divided into two polarization programs in vitro (1), (1) classically
activated macrophages or M1, which are usually stimulated by TH1 type cytokines, resulting in anti-
bacterial and pro-inflammatory properties and (2) alternatively activated macrophages or M2,
which are induced by TH2 type cytokines, resulting in anti-inflammatory, pro-repair phenotype.
Generally, M1 play a major role in the early stage of infection to resist pathogens, while M2 play a
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major role in the recovery stage to promote tissue repair (2).
Polarized macrophages display different patterns of glucose
metabolism, M1-type macrophages are characterized by rapid
glycolysis ability, while M2-type macrophages are mainly
characterized by oxidative phosphorylation (3). Macrophage
polarization is modulated by local microenvironment,
and different polarization status affects the outcome of
inflammation (4).

As first-line immune defense cells against inflammation in the
testis, testicular macrophages (TMs) show unique tolerance to
pathogens and play a key role in maintaining the immune
privileged state of the testis and spermatogenesis (5). Tissue-
resident TMs are usually M2 under physiological conditions,
exhibited immuno-suppressive feature by secreting high levels of
IL10 or TGFb, and showed an inactivation of NF-kB signaling
during inflammatory stimulation (6). The immunosuppression
phenotype of rat TMs is associated with high levels of
immunomodulatory molecules in testicular interstitial fluid,
such as testosterone, prostaglandin, and corticosterone (7).
Other molecules such as activin A, 25-HC may also affect the
phenotype of testicular macrophages (8). However, the
mechanism of regulating the immunosuppressive function of
TMs remains unclear.

Notably, S100A9, a Ca2+ binding protein (9), which is mainly
derived from macrophages, regulates immune function by
affecting the phenotype of macrophages in neonatal mouse
intestinal tissue under physiological conditions. Intestinal
tissues from S100a9-/- neonatal mouse showed altered
phenotype of colonic lamina propria macrophages in colon
with reduced IL-10 and TGF-b (secreted by M2-type
macrophage) mRNA level, downregulated expression of
CX3CR1 protein (macrophage marker), and fewer regulatory T
cells (10). In the blood of human newborn, S100A9, which is
higher than adult under physiological conditions, inhibits the
ability of fast-glycolysis (M1-type feature) in neonatal cord
blood-derived macrophages, causing impaired ability of
reaction to pathogens (11). Therefore, S100A9 is closely
associated with the activation of M2 macrophages under
physiological condition. However, the role of S100A9 in TMs
has not been studied.

PI3K/Akt signaling is a critical pathway that converges
metabolic and inflammatory signals to regulate macrophage
response and modulate activation phenotype (12). The
activation of PI3K signaling is a critical molecular switch that
controls macrophage immune suppression function in cancer and
other disorders (13); PI3K signaling through Akt and m-TOR
inhibits NF-kB activation, leading to an immunosuppressive
function during inflammation (13). Significant upregulation of
S100A9, accompanied by activation of PI3K/Akt pathway, has
been found in various diseases related to immune escape, such as
colitis (14), breast cancer (15), and psoriasis (16). However,
whether S100A9 affects the polarization of TMs by activating
PI3K/Akt pathway remains unknown.

In the present study, we tested the proportion of M2-type
TMs in mouse from postnatal to adulthood and S100A9
expression in TMs. The effect of S100A9 on the polarization of
Frontiers in Immunology | www.frontiersin.org 2170
mouse TMs was verified via the intervention of tasquinimod
(S100A9 inhibitor). The function of S100A9 in vitro on the
polarization of bone marrow-derived macrophages was
determined by exogenous supplementation of S100A9. The
effect of S100A9 on the PI3K/Akt pathway was evaluated by
the knockdown or overexpression of S100A9 in Raw264.7 mouse
macrophage cell line. Finally, we verified that elevated S100A9
following UPEC-infection contributed to maintain the M2
polarization of TMs through the activation of PI3K/Akt pathway.
MATERIALS AND METHODS

Animals
C57BL/6 mice (2-, 4-, 6-, 8- and 10-week-old) (2week, n=15;
4week, n=12; 6week, n=32; 8week, n=35; 10week, n=8) were
obtained from the Animal Centre of Tongji Medical College. All
animals were housed and handled in strict accordance with the
guidelines approved by the Animal Care and Use Committee of
Tongji Medical College, Huazhong University of Science and
Technology (No. 2019_S326).

Bacterial Culture and Animal Treatment
Urinary pathogenic E. coli (UPEC) strain CFT073 was
propagated, and UPEC-induced experimental orchitis model
was prepared as previously described (17). The testis,
epididymis, and vas deferens of male C57BL/6 mice were fully
exposed after anaesthesia. Approximately 8×104 per 10 µl of
UPEC saline suspension was injected into the vas deferens
proximal to the caudal epididymis. The sham group was
injected with the same amount of PBS. Ligation was performed
at the injection site to prevent the spread of infection. The
S100A9 protein (RD, 2065-S9-050) was dissolved in PBS.
Tasquinimod (S100A9 inhibitor, ABR-215050, MCE, 254964-
60-8) was dissolved in dimethyl sulfoxide (DMSO) and diluted
with PBS to adjust the concentration of DMSO to 3%. On day 2
post-infection, ABR-215050 (S100A9 inhibitor, 20 mg/kg) and
LY294002 (50 mg/kg) were injected into the upper, middle and
lower pole of UPEC-infected mouse testis (at a two-day interval,
twice totally). The concentration of S100A9 was adjusted and
injected about 10-15ul into each testicle. DMSO (3%) was
injected into the testis as control.

Identification of Testis Infection and
Sample Collection
The animals were sacrificed on the 7th day after infection.
Testicular tissues were collected for subsequent experiments. A
small piece of testicular tissue was taken from control and
UPEC-infected groups, homogenized and diluted in 1ml of
sterile PBS. 100ul testicular homogenate was evenly coated on
LB solid medium and incubated at 37°C overnight. The CFU of
UPEC and control group was compared the next day.

Western Blot Analysis
Total protein was extracted from macrophages by radio-
immunoprecipitation assay (RIPA) buffer containing cocktail
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protease inhibitor and phosphor–protease inhibitor (Servicebio,
G2006/G2007). Protein concentration was determined using
BCA kit (Thermo Fisher, 23225). Equal amounts of protein
(5–25 µg) were loaded in appropriate concentration of sodium
dodecyl sulphate (SDS)–polyacrylamide gel electrophoresis and
transferred into polyvinylidene fluoride (PVDF) membrane. The
membranes were blocked with 5% bovine serum albumin and
incubated at 4°C overnight with the following primary
antibodies: rabbit anti-S100A9 (1:1,000, abcam,242945), rabbit
anti-PI3K (1:1,000, CST, 4257), rabbit anti-AKT (1:1,000, CST,
4691), rabbit anti-p-AKT (1:1,000, CST, 4060), rabbit and rabbit
anti-b-actin (1:1,000, CST, 4970). The membranes were then
incubated with goat anti-rabbit secondary antibody (1:4,000,
Biosharp) for 2 h at room temperature. Protein bands were
detected using Femto-light chemiluminescence kit (Omni-ECL,
SQ201) and chemiluminescence-gel imaging system ECL (Board,
USA). The results were analysed with help of the Image J
software. Densitometry values were normalized to total b-actin.

Single-Cell Suspension of Testicular
Interstitial Cells
The animals were sacrificed after anesthesia, and their testicles
were removed. Interstitial cells were isolated as previously
described (17). After careful dissection of tunica albuginea, the
de-capsulated testes were digested with 1 mg/ml collagenase I
(Sigma, USA) and 10 mg/ml DNase I in a shaking water bath at
34°C for 15 min. When the tubules were dispersed, digestion was
terminated. The tubules were then filtered with a 200-mesh sieve,
and the filtrate was centrifuged at 800 ×g for 5 min. RBC was
removed with erythrocyte lysate. After resuspension with PBS,
the single-cell suspension of testicular interstitial cells
was obtained.

Flow Cytometry
Interstitial cells were collected and stained according to the
manufacturer’s instructions. The following antibodies were
used: anti-mouse CD16/32 (Biolegend, 156604), Zombie-APC/
CY7 (Biolegend, 423106), FITC anti-mouse CD45 (Biolegend,
103108), PE anti-mouse F4-80 (Biolegend, Clone: BM8, 123110),
PE/cyanine5 anti-mouse CD86 (Biolegend, 105016), and
Brilliant Violet 605™ anti-mouse CD206 (Biolegend, 141721).
The labelled cells were detected using a flow cytometer (Cytek
Aurora or BD LSRII). Data were analysed using FlowJo software
(Version 10.4.0, USA).

Immunofluorescence Staining
The testicular tissue was fixed in 4% paraformaldehyde,
subjected to gradient dehydration, embedded with Tissue-tek
OCT (AKURA, 4583), snap frozen in liquid nitrogen, and cut
into 5 µm-thick sections. After antigen retrieval, the slides were
permeabilized with 0.5% Tritox-100, blocked with 5% BSA, and
then incubated with rabbit anti-S100A9 (1:1,000, Abcam,
242945) and Alexa Fluor® 594 anti-mouse F4/80 (1:100,
Biolegend, 123140) as primary antibodies. The secondary
antibody was goat anti-rabbit Alexa Fluor 488(1:100). The
nuclei were stained with DAPI, and images were acquired
using fluorescence microscope (Mshot, MF43).
Frontiers in Immunology | www.frontiersin.org 3171
Immunohistochemistry
The testis was fixed in 4% paraformaldehyde, embedded with
paraffin wax, and cut into 5 µm-thick sections. The slides were
dewaxed in xylene and rehydrated in gradient alcohol solution.
After antigen retrieval, the slides were added with 3% hydrogen
peroxide to prevent endogenous peroxidase formation and then
blocked with 3% BSA. The expression of S100A9 was detected by
incubation with primary rabbit anti-S100A9 (1:1,000, Abcam,
242945) and appropriate secondary antibodies.

Magnetic-Activated Cell Sorting for TMs
The interstitial cells were counted, resuspended in 0.5–1 ml auto
MACS running buffer (Miltenyi,130-091-221-1), and incubated
for 15 min at 4°C in the dark with Anti-F4/80-MicroBeads
(Miltenyi, 130-110-443) according to the manufacturer’s
instructions. The cells were washed and centrifuged at 300 ×g
for 10 min. Cellular suspension was loaded into the LS separation
column previously rinsed with 3 ml of MACS running buffer and
attached to MACS separator (Miltenyi, 130-042-301). The
positive fraction (F4/80 positive macrophage) was attached to
the column, while the negative fraction was eluted through the
column (discarded). The magnetically labelled cells were flushed
immediately by firmly pushing the plunger into the column. The
cells were identified through FCM by using PE anti-mouse F4-80
(Biolegend, Clone: BM8, 123110). The purity of TMs was
about 85%.

RNA Isolation and qPCR
The total RNA of BMDMs and TMs was extracted using TRIzol
reagent (Invitrogen, 15596018, China) according to the
manufacturer’s recommendation, and then transcribed into
cDNA by using HiScript II Q RT SuperMix for qPCR (11123 ES,
China). qRT-PCR amplification was performed using Hieff qPCR
SYBR Green Master Mix (112101ES03, China) on LightCycler®96
(Roche, Basel, Switzerland). The prime sequences are shown in
Table 1. Relative mRNA levels were normalized to b-actin
expression and determined using the 2-DDCT method.

Plasmid Construction and Transfection
S100A9 over-expressing vector, shRNA-expressing vector and
their negative control plasmid were purchased from
Genomeditech (Shanghai, China). The entire S100A9 sequence
was included in the S100A9-overexpression vector. BamHI and
XhoI sites were inserted in the overexpression vector PGMLV-
CMV-MCS-EF1-ZsGreen1-T2A-Puro through a double-
restriction enzyme digest. Three shRNAs targeting S100A9
were constructed by pGMLV-SC5 RNAi lentivirus vector.
Plasmid titers were detected using Nanodrop2000 (Thermo
Scientific, USA) and transfected into RAW 264.7 cell lines by
TABLE 1 | Primers used for qPCR in this study.

Mouse Sense 5′-3′ Anti-sense 5′-3′

IL10 TTCTTTCAAACAAAGGACCAGC GCAACCCAAGTAACCCTTAAAG
TGFb1 CCAGATCCTGTCCAAACTAAGG CTCTTTAGCATAGTAGTCCGCT
S100A9 CACAGTTGGCAACCTTTATGAA TCATACACTCCTCAAAGCTCAG
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using High-gene Transfection reagent (Abclone, RM09014)
according to the manufacturer’s instruction. The sequences
and primers are shown in Supplementary material
(Supplementary Table S1).

Statistical Analysis
All data were presented as mean and standard deviation (mean ±
SD). GraphPad Prism 7 (GraphPad Software, USA) was used for
data analysis through analysis of variance and Dunnett’s multiple
comparisons test. P-value < 0.05 indicated significant difference.
RESULTS

S100A9 Is Associated With
Immunosuppressive Phenotype of TMs
We first tested the expression of S100A9 in the testis. We found
that S100A9 was expressed in the TMs of mouse from postnatal to
adulthood based on F4/80 and S100A9 dual immunofluorescence
localization (Figure 1 and Supplementary Figure S1).

CD68 was expressed in most TMs of rats (5) and distinguished
by CD68+CD163-(M1) and CD68+CD163+(M2). In mouse, no
definite markers are available to identify TM1 and TM2; core
macrophage markers such as CXC3R1, F4/80, CD11b, and AIF,
are expressed in most TMs in mouse (18). CD80, CD86 and
cytokines such as IL1, TNF-a are usually secreted by M1
(1, 19–22), while CD163 and CD206 were used to mark M2 in
mouse (21–24).

Thus, in the present study, we observed the change of TMs in
mouse by flow cytometry by using CD45+ (leukocyte marker),
F4/80+ (macrophage marker), CD206+ (M2 marker), and CD86+

(M1 marker). Testicular interstitial cells were collected, and the
percentage of CD45+ leukocyte, CD45+F4/80+macrophage,
CD45+F4/80+CD206+CD86- M2, and CD45+F4/80+CD206-

CD86+ M1 groups were analysed using flow cytometry
(Figure 2A and Supplementary Figure S2). We found that the
total number of leukocytes and macrophages in testis was
increased with the development of testis (Supplementary
Figure S3); the proportion of M2-TMs increased gradually
from postnatal (2 weeks) to adulthood (≥ 6 weeks) and became
stabilized at approximately 90% after the sixth week (Figure 2B).
Almost all adult testicular macrophages expressed CD206, and
most of them were M2 after 6 weeks. TMs were collected using
magnetic-activated sorting by using F4/80 magnetic beads and
the purity was identified by FCM (Figure 2C and Supplementary
Figure S4). Then, we compared the mRNA expression of S100A9
(Figure 2D) in TMs from week 2 to week 10. Notably, the change
trend of S100A9 in TMs was consistent with the increasing
trend of M2 macrophages in testis. Therefore, S100A9 may be
related to maintaining the immunosuppressive phenotype of
testicular macrophages.

S100A9 Maintains the M2 Polarization
State of Testicular Macrophages
To further clarify whether S100A9 plays a role in regulating
TMs polarization, we injected tasquinimod (S100A9 inhibitor)
Frontiers in Immunology | www.frontiersin.org 4172
and S100A9 into testis. DMSO was used as the control group.
The percentage of M1 (marked as CD45+F4/80+CD206-

CD86+) and M2 (marked as CD45+F4/80+CD206+CD86-) in
each group was detected by FCM analysis (Figure 2E and
Supplementary Figure S5). No obvious change was observed
in DMSO and S100A9 group compared with the control
group. Treatment with tasquinimod (S100A9 inhibitor)
substantially decreased the M2:TM ratio from 90.0% to
58.7%, and the M1:TM ratio increased from 1.10% to 24.5%
between the control and tasquinimod group. This result was
similar with the treatment by LY294002 (PI3K inhibitor). M2:
TM ratio decreased from 90.0% to 69.4%, and the M1:TM ratio
increased from 1.10% to 18.04% between the control and
LY294002 group. Therefore, S100A9 contributes to maintain
the immunosuppressive phenotype of TMs through the
activation of PI3K/Akt pathway.

S100A9 Treatment Promotes the
Polarization of Bone Marrow-derived
Macrophages to M2 In Vitro
We isolated and cultured mouse bone marrow-derived
macrophages (BMDMs, designated as M0) in vitro (Figure 3A)
and stimulated them with S100A9 (1 µg/ml), IL-4 (10 ng/ml,
designated as M2) and IFN-g (50 ng/ml, designated as M1) for
48 h, respectively. DMSO (0.3%) was used as the control.
Tasquinimod (10 µmol/ml, inhibitor of S100A9) was compared
with the S100A9 group. M1/M2 subpopulation in each group
was distinguished by the expression of M1 (CD45+F4/
80+CD86+) and M2 (CD45+F4/80+CD206+), as shown in
Figures 3B, C and Supplementary Figure S6. We obtained an
extremely similar trend (the ratio of M2/M1) between IL4 and
S100A9 group, and the ratio of M2/M1 was reversed with the
treatment of tasquinimod (Figure 3D). We also found that
S100A9 significantly increased the mRNA expression of IL10
and TGFb (Figures 3E, F) in the S100A9 group, and treatment
with tasquinimod significantly decreased the expression of
IL10 and TGFb, which were usually secreted by M2-type
macrophages. Thus, S100A9 stimulation promoted the
polarization of BMDMs from M0 to M2 in vitro.

S100A9 Activates the PI3K/Akt Pathway in
Raw 264.7 Macrophages
To verify whether S100A9 can activate the immunosuppression
switch of macrophages to maintain the immunosuppressive
phenotype by activating PI3K/Akt pathway, we overexpressed
and knocked down S100A9 in mouse RAW264.7 macrophage
cell line. PI3K inhibitor (LY294002) was used to inhibit the
activation of the PI3K/Akt pathway. Then, the expression
levels of S100A9, PI3K, Akt, and p-Akt in the five groups,
namely, the control, S100A9 knockdown (S100A9-KD),
S100A9 overexpression (S100A9-OE), S100A9-KD+S100A9,
and S100A9-OE+LY294002 group, were tested (Figure 4A and
Supplementary Figure S7). In comparison with the control
group, the expression of S100A9 significantly increased after
overexpression, decreased in S100A9-KD group, and then
reversed after exogenous supplementation (Figure 4B). The
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expression of PI3K showed no obvious change in each group
(Figure 4C). In comparison with the control group, the ratio of
p-Akt/Akt was significantly upregulated in the S100A9-OE
group. Treatment with LY294002 significantly attenuated the
upregulation ratio of p-AKT/Akt (Figure 4D). The ratio of p-
Akt/Akt was significantly downregulated in S100-KD group, but
the ratio then significantly increased with the supplementation of
S100A9 (Figure 4D). Hence, S100A9 overexpression activates
the PI3K/Akt pathway.
Frontiers in Immunology | www.frontiersin.org 5173
Expression of TM-Derived S100A9
Increase in UPEC-Induced Orchitis
We successfully established the mouse UPEC model according to
previous methods (17). The testes of the two groups (Figure 5A)
were mashed and smeared on a bacterial plate. Compared with the
control group, the generation of strains was visible to the naked eye
in UPEC group (Figure 5B). The TMs of mouse were collected
using F4/80 magnetic beads at the seventh day after UPEC
infection to detect the expression of S100A9 (Figure 5C). The
FIGURE 1 | S100A9 expressed in testicular macrophages of mouse from weeks 2 to 10. Double immunofluorescence staining of S100A9 and mouse macrophage
marker (F4/80) in testis from weeks 2 to 10 (scale bar: 200 and 50mm).
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FIGURE 2 | Ratio of M2 TMs and S100A9 mRNA expression increases with the development of mouse testis. (A) Gating strategy that describes CD45+F4/80+

mouse testis fraction and the distinction of M2 (CD206+CD86-) and M1 (CD206-CD86+) population, represented by Q1 and Q3 respectively (2week, n=4/group; 4-
6week, n=3/group; 8-10week, n=2/group). (B) Percentage of M2F in different age of TMs by FCM. (C) Flow chart of preparation for TMs, testes from weeks 2 to 10
were digested and interstitial cells were incubated with F4/80 magnetic beads (2week, n=8/group; 4-6week, n=6/group; 8-10week, n=4/group). TMs were obtained
by magnetic cell sorting (MACS), and the purity was verified by flow cytometry for subsequent experiment. (D) Relative mRNA expression of S100A9 at different ages
of TM (2week, n=6/group; 4-6week, n=5/group; 8-10week, n=4/group). (E) Percentage of M2F in adult mouse testis (8week, n=2/group) under physiological
conditions decreased with the treatment of S100A9 inhibitor (tasquinimod) or PI3K inhibitor (LY294002), compared with the control group. DMSO and S100A9
groups were used as control. Data represent the mean ± standard error (n=2-3). Significant differences between the two groups are indicated as *P < 0.05,
***P < 0.001; comparisons between groups using one-way ANOVA followed by Dunnett’s multiple comparisons test.
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FIGURE 3 | S100A9 treatment promotes the polarization of bone marrow-derived macrophages to M2 in vitro. (A) Mouse (6week, n=4/group) bone marrow single
cell suspension was collected through a 70mm filter, and removed red blood cells by red cell lysis solution. BMDMs (M0) were induced with mM-CSF (10 ng/ml, 6
days) in RPMI1640 medium. Further polarization was achieved by adding 50 ng/ml IFN-g (M1), 10 ng/ml IL-4 (M2), DMSO (0.3%), S100A9 (1 µg/ml) and S100A9 (1
µg/ml)+tasquinimod (10 µmol/ml) for 48 more hours. (B, C) Immunotyping was performed by flow cytometric analysis to detect live cells, macrophage surface
markers (F4/80+), M1-MF marker (CD86+), and M2-MF marker (CD206+). (D) The ratio of CD206+ and CD86+ in different groups. (E, F) Relative mRNA expression
of IL10 and TGFb in different groups. Data represent the mean ± standard error(n=3–5). *P < 0.05, ***P < 0.001. comparisons between groups using one-way
ANOVA followed by Dunnett’s multiple comparisons test.
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purity of TMs was verified by FCM (Supplementary Figure S4).
Western blot (Figures 5D, E and Supplementary Figure S8)
analysis and immunohistochemistry (Figure 5F) showed that the
expression of S100A9 in TMs was significantly increased after
UPEC infection. Double-immunofluorescence staining (Figure 5G
and Supplementary Figure S8) of F4/80 and S100A9 showed
increased expression of S100A9 in testis following UPEC infection.

Inhibition of S100A9 or Blocking
of the PI3K/Akt pathway Reduce the
Proportion of M2-TMs Following
UPEC-Induced Orchitis
Although the expression of S100A9 increased following UPEC
infection, the percentage of M1-TM (marked as CD45+F4/
80+CD86+CD206-) increased from 1.10% to 5.69%, and M2-
TM (marked as CD45+F4/80+CD206+CD86-) decreased from
90% to 80.7% (Figures 2E, 5H). To further identify S100A9
contributes to M2 polarization of TMs through the activation of
PI3K/Akt pathway, we injected tasquinimod (S100A9 inhibitor)
or LY294002 (PI3K inhibitor) individually into the mouse testis
two days after UPEC infection. On the seventh day after
Frontiers in Immunology | www.frontiersin.org 8176
infection, the percentage of M1 and M2 in each group was
detected by FCM analysis (Figure 5H and Supplementary
Figure S5). Treatment with tasquinimod further decreased the
ratio of M2-TM from 80.7% to 65.9% but increased the ratio of
M1-TM from 5.69% to 26.5% between the UPEC and UPEC +
tasquinimod group. Treatment with LY294002 (inhibitor of
PI3K) also attenuated M2-TM from 80.7% to 72.1% but
increased the ratio of M1-TM from 5.69% to 21.4% between
UPEC and UPEC+LY294002 group (Figure 5H). S100A9
inhibitor and PI3K inhibitor both decreased the ratio of M2-
TMs. Therefore, the elevated S100A9 following UPEC infection
contributed to maintain the M2 polarization of TMs through the
activation of PI3K/Akt pathway. This finding is consistent with
the phenomenon we observed in physiological conditions.
DISCUSSION

Overall, this study found a new role of S100A9 in maintaining
the immunosuppression phenotype of TMs. We elucidated
the mechanism by which S100A9 can maintain the
A B

C D

FIGURE 4 | S100A9 treatment activates PI3K/Akt pathway in Raw 264.7 macrophage cells. (A) Western blot results and quantification data of S100A9, PI3K, p-
Akt, and Akt expression in different groups. Quantification data of Western blot analysis results for the ratio of (B) S100A9/Actin, (C) PI3K/Actin, and (D) p-Akt/Akt.
Data are presented as mean ± standard error (n=2–3); *P < 0.05, **P < 0.01, ***P < 0.001; comparisons between groups using one-way ANOVA followed by
Dunnett’s multiple comparisons test.
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FIGURE 5 | S100A9 expression increased in TMs and treatment with tasquinimod or LY294002 attenuated the ratio of M2-TMs following UPEC-induced orchitis.
(A) Comparison of testis between the control and UPEC infection groups (8week, n=4/group). (B) The growth of the colonies after homogenization and plating of
testis tissues in the control and UPEC groups (n=4/group). (C) Flow chart of preparation for TMs, testes from control and UPEC group were digested and interstitial
cells were incubated with F4/80 magnetic beads (8week, n=4/group). TMs were obtained by magnetic cell sorting (MACS), and the purity was verified by flow
cytometry for subsequent experiment. (D, E) Western blot analysis results and quantification data of S100A9 expression in TMs of control and UPEC group (8week,
n=4/group). Data represent the mean ± standard error. **P < 0.01. (F) Immunohistochemistry staining result of S100A9 in the control and UPEC group testis (8week)
at the 7th day after infection. Black arrows showed the expression of S100A9 (scale bar: 200, 50 mm). (G) Double immunofluorescence staining of S100A9 and
mouse macrophage marker (F4/80) in the testis (8week) of control and UPEC group (scale bar: 200, 50 mm). (H) Flowcytometric analysis of total TMs (8week, n=2/
group) was marked as CD45+F4/80+. Percentage of M2F in testis decreased with the treatment of S100A9 inhibitor (tasquinimod) or PI3K inhibitor (LY294002),
compared with the UPEC group.
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immunosuppressive phenotype via the activation of PI3K/Akt
pathway, an immunosuppressive switch in macrophages. In
addition, elevated S100A9 following UPEC-infection
contributes to maintaining the M2-type polarization of TMs.
Our findings enriched the understanding of the immunosuppressive
phenotype of TMs and pave the way to explore the fate of
testicular inflammation.

Based on our results, S100A9 expressed in TMs of mouse. The
mRNA expression of S100A9 and the proportion of M2-TMs
gradually increased with testicular development and remained
relatively stable after spermmaturation (at 6 weeks later). Almost
all adult testicular macrophages showed M2 types under
physiological conditions, and this property may help in
maintaining the immune-privileged state of testis to ensure
that the antigens on the mature sperm surface are not attacked
by themselves. S100A9 inhibitor significantly downregulated the
proportion of M2-TMs from 90.0% to 58.7%, this confirming the
crucial role of S100A9 in maintaining the M2 polarization state
of testicular macrophages.

Bone marrow-derived macrophages induced by macrophage
colony-stimulating factor were usually used for in vitro studies of
macrophage polarization because of its unchanged original
“activation” status of macrophages (25). We found that
S100A9 promoted the polarization of bone-marrow-derived
macrophages from M0 to M2 in vitro and increased the
mRNA expression of IL-10 and TGFb. This result is consistent
with the findings in myelodysplastic syndromes (MDS) (26), in
which S100A9 lead abnormal increase of myeloid-derived
suppressor cells and suppressive cytokines IL-10 and TGF-b
Frontiers in Immunology | www.frontiersin.org 10178
and finally contributed to immunosuppression, inflammation,
and cancer. This result also explains why testicular macrophages
secreted a large amount of IL-10 during inflammation stimuli
and showed an immunosuppression phenotype (7).

Considering the inability of primary testicular macrophages
proliferation in vitro, we overexpressed and knockdown S100A9
in Raw 264.7 macrophage cell line and confirmed that S100A9-
OE activates the immunosuppressive switch of macrophages
through the activation of PI3K/Akt pathway. Finally, we
validated this phenomenon by inhibiting S100A9 and PI3K
pathways in UPEC-induced orchitis. The elevated S100A9 in
orchitis helps in maintaining the M2 polarization of TMs and
attenuated the ratio of M1, which usually represent the ability of
macrophages to resist bacteria. Similarly, the inhibition of
S100A9 or PI3K pathways reduced the M2 ratio of TMs in
control and UPEC group. Our results are consistent with the
results of a study about fetal cord blood-derived macrophages.
The high level of S100A9 in fetal cord blood altered the
phenotype of fetal cord blood macrophages by preventing m-
TOR expression and inhibiting glycolysis (11). Therefore, an
attenuated response to inflammatory stimuli was observed.
Rapid glycolysis is a characteristic of M1 macrophages. m-
TOR, as a key sensor of nutrient status, is the downstream
signal of the PI3K/Akt pathway, and is inhibited by activating the
PI3K/Akt axis (12). Moreover, the phenotype of colonic lamina
propria macrophages in S100A9-/- mice was altered, and the level
of IL10 and TGF-b secreted by M2 macrophages decreased; the
number of CX3CR1 protein (macrophage marker) was also
decreased (10), which is consistent with our results. Overall,
FIGURE 6 | S100A9 mechanism. S100A9 contributed to maintain the M2 polarization of testicular macrophages through the activation of PI3K/Akt pathway under
physiological condition. During inflammation, the elevated S100A9 weakened the polarization of testicular macrophages from M2 to M1.
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our results revealed a new role of S100A9 in maintaining the
immune suppression phenotype of TMs.

Besides, S100A9 contributes to maintain the polarization of
M2 TMs, which may impair their ability to resist bacterial in the
early stage of infection, but it may also promote the
transformation of acute inflammation to chronic (2) and
accelerate the repair of tissues in the late stage of infection. In
human orchitis, persistent chronic inflammatory response
following acute orchitis is often accompanied by a large
number of immune cell infiltration in testis and severe fibrosis
around seminiferous tubules (27). Among infertile men with
genital tract infection, up to 25% of infertile men experience local
inflammatory reaction and immune cell infiltration by testicular
biopsies (28). The positive effect of targeting S100A9 has been
observed in many chronic inflammatory diseases with abnormal
tissue repair, such as pulmonary fibrosis (29), renal fibrosis (30),
atherogenesis (31), and systemic sclerosis phenotype (32).
Whether S100A9 mediates testicular inflammation during
the long recovery process following acute infection needs
further study.

In conclusion, our study reveals a previously unrecognized
function of S100A9 in TMs, in which it maintains the immune
suppression phenotype of TMs via the activation of the
PI3K/Akt pathway for a better understanding of the special
immunosuppressive function of TMs (Figure 6). In orchitis,
elevated S100A9 contributes in maintaining the M2 polarization
of TMs, which partly explain the immunosuppressive phenotype
of TMs to bacterial stimulation. Whether S100A9 can affect the
inflammatory outcome in testis and promote tissue repair by
affecting the polarization of macrophages to M2 worth
further study.
Frontiers in Immunology | www.frontiersin.org 11179
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of Virginia, Charlottesville, VA, United States, 3 Bierne B. Carter Center for Immunology Research, University of Virginia,
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Continuous exposure of tissue antigen (Ag) to the autoantigen-specific regulatory T cells
(Treg) is required to maintain Treg-dependent systemic tolerance. Thus, testis
autoantigens, previously considered as sequestered, may not be protected by systemic
tolerance. We now document that the complete testis antigen sequestration is not valid.
The haploid sperm Ag lactate dehydrogenase 3 (LDH3) is continuously exposed and not
sequestered. It enters the residual body (RB) to egress from the seminiferous tubules and
interact with circulating antibody (Ab). Some LDH3 also remains inside the sperm
cytoplasmic droplets (CD). Treg-depletion in the DEREG mice that express diphtheria
toxin receptor on the Foxp3 promoter results in spontaneous experimental autoimmune
orchitis (EAO) and Ab to LDH3. Unlike the wild-type male mice, mice deficient in LDH3
(wild-type female or LDH3 NULL males) respond vigorously to LDH3 immunization.
However, partial Treg depletion elevated the wild-type male LDH3 responses to the
level of normal females. In contrast to LDH3, zonadhesin (ZAN) in the sperm acrosome
displays properties of a sequestered Ag. However, when ZAN and other sperm Ag are
exposed by vasectomy, they rapidly induce testis Ag-specific tolerance, which is
terminated by partial Treg-depletion, leading to bilateral EAO and ZAN Ab response.
We conclude that some testis/sperm Ag are normally exposed because of the unique
testicular anatomy and physiology. The exposed Ag: 1) maintain normal Treg-dependent
systemic tolerance, and 2) are pathogenic and serve as target Ag to initiate EAO.
Unexpectedly, the sequestered Ags, normally non-tolerogenic, can orchestrate de novo
Treg-dependent, systemic tolerance when exposed in vasectomy.

Keywords: testis autoantigens and autoantibodies, exposed and sequestered testis autoantigens, the residual
bodies and cytoplasmic droplets, experimental and human autoimmune orchitis, post-vasectomy tolerance versus
orchitis, Foxp3+ regulatory T cells and systemic tolerance
org May 2022 | Volume 13 | Article 8092471181

https://www.frontiersin.org/articles/10.3389/fimmu.2022.809247/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.809247/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.809247/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.809247/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:kst7k@virginia.edu
https://doi.org/10.3389/fimmu.2022.809247
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.809247
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.809247&domain=pdf&date_stamp=2022-05-26


Harakal et al. Treg Protects Exposed Sperm Antigens
1 INTRODUCTION

Inbred mice thymectomized between day 1 and day 5 (d3tx) after
birth spontaneously develop autoimmune disease in the ovary,
prostate, stomach, testis and/or lacrimal gland (1). All the
diseases are preventable by the early implantation of lymphoid
organs from normal syngeneic donors (1–3). This seminal
observation led to discovery of the CD4+ Foxp3+ CD25+
regulatory T cells (Treg) crucial for organ-specific autoimmune
disease prevention (4–6). Peripheral Tregs may develop
“naturally” in the thymus (nTregs), or may have converted
from Foxp3-negative “conventional” CD4+ T cells in the
periphery (pTregs) (7). The CD4+ nTregs develop in response
to tissue auto-peptides expressed in the thymic medulla – a
process controlled by unique Ag presenting dendritic cells (8),
the transcription regulator AIRE (9), the transcription factor
Fezf2 (10), and the chromatin remodeler Chd4 (11). Relevant to
this review are 1) the idiopathic male infertility that occurs in
autoimmune polyendocrinopathy syndrome 1 with or without
AIRE mutation (12, 13), 2) the orchitis detectable in the Fezf2
NULL mice (10), 3) the Tregs that develop in the periphery in
response to self or foreign peptides presented by tolerogenic Ag
presenting cells in appropriate cytokine environment (14–16),
and 4) autoimmune sequel of human vasectomy.

Tregs control T effector cell responses in the regional lymph
node (LN) of the target organ and prevent autoimmune disease
(17). There is enrichment of Treg function in the normal regional
LN for prevention of disease in the target organ. Whereas 0.5
million Tregs pooled from all LNs of normal mice are required to
adoptively suppress autoimmune ovarian disease in d3tx mice,
only 30,000 Tregs from the ovary-draining LN are sufficient (17).
This finding applies equally to the Tregs in LN draining the
prostate and lacrimal glands (18). The enrichment of disease-
specific Treg in regional LN requires continuous exposure to
relevant Ag from the target organ. For instance, ablation of
prostate Ag by neonatal orchiectomy deprives prostate-specific
Treg enrichment in the prostate-draining LN without affecting
Treg enrichment in LN draining the lacrimal gland. Indeed, Treg
enrichment in the prostate-draining LN can be quickly restored
in the orchiectomized mice when prostate Ag are re-expressed
upon testosterone treatment (18–21). These findings, initially
conducted using polyclonal Tregs, have been confirmed and
extended by studies using Ag-specific Tregs (21, 22). Therefore,
Ag accessibility, controlled at the level of the target organs can
influence systemic tolerance initiated in the thymus (23–25). In
this context, the sperm Ag in the normal testis has long been
considered unique in that they are all sequestered from the
immune system and are beyond regulation by systemic tolerance.

The Ag relevant to experimental autoimmune orchitis (EAO)
are expressed in post-meiotic germ cells inside the seminiferous
tubules (SFT). They are separated from the interstitial space by
the blood-testis barrier (BTB) provided by the Sertoli cells with
their basal and apical tight junctions (26). Rodent sperm Ag
appear at about 2 weeks after birth (27). Thereafter, a large
quantity of numerous novel testis-specific antigens are
synthesized and expressed in the meiotic germ cells (28).
Murine spermatogenesis occurs in 12 stages along the length of
Frontiers in Immunology | www.frontiersin.org 2182
an adult seminiferous tubule, each defined by unique
composition and arrangement of the germ cells (29). However,
the first wave of spermatogenesis initiated at puberty is
synchronous for all tubules (30). After they differentiated from
the haploid spermatids, sperm released into the seminiferous
tubular lumen would traverse the straight tubules, the rete testis,
the ductus efferentes, and enter the caput epididymis. Further
transit through the epididymis body and tail complete sperm
maturity (28). This paradigm of testis biology has led to the
concept that sperm Ag of late ontogeny are sequestered in a
completely closed epithelial environment; they do not
communicate with the immune system including with Tregs,
and are unable to maintain “neonatal” tolerance (28, 31–33).
Accordingly, local Ag independent mechanisms (or local
immune privilege), operating in the testis and epididymal
interstitial spaces, are essential for immune protection of
testicular Ag. The idea of Ag sequestration was also a rationale
behind the application of highly immunogenic cancer/testis Ag
(CTA) as cancer vaccine candidates (34). However, sperm Ag
sequestration, the lack of systemic tolerance, and the natural
hyper-immunogenicity of CTA are not evidence-based.

Several studies have argued against the complete sequestration of
sperm Ag. First, mice immunized with testis homogenate in
incomplete Freund’s adjuvant do not develop EAO but they
produce Ab that react with the diploid preleptotene spermatocytes
located outside the BTB, indicating that germ cells outside the BTB
are immunogenic (23, 35). Second, d3tx mice develop autoimmune
orchitis and epididymitis, and the disease is prevented by infusion
of T cells fromnormal syngeneic donors. This suggests the existence
of testis-specific Treg (36). Third, the preferential accumulation of
inflammatory cells at the straight tubule in adoptive EAO transfer
(37), is likely due to reducedmechanical barrier in this location (38).
Nonetheless, a long-standing question remained. How do testis-
specific T cells receive their tolerogenic Ag signal, and how do
effector T cells and Ab engage their target sperm Ag in the testis to
initiate EAO if the Ag are completely sequestered?

The first definitive evidence against complete sperm Ag
sequestration was obtained in a study that documented
continuous sperm Ag egress from normal SFT and the protection
of the exposed Ag by Treg-dependent systemic tolerance (25).
Herein, we review the published experiments, including the
mechanism of Ag egress and systemic tolerance controlled by
the Tregs. We also document that some other sperm Ag, which
lack the properties of the exposed spermAg, are indeed sequestered.
We first encountered the sequestered sperm Ag in 2011 when we
investigated mice with unilateral vasectomy (Uni-Vx) (39). We
were puzzled by the absence of the anticipated post-vasectomy
robustAbresponse to sperm. Instead,we found rapid inductionAg-
specific Tregs against ZAN, an acrosomal sperm Ag subsequently
confirmed to be sequestered (25, 39, 40).
2 FINDINGS

We present our results in two parts. Part 1 will summarize our
published studies on the responses to three individual sperm Ag
in normal mice (25). Part 2 will describe the findings from our
May 2022 | Volume 13 | Article 809247
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earlier research on the Uni-Vx mice, which, in retrospect, is
highly pertinent to our findings in Part 1 (39, 40).

2.1 Part 1: Accessibility and Immunological
Studies on Meiotic Germ Cell Antigens
Located in Seminiferous Tubules of
Normal Mice
2.1.1 Detection of LDH3 and Transgenic Ovalbumin
Egress From the SFT to Interstitial Space
Lactate dehydrogenase 3 (LDH3) is a cytoplasmic Ag of meiotic
germcells located inside normal ST. LDH3first appears at postnatal
week 2. To detect LDH3 egress from the SFT, we injected rabbit Ab
against mouse LDH3 intravenously into normal 8 week-old male
mice (27). Twelve hours later, we detected immune complexes as
granular deposits of rabbit IgG inmice injectedwithLDH3Ab. The
immune complexeswere localized outside theBTBand surrounded
20% of the SFT (25). To support the LDH3 specificity of the
immune complexes, we did not detect them in the Ldh3 null mice
injected with LDH3Ab or in wildtype (WT)mice injected with Ab
against ovalbumin (OVA). In addition, immune complexes were
not detected beyond the testis, including the caput, corpus, and
cauda epididymis.

We also investigated the sperm Ag zonadhesin (ZAN),
located in the inner acrosomal membrane (41). In contrast to
LDH3, we did not detect evidence of egress of ZAN, a sperm
acrosomal Ag. Therefore, both LDH3 and ZAN exist in the SFT
behind the BTB, but only LDH3 egresses from the SFT. While
the Sertoli cells and the BTB may prevent the entrance of
macromolecules into the SFT lumen (42), they do not inhibit
the egress of all sperm Ag into the interstitial space.

2.1.2 LDH3 and Transgenic Ovalbumin Egress
From the Seminiferous Tubule as Contents
of the Residual Body
Following LDH3 Ab injection, immune complex formation is
dependent on the age of the mice; they are detected in 5 week-old
mice but not in mice at the ages of 3, 4, or 4.5 weeks. The onset at 5
weeks coincides with the onset of spermiation, a process wherein
elongatedhaploid spermatids transform into sperm in thefirstwave
of synchronous spermatogenesis (30). At spermiation, the
redundant cytoplasm and plasma membrane from the late
spermatid are packaged into: 1) a large residual body (RB)
retained in the SFT, and 2) a smaller cytoplasmic droplet (CD)
that remains attached to the sperm until they leave the caput
epididymis (25, 43, 44). To investigate the hypothesis that LDH3
is exported as the content of the RB, we utilized mice expressing
transgenic OVA on the protamine 1 promoter (the OVA-Hi), at 10
mg of extractable OVA per gram of testis, as a surrogate sperm-
specific cytoplasmicAg in elongated spermatid and sperm (25).We
also utilized the Scleraxis-GFP mice with Sertoli cell-specific
fluorescence (25) as well as Ab to the testis isoform of
angiotensin-converting enzyme as a RB marker (45).

We detected LDH3 in the RB of normal WT mouse testis by
indirect immunofluorescence. Intense staining of OVA was also
noted in the RB of the OVA-Hi mice that co-localizes with
LDH3. Detection was maximal at stage IX of the spermatogenic
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cycle (25). Some RB, engulfed by Sertoli cells, appears as dual-
fluorescence labeled star-shaped objects. However, some RB
retains their normally round shape and are distributed from
the apex to the base of the SFT epithelium. Importantly, these RB
stain positively for OVA and LDH3 and have no Scleraxis-GFP
co-stain (not shown). Thus, they are located outside the Sertoli
cell cytoplasm. In addition, strong OVA staining appears inside
the basal cytoplasm of the Sertoli cells, as droplets in the adjacent
interstitial space in OVA-Hi mice, and inside interstitial
macrophages. To show OVA egress from the SFT, we
intravenously injected OVA-Hi mice with OVA Ab. This led
to immune complex formation on the surface of SFT outside the
BTB, some inside the interstitial F4/80+ macrophages.

Therefore, not all RB are engulfed and destroyed by the Sertoli
cells. Some RB located outside the Sertoli cells remain intact until
they reach the base of the Sertoli cells. At that location, spermatid
Ag appears to be transported into the interstitial space via the
basal Sertoli cell cytoplasm. These findings are consistent with an
electronic microscopic study of labeled rat RB by Xiao et al. (46).
After sperm are released at stage IX, the RB were described to
move rapidly to the edge of the SFT, change into lipid inclusions
and lipid particles, and were discharged into interstitial space.
However, the definitive movement of sperm Ag from Sertoli cell
to the interstitial space requires more detailed investigation.

The differential sequestration status between LDH3 and ZAN is
confirmed recently based on proteomic and mass spectroscopic
analyses of the testis interstitial fluids and serum proteins (47). The
authors proposed two hypothetical mechanisms for meiotic Ag
egress from the ST. One is via the RB at stage IX of the
spermatogenic cycle (25) and the second to occur earlier, at
spermatogenic cycle stages VI and VII prior to RB formation.

2.1.3 Immunological Evidence for: A) Exposed
Status of LDH3 and Transgenic OVA, B) Tregs as
Their Tolerance Mechanism, and C) Sequestered
Status of ZAN
First, we detected differences in the immunogenicity of LDH3
and ZAN between Ag-positive mice and Ag-negative mice (23,
25). WT male C57BL/6 mice immunized with testis homogenate
in adjuvant do not produce Ab to LDH3. In contrast, robust
LDH3 Ab responses are elicited in both LDH3-deficient Ldh3
null male C57BL/6 mice and female WT C57BL/6 mice.
Importantly, the treatment of the LDH3-immunized WT male
mice with CD25 Ab (PC61), which depletes ~60% of Tregs for 5
weeks (39), enhanced their LDH3 Ab levels to the level of the
immunized-WT female mice. By comparison, male and female
WT mice immunized with testis homogenate produce
comparable and strong ZAN Ab responses and the male
response to ZAN was unaffected by Treg depletion by CD25
Ab. These results indicated that WTmale mice are tolerant to the
exposed LDH3 and their Tregs maintain the unresponsive state
to LDH3. In contrast, male C56BL/6 mice are not tolerant to the
sequestered ZAN Ag.

Second, Treg depletion alone (without Ag immunization)
resulted in spontaneous EAO and Ab against LDH3 but not
against ZAN. Injection of diphtheria toxin depletes 95% of Tregs
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from the LN and spleen of male B6AF1-DEREG mice that
express transgenic diphtheria toxin receptor on Foxp3-positive
Tregs (48). After 3 diphtheria toxin injections, 40% of the mice
spontaneously develop EAO. The severe testis pathology
includes: 1) increase in interstitial accumulation of
macrophages with the M1 phenotype, a concomitant reduction
in the M2 macrophages and macrophage invasion into the ST; 2)
focal peri-tubular immune complexes composed of IgG2 and
complement component C3 in 70% of mice; 3) molecular,
functional, and ultrastructural evidence of a defective BTB, 4)
reduction in spermatogenesis, epididymal sperm content, and
testis weight. Because the immunopathology and the LDH3 Ab
response in the Treg-depleted DEREG mice are preventable by
reconstitution of Tregs from normal WT mice, Treg depletion
must be responsible for the LDH3 Ab response and the
autoimmune orchitis pathology. Most likely, when Tregs are
depleted, the altered innate functional properties of the Ag
presenting cells (49) allows the exposed testis Ag, including
LDH3, to stimulate pathogenic autoimmune T cell response.

Third, we compared the immune response to OVA between
the OVA-Hi mice and OVA-Lo mice that express 40-fold lower
level of transgenic OVA in the elongated spermatid (25). The
OVA-Hi mice immunized with OVA in adjuvant do not respond
to OVA. In contrast, similarly immunized OVA-Lo mice mount a
strong Ab and T cell responses to OVA and its T cell epitope and
develop severe EAO. Moreover, T cells from their regional LN of
the injection site adoptively transfer EAO to OVA-Hi or OVA-Lo
recipients but not to the WT BALB/c recipients. Compared with
the OVA-Hi mice, only a trace amount of rabbit IgG is detected in
<5% of the SFT of OVA-Lo mice injected with rabbit Ab to OVA.
The results indicate that although OVA-Lo mice do not expose
sufficient OVA tomaintain tolerance to OVA, the amount of OVA
that egresses from the SFT is sufficient to be presented as target Ag
for the effector T cells and Ab to initiate EAO. This finding
indicates that the quantity of available target Ag expression also
influences Treg-dependent tolerance versus autoimmunity (50). It
also indicates that different mechanisms of EAO pathogenesis are
responsible for disease induced by high versus low tissue
expression or accessibility.
2.2 Part II: Unilateral Vasectomy Exposes
Epididymal Sperm Ag and Causes Rapid
Emergence of ZAN-Specific Tregs and
Testis-Specific Tolerance
Because ZAN has the properties of a foreign Ag, we expected it to
stimulate a robust Ab response when it becomes exposed. In
2011 and 2013, we tested this hypothesis in WT mice subjected
to Uni-Vx, in which the intact contralateral gonad monitors the
systemic responses to sperm release in the ipsilateral epididymis.
The result from this unintentional study was unexpected.

Epithelial cell apoptosis and desquamation occur in the
epididymis within 24 hours after Uni-Vx and sperm are extruded
into the interstitial space. To our surprise, the Uni-Vxmice did not
have detectable testis Ag-specific or ZAN-specific immune
responses for the next 3-4 months (39, 40). This is not because
the mice are unresponsive to ZAN. Instead, a response to ZAN
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emerges only when their Tregs were partially depleted. We
confirmed this by two approaches. First, Treg depletion by CD25
monoclonal Ab at the time of Uni-Vx led to a spontaneous Ab to
ZAN, CD4 T cell responses to ZAN peptide, and severe bilateral
autoimmune orchitis transferable by regional LN CD4 T cells.
Second, mice with Uni-Vx alone developed testis Ag-specific
tolerance; specifically, the Uni-Vx mice no longer develop EAO
when immunized with testis Ag and adjuvants although they
developed experimental autoimmune encephalomyelitis when
immunized with brain Ag. Importantly, the tolerance state to the
testis Ag also depends on Tregs and is preventable by CD25
monoclonal Ab treatment. These findings on ZAN indicate that
even sequestered testis Ag, when exposed, can lead to de novo testis
Ag-specific Treg responses that tempers an excessive immune
response against the sequestered self-Ag, as seen in tissue injury
and testis infections.

The ZAN-specific Tregs emerge rapidly following uni-Vx.
When Treg depletion is delayed for 7 days from the time of Uni-
Vx (day 0), the Treg-dependent tolerance against ZAN is no longer
reversible (40). The ZAN-specific Tregs most likely represents
iTregs since normal mice have no detectable Treg-dependent
tolerance to ZAN. In addition, we showed that the Treg induction
in uni-Vx is affected in mice with genetic deficiency in PD1 ligand
and not in PD1, a finding consistent with the involvement of iTregs
in post-transplantation tolerance (51). Interestingly, the Treg-
depleted uni-Vx mice produced Ab responses against ZAN but
not LDH3, suggesting that sufficient nTregs maintain tolerance to
LDH3 despite CD25 monoclonal Ab treatment.

The ZAN-specific tolerance after Uni-Vx is long lasting.
Compared to age-matched control mice, the Uni-Vx mice
showed resistance to testis Ag induction of sperm Ab and
EAO up to 12–16 months (40). However, at 4-5 months after
Uni-Vx, low levels of serum ZAN Ab emerge, and the Ab titers
amongst individual mice fluctuate over time. We interpret the
findings to indicate a gradual decline in Treg control, followed by
an imbalance between the Treg and effector T cell responses. The
imbalance may be triggered by tissue pathology occurring in the
ipsilateral testis and epididymis due to mechanical obstruction of
vasectomy. They include severe fibrosis in the epididymis and
reduction in spermatogenesis confined to the vasectomized testis
(40). In view of these new findings, it is important to further
investigate the immune sequelae of clinical vasectomy, a health
issue of national and international importance. Moreover,
infertility often occurs after vasectomy reversal despite the
return of adequate sperm counts (52).
3 SUMMARY AND CONCLUSIONS

We have reviewed the supporting evidence that Ag in the normal
testis, relevant to testicular autoimmunity, are not completely
sequestered. In Figure 1, we illustrate the anatomy of normal
mouse testis and the pathways by which Ags in haploid germ cells
located behind the BTB can egress from the SFT as contents of the
RB. The process appears to involve an undefined exocytosis
pathway of the basal Sertoli cells. The exposed testis Ag is
presented to Ag-specific Tregs in sufficient quantity to maintain
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physiological tolerance in normal mice. However, in individuals
destined to develop testicular autoimmune disease, the exposed
testis Ag can become the immunogen, trigger a pathogenic
autoimmune response, and maintain the pathogenic process of
EAO (24). EAO can result from a multitude of genetic and
environmental factors (53–55), including loss of Treg function,
conversion of Treg to effector T cells, response to foreign Ags via
molecular mimicry (56), and disruption of local regulation (57).

The process of meiotic Ag egress in the SFT also highlights
the process of molecular recycling in spermatogenesis that
involves the Sertoli cells. In addition to the re-utilization of RB
contents in spermatogenesis and spermiogenesis, the apical-to-
basal directional movement of macromolecules in the normal
SFT epithelium is also documented for the re-utilization of iron
in spermatogenesis, and for the recycling of tight junctional
molecules in BTB biosynthesis (58–61)

In contrast to the exposed testis Ag, some testicular Ag are
normally sequestered behind the BTB. They are normally non-
tolerogenic and are not protected by the nTreg. However, when
they become exposed, as demonstrated by vasectomy, the
normally sequestered Ag can rapidly elicit iTreg that prevent
or temper concomitant autoimmune responses against them.
Remarkably, the Ag-specific iTreg response is strong enough to
maintain tolerance for many months after vasectomy. It is
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possible that when the sequestered sperm Ag are exposed by
bacterial or viral infections, or other types of injuries, they too
can induce an iTreg-dependent mechanism for protection (16).
Study on the Uni-Vx mice also reveals that major complications
of vasectomy result from simple vas obstruction rather than
systemic immune mechanism (40).

Our work emphasizes the importance of the Treg-dependent
systemic immune protection ofmale germ cell Ags. It compliments
the extensive research on local regulation in the testis, but by no
means minimize the importance of local regulation. However, the
findings of Treg-depleted DEREG mice indicate that loss of Treg
alone can be sufficient to cause EAO. Future research will focus on
how the systemic mechanism and local mechanisms are
complimentary and function in concert.
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FIGURE 1 | A Landscape of Cellular Antigens in Testicular, Epididymal and Regiona Lymph Node (LN) Compartments. (A) The blood-testis barrier (BTB) divides normal
testis into the seminiferous tubule and the interstitial compartment. The Ag of the interstitial space, located outside the BTB, including the Leydig cells (empty blue circles),
spermatogonia, and preleptotene spermatocytes (not shown) are likely to be exposed. Seminiferous tubule contains all the unique Ag in meiotic germ cells (diamonds).
Unexpectedly, some meiotic germ cell antigens (yellow diamonds) continuously egress into interstitial space and reach the regional LN via the afferent lymphatic, while
other antigens are sequestered (green diamonds). (B) A cartoon showing the location and fate of male germ cell development adjacent to two Sertoli cells (with green
cytoplasm). Spermatogonia (1) traverse the BTB to become spermatocytes (2 and 3), and early spermatids (4) that develops acrosome (in green), cytoplasm (in yellow),
nucleus and tail (in red). Spermiation occurs when late spermatid (5) becomes sperm (9). Some meiotic germ cell cytoplasm becomes the residual body (RB) (6) while
others become the cytoplasmic droplet (CD) that attaches to the sperm (8). Most RB are engulfed and destroyed by Sertoli cell (7). However, some RB stay outside the
Sertoli cells until reaching their base, and enter the interstitial space. Systemic Treg-dependent tolerance mechanism protects the meiotic cell antigens in RB and CD
(example: LDH3). The sequestered meiotic germ cell antigens (example: ZAN in sperm acrosome) are not protected by systemic tolerance in normal mice. (C) The CDs
(yellow spheres), initially attached to the sperm in the caput epididymis, soon disappear and are undetectable in the body epididymis. A question (in red): Do the exit of
CD Ag in epididymis represent an additional pathway of sperm Ag egress?
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