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Regulatory T cells play a crucial role in maintaining
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Regulatory T cells (Tregs) modulate tissue homeostatic processes and immune responses.
Understanding tissue-Treg biology will contribute to developing precision-targeting
treatment strategies. Here, we show that Tregs maintain the tolerogenic state of the
testis and epididymis, where sperm are produced and mature. We found that Treg
depletion induces severe autoimmune orchitis and epididymitis, manifested by an exac-
erbated immune cell infiltration [CD4 T cells, monocytes, and mononuclear phagocytes
(MPs)] and the development of antisperm antibodies (ASA). In Treg-depleted mice,
MPs increased projections toward the epididymal lumen as well as invading the lumen.
ASA-bound sperm enhance sperm agglutination and might facilitate sperm phagocytosis.
Tolerance breakdown impaired epididymal epithelial function and altered extracellular
vesicle cargo, both of which play crucial roles in the acquisition of sperm fertilizing
ability and subsequent embryo development. The affected mice had reduced sperm
number and motility and severe fertility defects. Deciphering these immunoregulatory
mechanisms may help to design new strategies to treat male infertility, as well as to
identify potential targets for immunocontraception.
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Immune tolerance is a process that allows an individual to be repeatedly exposed to the
same antigen without evoking an aggressive immune response (1-4). Sperm populate the
reproductive tract at puberty, long after the establishment of systemic immune tolerance;
therefore, male reproductive function relies on tolerance mechanisms to the onslaught of
sperm antigens, similar in principle to the mechanisms that control tolerance to food
antigens and commensal bacteria in the digestive tract.

Infertility affects ~17% of couples worldwide, and male factors are involved in ~50%
of these cases (5, 6), half of which are classified as idiopathic (7), highlighting our poor
knowledge of male reproductive physiology. A critical, but understudied, aspect of male
health is the close interaction between the reproductive and immune systems in the
epididymal environment. After leaving the testis, sperms acquire motility and potential
for fertilization during their transit through the epididymis (8, 9). The ability of this organ
to prevent autoimmune responses against antigenic spermatozoa, while initiating immune
defense against pathogens, is one of the most intriguing aspects of male reproductive
biology. Thus, a finely tuned balance between sperm tolerance and immune defense is
required to maintain epididymal function while protecting sperm against stressors.
Breakdown of the homeostasis between the epididymal mucosa and sperm might be
responsible for a significant proportion of male infertility cases (10~14). The extraordinary
organization of epididymal epithelial cells and immunocytes may contribute to the estab-
lishment of a milieu that maintains the epididymal “immune-privileged” environment.

Maintaining peripheral tolerance to sperm in the epididymis is crucial to avoid the
development of autoimmune reactions such as the production of antisperm antibodies
(ASA), which cause infertility (15-18). Vasectomy is a worldwide male contraceptive
approach, and over 50% of vasectomized men develop ASA (19-22). However, the mech-
anism of the postvasectomy autoimmune-associated response isn’t well characterized.
Immune tolerance involves the differentiation of naive CD4" T cells (T lymphocytes) into
a subpopulation of regulatory T cells (Tregs), characterized by the expression of the tran-
scriptional regulator forkhead box P3 (Foxp3) (2, 23). Tregs have been characterized in
several nonlymphoid organs and mucosal tissue sites (3, 4). Given the canonical roles of
Tregs as immune response regulators, as well as their location-specific functions, an increas-
ing body of research demonstrates that Treg populations in mucosal tissues are crucial in
both homeostasis and disease (4). It was reported that, after vasectomy, sperm tolerance
depends on the interaction of exposed sperm antigens, which are released into the epididy-
mal interstitium, with Tregs (22). Moreover, the loss of tolerance is a likely cause of
autoimmune infertility. Autoimmune polyendocrine disease type I (APS-I), which is
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caused by mutations in the autoimmune regulator (AIRE) gene
(24) and is associated with impaired Treg function, induces auto-
immune orchitis and infertility (25, 26). Mice with a deletion of
the Aire gene presented normal testicular function, but ASA were
detected; the epididymal interstitial tissue contained leukocytic
infiltration, and male fertility was reduced (27, 28). In addition,
after 8 wk of Treg depletion, severe autoimmune orchitis was
observed, characterized by testicular and epididymal tubular atro-
phy (19). However, that study focused on testicular damage over
the long term after Treg ablation, and the epididymal phenotype
was not fully characterized.

Additionally, certain autoimmune diseases, such as lupus ery-
thematosus, rheumatoid arthritis, Type I diabetes, or various types
of systemic vasculitis, including Behcet’s disease, which affect the
blood vessels of the testis and/or epididymis, increase the risk of
male infertility. This is attributed to the detrimental effects of local
inflammation in the male reproductive tract, ultimately leading
to impaired fertility (29-31). Moreover, autoimmune diseases that
involve hormone dysregulation could also affect male fertility, such
as the autoimmune Hashimoto's thyroiditis (29).

In the current study, we show that disruption of the mecha-
nisms driving immune tolerance unleashes pro-inflammatory
responses in the epididymis, characterized by severe infiltration of
subsets of mononuclear phagocytes (MPs), monocytes, and neu-
trophils, and the production of ASA. The autoimmune epididymi-
tis induced low epididymal sperm counts, impaired sperm motility,
low fertilization rates, and altered extracellular vesicle (EV) cargo,
ultimately resulting in a severe male subfertility phenotype. Thus
far, our results show that Tregs play a key role in maintaining a
tolerogenic environment that protects sperm during their transit
and storage in the epididymis.

Results

Regulatory T Cells (Tregs) in wild-type (WT) Murine Testis and
Epididymis. We first evaluated the abundance of Tregs
(Foxp3"CD4'CD45", Fig. 14) in the epididymis of WT mice
at different ages (4-, 6-, 8-, 12-, and 20-wk-old mice) by flow
cytometry (Fig. 1 B, i and 7). We observed a decline in the Treg
abundance related to aging (from 4- to 20-wk-old WT mice).
This age-related reduction was much more pronounced in the
distal epididymis. Importantly, spermatozoa start populating the
epididymis at 4 to 6 postnatal wk. In the distal epididymis, but not
in the proximal regions, we revealed a decrease of total immune
cells (CD45" cells) related to aging (SI Appendix, Fig. S1 A,
i and ii), while no significant changes in the CD4" T lymphocyte
abundance were observed in either the proximal or distal
epididymis (87 Appendix, Fig. S1 B, i and ii). In the testis of WT
mice, the Treg population was numerically similar to that seen in
the proximal epididymis, without significant differences over time
(Fig. 1 B, iii). We revealed a decrease of total immune cells (CD45"
cells) related to aging (S Appendix, Fig. S1 4, iii), together with an
age-dependent increase (from 6- to 20-wk-old mice) in the CD4"
T lymphocyte abundance in the testis (S/ Appendix, Fig. S1 B,
iii). Instead, in the spleen, we observed that while the abundance
of Tregs increases (Fig. 1 B, iv) with aging, the amount of CD4
T cells decreases (SI Appendix, Fig. S1 B, iv). No changes in the
abundance of CD45" were observed in the spleen (S7 Appendix,
Fig. S1 A, iv). Moreover, in the epididymis of old mice (20-wk-old
mice), we detected a decreased abundance of CD69 Foxp3"CD4"
cells (Fig. 1C), indicating a reduction of epididymal Treg function.
Furthermore, we found that Tregs populate the interstitium of all
epididymal segments and are near a subset of MPs (MHCII" cells)
and clear cells (CCs, B1 V-ATPase” cells) (Fig. 1D).
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Breakdown of Immune Tolerance. Using transgenic mice that
express the diphtheria toxin (DT) receptor (DTR) under the
control of the Foxp3 promoter (Foxp3-DTR mice), we were
able to disrupt tolerance by ablation of Tregs using a DT-
based depletion (Fig. 24). Our data showed that 3 d after DT
injections, there was a reduction in the relative abundance of
Tregs in the proximal and distal epididymides and in the testis
of Foxp3-DTR mice (Fig. 2B). The reduction in Tregs caused
an early infiltration of monocytes (Ly6C'Ly6G CD11b*"CD45%;
Fig. 2C) and CD4" T cells (CD4'CD45% Fig. 2D) in the
proximal and distal epididymal segments and testis of DT-
injected Foxp3-DTR mice. This early immune response did
not result in an overall infiltration of other immune cells,
such as CD45" cells, neutrophils (Ly6G'CD11b"'CD45"),
MHCII® MPs (MHCII'CD11b"CD45"%), and F4/80" MPs
(F4/80'Ly6G Ly6C CD11b"CD45") in the epididymis and testis
of DT-injected Foxp3-DTR mice, compared to DT-injected WT
mice (S Appendix, Fig. S2).

Treg Depletion Resulted in Exacerbated Immune Cell Infiltration
in the Epididymis. Two weeks after DT treatment, the reduction
in the relative abundance of Tregs was maintained in the distal
epididymis of Foxp3-DTR mice (Fig. 3 A and B), and the
epididymal inflammation became more pronounced in both the
proximal and distal regions. Flow cytometry analyses showed
a widespread infiltration of CD45" cells in both proximal and
distal epididymides of DT-injected Foxp3-DTR mice (Fig. 3C).
Specifically, we observed infiltration of CD4" T lymphocytes
(Fig. 3D), monocytes (Fig. 3E), neutrophils (Fig. 3F), MHCIT"
MPs (Fig. 3G), and F4/80" MPs (Fig. 3H). Abundant cell
infiltration was observed in the interstitium and lumen of the
epididymis after Treg depletion, using hematoxylin and eosin
(H&E) staining (SI Appendix, Fig. S3). Confocal microscopy
showed many MHCII" MPs (Fig. 3/, red) and F4/80" MPs
(Fig. 3/, red) in all the epididymal segments of DT-injected Foxp3-
DTR mice. We also saw a greater number of luminal-reaching
intraepithelial projections from F4/80" MPs in the initial segments
(IS) of Foxp3-DTR mice after DT treatment (Fig. 3 / and X,
arrows). Surprisingly, after the depletion of Tregs, F4/80" MPs
invaded the epididymal lumen to presumably eliminate aberrant
spermatozoa (Fig. 3/; arrowheads). All these histopathological
results are consistent with the flow cytometry analysis.

Consequences of Treg Depletion on Epididymal Morphology.
Despite the severe epididymal immune cell infiltration 2 wk after
Treg depletion, we observed no apparent damage in the epididymal
epithelium using antibodies that detect epithelial cell markers:
V-ATPase B1 subunit (a marker of CCs; SI Appendix, Fig. S4),
AQPY (a marker of principal cells; SI Appendix, Fig. S4),
cytokeratin-5 (KRT5; a marker of basal cells; S/ Appendix,
Fig. S5), and the tght junction protein Zonula occludens-1
(ZO-1; SI Appendix, Fig. S5). In addition, no differences were
observed in the number of apoptotic cells (cleaved caspase-3" cells;
SI Appendix, Fig. S6, red) in the epididymis of DT-injected Foxp3-
DTR mice versus WT. Overall, the immune response resulting
from the immunotolerance loss did not produce major epithelial
structure defects, which suggests that the epithelium is resistant
to damage and confers protection to gametes. However, confocal
microscopy revealed that epididymal CCs from DT-injected
B1-EGFP Foxp3-DTR mice displayed an increased number
of EGFP" CC apical protrusions (blebs; SI Appendix, Fig. S7,
arrows), suggesting that CCs respond during this inflammatory
process, in concordance with their role in immune activation
against pathogens previously reported (32).
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Fig. 1. Treg population throughout WT mouse lifespan. (4) Flow cytometry gating strategy used to study regulatory T cells (Tregs; Foxp3'CD4°CD45") in the
proximal and distal epididymides, testis, and spleen. FSC-A: forward scatter area, SSC-A: side scatter area, FSC-W: forward scatter width. (B) Relative abundance
of Tregs in the proximal and distal epididymides, testis, and spleen at different ages (4-, 6-, 8-, 12-, and 20-wk-old mice) by flow cytometry. (C) Flow cytometry
analysis of CD69" Tregs in the epididymis. Each dot represents a pool of two proximal epididymides, two distal epididymides, two testes, or one spleen from each
mouse. Data were analyzed using the Kruskal-Wallis test followed by Dunn’s post hoc test (Fig. 1B), or Mann-Whitney U test (Fig. 1C). Data are shown as means
+ SEM. (D) Confocal microscopy images showing Foxp3-EGFP* Tregs (green), clear cells (CCs; B1 V-ATPase” cells; yellow), and MHCII* MPs (red) in the proximal
and distal epididymal regions of Foxp3-EGFP transgenic mice (12 wk). Nuclei are labeled with DAPI (blue). Bars: 20 um. L: lumen.

Testicular Immune Infiltration Associated with Treg Depletion.
In the testis, 2 wk after Treg depletion, we observed a similar
immunological response to the epididymis. First, low cytometry
showed similar Treg relative abundance in the testis of DT-injected
WT and Foxp3-DTR mice (8] Appendix, Fig. S84). However,
the early depletion of Tregs in the testis of Foxp3-DTR mice
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(Fig. 2 B, ii) resulted in a severe infiltration of CD45" cells
(SI Appendix, Fig. S8B), CD4" T lymphocytes (SI Appendix,
Fig. S8C), monocytes (S Appendix, Fig. S8D), MHCII® MPs
(SI Appendix, Fig. S8E), and F4/80" MPs (S] Appendix, Fig. S8G).
Confocal imaging confirmed an increase in the amount of

MHCII" MPs (SI Appendix, Fig. S8F, red) and F4/80" MPs
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Fig. 2. Immune cell infiltration in the epididymis and testis of Foxp3-DTR
mice 3 d after Treg depletion. (A) Treg cell depletion protocol and analysis 3
d after DT treatment. Flow cytometry analysis of the relative abundance of
different immune cells in the proximal and distal epididymides and testes of
WT and Foxp3-DTR mice 3 d after DT treatment: (B) Tregs (Foxp3'CD4'CD45"),
(0) monocytes (Ly6C'Ly6GCD11b*CD45%), and (D) CD4" T lymphocytes
(CD4*CD45"). Note that flow cytometry dot blot analysis for distal epididymis
and testis is shown, but quantitative data for both proximal and distal as well
as testicular tissues is provided. Each dot represents a pool of proximal or
distal epididymides or testes from each mouse. Data were analyzed using
Student’s ttest (Fig. 2 B, i, C, i dist., G, ii, and D, i) or Mann-Whitney U test (Fig. 2
B, ii, G, i prox., D, ii). Data are shown as means + SEM.

(ST Appendix, Fig. S8H, red) into the testicular parenchyma after
the depletion of Tregs, but no extravasation through the blood-
testis barrier (BTB) was observed. In addition, a complete process
of spermatogenesis, in which progenitor spermatogonia develops
into mature spermatozoa, was observed in both groups by H&E
staining (87 Appendix, Fig. S9A), indicating no impairment in
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sperm production in DT-injected Foxp3-DTR mice. Moreover,
no differences were observed in the number of apoptotic cells
(81 Appendix, Fig. S9B, red) in the testis of DT-injected Foxp3-
DTR mice compared to controls.

Increased Production of Autoantibodies after Treg Depletion.
Enzyme-Linked Immunosorbent Assay (ELISA) revealed that, 2
wk after DT injections, serum from Foxp3-DTR mice had increased
levels of autoantibodies (IgG) against testicular, epididymal, and
proximal and distal sperm antigens, compared to DT-injected WT
mice (Fig. 44). Confocal microscopy showed IgG accumulation in
the epididymal and testicular interstitium of DT-injected Foxp3-
DTR mice (Fig. 4B, green; see all epididymal regions in ST Appendix,
Fig. $10). Interestingly, in the epididymal lumen of DT-injected
Foxp3-DTR mice, we found agglutinated sperm containing IgG*
antisperm antibodies (ASA) (Fig. 4 B and C, green, arrowheads).
These clusters of IgG" ASA-bound sperm (green) were surrounded by
F4/80" MP:s (red) (Fig. 4C), potentially leading to the phagocytosis
of antibody-bound sperm (Fig. 4C, top panel, red). Moreover, flow
cytometry showed an increased abundance of Ig" cells (sperm)
isolated from the epididymal lumen of DT-injected Foxp3-DTR
mice (Fig. 4D). Immunofluorescence (IF) studies also revealed IgG”
ASA (green) attached to both the head and tail of proximal and distal
epididymal sperm from Treg-depleted mice (Fig. 4E).

Treg Depletion Resulted in Severe Immunological Male Subfer-
tility. Computer-assisted sperm analysis (CASA) revealed low sperm
counts in the proximal and the distal epididymis (Fig. 54) and
reduced total sperm motility (Fig. 58 and Movies S1 and S2) in
DT-injected Foxp3-DTR mice. No differences in capacitation-
associated sperm motility parameters were observed between
DT-injected WT and Foxp3-DTR mice (S/ Appendix, Table S1).
In vitro fertilization (IVF), using the same sperm concentration
retrieved from both groups of animals, showed a significant decrease
in cleavage of oocytes to the two-cell stage in the Treg-depleted
mice (Fig. 5C). In addition, this severe decrease in fertility was also
observed in natural mating experiments. The number of pups per
litter was significantly reduced when using DT-injected Foxp3-
DTR male mice versus WT mice and, indeed, only two out of nine
DT-injected Foxp3-DTR males had pups (Fig. 5D). Overall, all the
inflammatory-inflicted damage that occurred after Treg depletion
had a detrimental effect on epididymal sperm function, resulting
in severe immunological subfertility.

Disruption of Imnmune Tolerance Changed Epididymal EV Protein
Cargo. During its transit through the epididymis, spermatozoa
undergo maturation through contact with EVs (epididymosomes)
released by epididymal epithelial cells (33). Any alteration of the
epididymal epithelial function could result in defects in sperm
maturation, leading to impairment of the fertilization process.
Thus, we characterized the protein-content profile of epididymal
EVs after immune tolerance disruption by performing mass
spectrometry-based label-free quantitative proteomics. EVs were
obtained from the proximal and distal epididymides of WT and
Foxp3-DTR mice 2 wk after DT treatment (Fig. 64). Transmission
electron microscopy and nanoparticle tracking analysis (NTA)
showed a typical EV-like double-membrane structure with a size
ranging from 50 nm to 200 nm (S7 Appendix, Fig. S11). The
proteomic analysis of EVs from proximal and distal regions of DT-
injected WT and Foxp3-DTR mice resulted in the identification
of 2,313 proteins (Dataset S1). Comparison of the four different
EV populations demonstrated a shared proteomic signature of
643 proteins (27.8%; Fig. 6B). Moreover, this analysis showed
that over 700 proteins were identified exclusively in EVs from WT
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mice (574 proteins in proximal EVs, 92 proteins in distal EVs, and
53 proteins expressed in both proximal and distal EVs), revealing
a marked alteration in the epididymal EV protein content of DT-
injected Foxp3-DTR mice.

Volcano plots display the differentially expressed proteins from
the proximal and distal epididymal EVs between DT-injected WT
and Foxp3-DTR mice (Fig. 6C). We identified 40 up-regulated

PNAS 2023 Vol.120 No.37 e2306797120

and 324 down-regulated proteins in the proximal epididymal EVs
of Treg-depleted mice, and 36 up-regulated and 49 down-regulated
proteins in the distal epididymal EVs of Treg-ablated mice
(Fig. 6C). The complete lists of up- and down-regulated EV pro-
teins are provided in Datasets S2-S5.

Interestingly, we found a large number of down-regulated EV
proteins related to sperm maturation and epithelial function in
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the epididymal EVs of DT-injected Foxp3-DTR mice (Fig. 6 D
and £). For instance, Treg-depleted EVs display reduced levels of
proteins that play crucial roles in sperm motility (34-38) (Rab56,
Rabll1, Gpx4, Acly, Adam7, and Ywhae), acrosome reaction (34,
39) (Rab5b, Rab11, and Vamp3), sperm—zona pellucida interaction
(40) (Hexb), sperm—EV interaction (34, 41) (Mfge8), and some
involved in signaling pathways known to regulate sperm function
such as Hedgehog and Notch (42-44), Rho (45-47), Wnt (48),
and MAPK (49) (Fig. 6 D and E). We also found downregulation
of chaperonin-containing T-complex (TRiC) members (Cr#7 and
Cer8) and peroxiredoxins (Prdx5) in Treg-ablated EVs. These pro-
teins have been correlated with an increased percentage of
poor-quality embryos (50), indicating that Treg depletion induced
dysregulation of proteins involved in embryo development.
Notably, Nixon et al. previously revealed that most of these pro-
teins are present in mouse epididymal EVs (34).

Moreover, in the Treg-depleted epididymis, we observed dereg-
ulated EV proteins related to epithelial function. For example,
F-actin-capping proteins (i.e., Capzal, Capza2, and Capzb) (Fig. 6
D and E) were up-regulated after tolerance disruption. However,
most of the epithelial-related proteins were down-regulated in the
Treg-depleted mice, reflecting an alteration in the epididymal
function (Fig. 6 D and E), despite the apparent normal morphol-
ogy. We also found upregulation of immunoglobulins (i.e., Zgh-3,
Ighv1-50, Ighv5-16, Igkv8-28, Igkv19-93, Kv3ah, Kv5ac, and
Kv5a5) exclusively in EVs from DT-injected Foxp3-DTR mice
(Fig. 6 D and E). In addition, we identified differential expression
of several inflammatory response-associated and phagocytosis
proteins in EVs after Treg ablation, such as Corola, Usp14, Cisc,
Len2, Lgals1, Msn, and Serpina3k (Fig. 6 D and E). The immune
dysregulation caused by sperm tolerance ablation affects the
epididymal EV proteomic profile and, thus, epididymal function,
which may cause impaired sperm maturation and compromised
sperm fertilization. Of note, the transcripts of many of the dereg-
ulated proteins in EVs of Treg-depleted mice were previously
found in our RNA-seq analysis of CCs (32) (Fig. 6 D and E,
highlighted in green), supporting the participation of CCs in EV
secretion, sperm maturation, and immune modulation.

Impact of Treg Depletion on Epididymis Causing Impaired Male
Fertility. In our working model (Fig. 7), Treg depletion leads to an
exacerbated epididymal immune cell infiltration (T lymphocytes,
monocytes, neutrophils, and MPs), an increase in the number
of MP luminal projections, as well as MP infiltration within the

epididymal lumen, resulting in severe autoimmune epididymitis.
The development of autoimmunity results in the production
of autoantibodies, which may aggravate the pro-inflammatory
response. ASA potentially causes sperm agglutination and might
lead to phagocytosis of ASA-bound sperm, which may be the
reason for the observed low sperm counts and reduced sperm
motility. In this inflammatory context, CCs respond by increasing
the production of blebs, which might increase the secretion of
EVs with CC origin (32, 51) and, therefore, participate in the
immunological response (32) after tolerance disruption. Alterations
in the epididymal epithelial function profoundly alter the protein
composition of EVs, which compromises sperm maturation and
fertilization. Taken together, the loss of immunological tolerance
results in severe male subfertility.

Discussion

Immunological disorders account for ~15% of the cases of male
infertility, mainly due to infections or autoimmune responses
affecting the male reproductive tract (13, 52). However, the eti-
ology of autoimmune male infertility is still poorly understood.
Here, we report that the loss of tolerance, because of Treg deple-
tion, leads to uncontrolled autoimmune responses affecting both
the testis and epididymis and, ultimately, causes severe male sub-
fertility. Our results address important knowledge gaps on the
causes of male immunological infertility and the presence of ASA
that lead to reproductive failure.

Although the role of immune cells in the male reproductive tract
has been widely studied (11, 12, 53, 54), immunotolerance mech-
anisms in the reproductive organs are still poorly characterized. The
male reproductive mucosa, which is constitutively exposed to com-
mensal sperm antigens, must be carefully orchestrated, likely in part
by Tregs. While previous studies have described the role of Tregs in
maintaining the testicular tolerogenic environment (19, 55, 56), in
the current work, we showed the presence of epididymal Tregs and
demonstrated their essential role in maintaining sperm immuno-
tolerance. Sperm populate these organs long after the establishment
of systemic immune tolerance [4- to 5-wk-old male mice (57)];
hence, male reproductive function relies on immunosuppressive
mechanisms. Interestingly, we described a decrease in Treg abun-
dance in the epididymis in older individuals compared to the
peri-pubertal period. This phenomenon might be necessary to
develop a strong initial immunotolerance response to prevent del-
eterious effects against sperm as they begin to populate the
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Fig. 5. Fertility assessment of Foxp3-DTR mice after Treg depletion. (A) Sperm count (x10°% and (B) total sperm motility (%; See also Movies S1 and S2), from
DT-injected WT and Foxp3-DTR mice, were assessed by CASA. (C) The fertilizing ability of distal sperm collected from the cauda epididymis, from WT and Foxp3-
DTR mice 2 wk after DT injections, was assessed by evaluating the percentage of cleaved embryos (cleavage of oocytes to the 2-cell stage embryos). Each dot
represents one sperm sample from one mouse. (D) Litter size (number of pups per litter) of DT-injected WT and Foxp3-DTR male mice. Each dot represents
each mouse. Data were analyzed using Student'’s ¢ test (Fig. 5A prox., B, and C) or Mann-Whitney U test (Fig. 5A dist. and D). Data are shown as means + SEM.
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epididymis. Intriguingly, we observe an increase in CD69" Tregs in
the distal epididymis of young mice, suggesting an enhanced sup-
pressive function of epididymal Tregs, which could contribute to
preventing autoimmune responses and conserve the immune priv-
ilege milieu during puberty. In addition, during this reproductive
period, there is an increase in testosterone levels that triggers sper-
matogenesis and sperm production (58, 59). Remarkably, testoster-
one, as well as other gonadal hormones, lead to differentiation and
attraction of Tregs in the testis (60-63). Therefore, these increased
hormone levels may also play a role in the expansion of epididymal
Tregs during puberty. Interestingly, the decrease in Treg abundance
during aging might have an impact on male fertility, as Treg defi-
ciency may result in compromised sperm tolerogenic responses.
This, in turn, could promote a shift toward pro-inflammatory
responses, potentially inducing damage to the epididymis and testis,
similar to what we observed after Treg depletion.

Although epididymal Treg abundance was still reduced 2 wk
after DT, testicular Tregs rebounded, suggesting that Tregs experi-
ence a faster repopulation in the testis, similar to what has been
observed in the spleen, lymph nodes, and thymus (64, 65). We
detected an early infiltration of monocytes and CD4" T lympho-
cytes 3 d after the loss of tolerance, in both the testis and epididymis.
However, the autoimmune inflammatory responses considerably
aggravated 2 wk after Treg depletion, inducing severe autoimmune
epididymitis and orchitis with a massive influx of F4/80" and
MHCII" MPs. These first immune defenders present high phago-
cytic and antigen-presenting activities and release cytotoxic medi-
ators that amplify the immune responses (66, 67). The role of MPs
in the reproductive organs has been extensively studied by our

group (11, 12, 68) and others (53, 54, 66) and represent one of
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the most abundant immune cell populations at a steady state in
the epididymis (12, 66, 68-72). MPs are essential contributors to
the pro-inflammatory responses after immunological tolerance
ablation in other organs (73-75). Additionally, epididymal F4/80"
MPs presented an increased number of luminal-reaching projec-
tions in the Treg-depleted mice. MPs project intraepithelial den-
drites into the epididymal lumen compartment (11, 68, 70, 76) to
sample and acquire luminal antigens (spermatozoa) (68, 70, 71).
We have recently shown that the absence of CX3CR1 in MPs
impairs the formation of those projections and the sampling ability
(70). In our current work, when tolerance is disrupted, MPs invade
the epididymal lumen, similar to what was reported in inflamed
human and mouse epididymis, leading to sperm phagocytosis and
oligozoospermia (77-79). Indeed, we observed engulfed sperm
heads in F4/80" MPs in the epididymal lumen, suggesting that
these cells may actively sense antigens located within the lumen,
might sample sperm antigens, and potentially trigger an immune
response toward them. Furthermore, Tung et al. showed severe
autoimmune orchitis and testicular infiltration of F4/80" MPs 8
wk after Treg depletion (19). Overall, we found that the Treg abla-
tion was followed by an aggravated inflammatory response that
resulted in severe autoimmune epididymitis and orchitis.

Autoimmune diseases are characterized by the presence of
autoantibodies, which are considered diagnostic markers of these
disorders (80). Autoimmunity toward germ cells and sperm anti-
gens is a cause of male infertility (10, 81). Infertile patients, as well
as most vasectomized individuals, present ASA (10, 19, 81, 82).
ASA are associated with reduced sperm motility and concentration
and impaired sperm ability to penetrate the cervical mucus and
to interact with the egg (10, 81). In our Treg depletion mouse
model, we found ASA in the epididymal lumen; and those anti-
bodies bind both the head and tail of the sperm, might cause
sperm agglutination, and potentially, may lead to sperm phago-
cytosis (77). These defects may ultimately explain the reduced
sperm counts and motility, low IVF rates, and decreased number
of pups after in vivo mating observed in the Treg-depleted mice.
The impaired sperm function and the presence of ASA interfere
with different steps of the complex fertilization process (83) and
cause the observed severe subfertility after Treg ablation.
Interestingly, we found serum self-reactive antibodies against tes-
ticular, epididymal, and sperm antigens after Treg reduction.
Supporting our findings, serum antibodies against testicular anti-
gens were also reported 3 wk after Treg depletion (19).

In addition, we showed autoantibody deposition in the epididy-
mal and testicular interstitium, which triggers and aggravates the
pro-inflammatory response and leads to tissue damage (84). The
accumulation of autoantibodies in the interstitium may be attrib-
uted to the protective role of the blood testicular barrier (BTB)
and the blood epididymal barrier (BEB). These autoantibodies
may recognize somatic antigens as well as sperm antigens, which
might have been released into the interstitial space of the inflamed
tissues. A similar phenomenon was previously reported following
vasectomy (22). Autoantibodies might also bind to the Fc receptor
of MPs in the interstitium, which lead to antibody deposition and
may trigger tissue inflammation (85). Of note, we observed colo-
calization in the epididymal interstitium between F4/80" MPs
and IgG supporting this hypothesis. However, it should be noted
that the BEB does not provide the same level of protection as the
BTB (86), allowing antibodies and MPs to potentially access the
epididymal lumen. Importantly, it is known that under inflam-
matory conditions, IgG can passively cross an intact and undam-
aged epithelium (29). Although we did not observe any apparent
damage in the epididymal epithelium, we cannot rule out the
possibility of impaired integrity of the BEB, which would facilitate
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the passage of both antibodies and MPs into the epididymal
lumen. Moreover, evidence suggests that antibodies can enter the
rete testis (87) and efferent ducts (88-90), raising the possibility
that antibodies and MPs could invade the lumen of these organs
and, subsequently, reach the epididymis.

Although the immune response unleashed by Treg depletion is
sufficient to trigger autoimmune epididymitis and orchitis dis-
turbing male fertility, their severity might be enhanced by the
complex-mediated complement activation by antibodies (91) and
by reactive oxygen species secretion from recruited immune cells
(92). Overall, the present study demonstrates that ablation of
immune tolerance results in severe immunological male subfertil-
ity. A similar autoimmunity-associated subfertility phenotype has
been observed in Aire-deficient male mice (27, 28, 93).

During their transit through the epididymis, sperm acquire pro-
teins and RNAs, via EVs released by epididymal epithelial cells,
such as CCs and principal cells, contributing to sperm maturation
(33, 34, 51, 94-98). The increased production of CC blebs as a
consequence of tolerance ablation might result in an increased secre-
tion of vesicles with CC origin (32, 51). In the Treg-depleted mice,
we revealed the loss of EV-associated proteins with important roles
in sperm maturation and function, sperm—egg interaction, and
embryogenesis. There is evidence that the epididymal EV payload
is impacted under chronic stress exposure, resulting in offspring
with altered neurodevelopment (99). Also, the paternal diet influ-
ences the offspring’s metabolism, probably via information traf-
ficked from epididymis to the maturing sperm through EVs (97).
Likewise, in the Treg-depleted epididymis, the strong autoinflam-
matory response disrupts epididymal epithelial cell function, alter-
ing the EV cargo, which may ultimately impair sperm maturation
and contribute to fertility defects. The disruption of immune tol-
erance profoundly alters inflammatory response-associated EV
composition in the epididymis. Furthermore, it is known that EVs
exert a critical function in the pathogenesis of autoimmune diseases
by facilitating antigen presentation and triggering inflammatory
responses (100). Thus, altered EVs are contributing to the potent
inflammatory responses observed in the Treg-depleted epididymis.

In summary, the loss of tolerance caused significant immune cell
infiltration in the testis and epididymis, which was accompanied by
a substantial deposition of autoantibodies into these tissues, ultimately
affecting epididymal sperm function. The presence of ASA-bound
sperm and sperm agglutination might lead to sperm phagocytosis by
MPs infiltrating the epididymal lumen, which could explain the
reduced sperm counts and motility, as well as the severe consequences
on male ferdility, in the Treg-depleted mice. Moreover, immune dys-
regulation strongly altered the protein composition of epididymal
EVs, which reflected impaired epithelial function and compromised
sperm maturation. Together, our autoimmunity-induced model
might be a valuable strategy for understanding human immunological
infertility with implications for infertility diagnosis and developing
novel therapies to improve fertility.

Methods

Biological Material. C57BL/6-Tg(Foxp3-DTR/EGFP)23.2Spar/Mmijax (Foxp3-DTR
mice) female mice and C57BL/6 WT male mice were purchased from Jackson
Laboratory (Bar Harbor, ME) and bred at the Massachusetts General Hospital
(MGH) animal facility to generate Foxp3-DTR or WT (control) male littermates.
Foxp3-DTR transgenic mice express a diphtheria toxin receptor (DTR) fusion pro-
tein under the control of the endogenous forkhead box P3 (Foxp3) promoter/
enhancer regions. B1-EGFP (C57BL/CBAF1) mice express EGFP under the control
of the clear cell (CC)-specific V-ATPase B1 subunit (ATP6V1B1) gene (32, 101). B1-
EGFP Foxp3-DTR mice were obtained after breeding B1-EGFP mice with Foxp3-
DTR mice. Four- to twenty-week-old male mice were used for all experiments.
Foxp3-EGFP (C57BL6) male mice were purchased from Jackson Laboratory. CD1
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IGS females were obtained from Charles River Laboratories (Wilmington, MA).
The animal procedures were performed based on the NIH Guide for the Care
and Use of Laboratory Animals and approved by the MGH Subcommittee on
Research Animal Care.

In Vivo Depletion of Tregs. Foxp3-DTR and WT male littermates (6-wk-old)
were injected (i.p) with diphtheria toxin (DT) from Corynebacterium diphtheriae in
phosphate-buffered solution (PBS) at 40 pg/kg of body weight forTreg depletion
as previously reported (19) and as described in detail in S/ Appendix. DT-injected
WT mice were used as control.

Organ Collection. Mice were anesthetized with isoflurane (2%, mixed with
oxygen) and were perfused via the left cardiac ventricle with PBS as described in
detail in S/Appendix. When tissue fixation was required, the perfusion continued
with a 4% paraformaldehyde fixative.

Sperm Collection. Sperm were obtained from the proximal (IS and caput) and
distal (corpus and cauda) epididymal regions of Foxp3-DTR and WT littermates
after DT injections. Sperm were recovered as described in detail in S/ Appendix.

Flow Cytometry Analysis. Proximal and distal epididymal regions and testis
were mechanically dissociated by chopping followed by enzymatic digestion for
30 min at 37 °Cin RPMI 1640 medium containing collagenase type 1(0.5 mg/
mL)and collagenase type I1 (0.5 mg/mL), as previously reported (68, 70). Cell sus-
pensions were incubated for 30 min with antibodies (1:500 dilution) as described
in detail in S/ Appendix. The list of antibodies is presented in SI Appendix as
previously reported (102).

Confocal Microscopy. The fixed organs were processed for cryosectioning and
immunofluorescence, as described in detail in S/ Appendix. The list of primary
and secondary antibodies is presented in SI Appendix as previously reported
(103,104).

The number of F4/80" luminal projections per area of tissue (110,000 um?)
and the number of EGFP™ apical cellular protrusions (CC blebs), normalized with
the number of CCs, perarea of tissue (110,000 um?) were evaluated in epididy-
mal sections using Fiji software.

Histological Evaluation. H&E staining was used to evaluate overall morphology
as described in detail in S/ Appendix.

ELISA. ELISA was performed as described in detail in S/ Appendix. Blood
was obtained from the left ventricle of the mouse heart, and after 30 min at
room temperature (RT), samples were centrifuged at 4,000g for 10 min to
obtain serum. Proteins were extracted from the testes, epididymides, and
sperm of WT mice using a buffer containing 1X RIPA buffer with a protease
inhibitor cocktail and a phosphatase inhibitor cocktail, as described in detail
in SI Appendix.

CASA. Sperm were obtained as described in detail in S/ Appendix. Sperm analysis
was performed using Hamilton Thorne's CASAversion 14 (Hamilton Thorne Inc.).
Spermwere considered hyperactivated when presenting curvilinear velocity (VCL)
=238.5 pum/s, linearity (LIN) < 33%, and amplitude of lateral head displacement
(ALH) = 4.22 um, as previously reported (105). Note that total sperm motility and
the analysis of capacitation-associated sperm parameters were only assessed in
distal epididymal sperm.

IVF Assays. [VF assays were performed as described in detail in S/ Appendix. Data
are expressed as the percentage of cleaved embryos considering the number of
2-cell embryos over the total number of eggs inseminated.

Assessment of Fertility. Foxp3-DTR and WT male littermates (1 wk after DT
injections) were individually caged with one WT female for 5 d, and mating was
confirmed by the presence of a copulatory plug. The fertility assessment was
calculated by the litter size (number of pups per litter).

Isolation of Epididymal EVs. Proximal and distal epididymal fluid and EVs were
isolated as we previously described (51) and as described in detail in S/ Appendix.
AJEOL 1011 transmission electron microscope was used to characterize the size
and shape of negatively stained EVs. A NanoSight LM10 instrument (Malvern
Instruments Ltd.) with NTA software (version 3.1) was used to determine the size
distribution and concentration of EVs.
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Protein Extraction and Liquid Chromatography with Tandem Mass Spec-
trometry (LC-MS/MS) Analysis. Protein extracts were prepared as described in
Sl Appendix. Proteomic datasets of each group (n = 4) were analyzed as described
in detail in S/ Appendix.

Statistical Analysis. Data analysis was performed using GraphPad Prism version
9.4.1(GraphPad Software; https://www.graphpad.com).To examine whether the sam-
ples were normally distributed, we performed a test of normality (Shapiro-Wilk test)
and an analysis of variance [F test to compare two groups or Bartlett's test (corrected)
to compare three or more groups]. Student’s ¢ test (two-tailed) or one-way ANOVA
followed by Tukey's post hoc tests were used as parametric tests. Mann-Whitney Utest
(two-tailed) or the Kruskal-Wallis test followed by Dunn’s post hoc test were used as
nonparametric tests. P-values < 0.05 were determined statistically significant. Data
were expressed as the means + SEM. As IVF data did notaccomplish the assumptions
required for a parametric test, data were transformed by the arcsine(sqrt(p)) equation
in which Pis the % value/100. Once transformed, data were checked for normality
and homoscedasticity, and a Student's t test was performed.

Ethics Approval. All animal procedures were approved by the MGH Subcommittee
on Research Animal Care and were performed following the NIH Guide for the
Care and Use of Laboratory Animals (National Academies Press, 2011; protocol
2003N000216).

Data, Materials, and Software Availability. The authors declare that the
data supporting the findings of this study are available within supporting infor-
mation files. The MS proteomics data generated have been deposited to the
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