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Beyond its well-known role in spermatogenesis and androgen production, mammalian
testes are increasingly recognized as an immune-privileged organ for protecting
autoantigenic germ cells, especially meiotic and postmeiotic germ cells, from systemic
immune responses. Despite its importance, the molecular mechanisms underlying this
regulation in mammals, including sheep, are far from known. In this study, we searched
for the genes associated with testicular immune privilege and assessed their possible
modulating mechanisms by analyzing systematic profiling of mRNAs and miRNAs on
testicular tissues derived from prepubertal and postpubertal Tibetan sheep acquired by
RNA sequencing. We identified 1,118 differentially expressed (DE) mRNAs associated
with immunity (245 increased mRNAs and 873 decreased mRNAs) and 715 DE miRNAs
(5661 increased miRNAs and 154 decreased miRNAs) in postpubertal testes compared
with prepuberty. gPCR validations for 20 DE mRNAs and 16 miRNAs showed that the
RNA-seq results are reliable. By using Western blot, the postpubertal testes exhibited
decreased protein abundance of CD19 and TGFBR2 (two proteins encoded by DE
mRNAs) when compared with prepuberty, consistent with mRNA levels. The subsequent
immunofluorescent staining showed that the positive signals for the CD19 protein were
observed mainly in Sertoli cells and the basement membrane of pre- and postpubertal
testes, as well as the prepubertal testicular vascular endothelium. The TGFBR2 protein
was found mostly in interstitial cells and germ cells of pre- and postpubertal testes.
Functional enrichment analysis indicated that DE mRNAs were mainly enriched in
biological processes or pathways strongly associated with the blood-testis barrier (BTB)
function. Many decreased mRNAs with low expression abundance were significantly
enriched in pathways related to immune response. Also, multiple key miRNA-target
negative correlation regulatory networks were subsequently established. Furthermore,
we verified the target associations between either car-miR-29b or oar-miR-1185-3p
and ITGB1 by dual-luciferase reporter assay. Finally, a putative schematic model of the
miRNA-mRNA-pathway network mediated by immune homeostasis-related genes was
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Immune Privilege in Ovine Testes

FIGURE 6 | Verification of DE mRNAs and DE miRNAs by gPCR. (A) gPCR analysis for 20 randomly selected mRNAs. Data represent the mean + SD. (B) gPCR
analysis for 16 randomly selected miRNAs. Data represent the mean + SD. (C) The comparison of mRNA expression in terms of Logy (fold change) as assessed by
mRNA sequencing and gPCR. (D) The comparison of mMRNA expression in terms of the Log, (fold change) as assessed by miRNA sequencing and gPCR. T3M,
testes from 3-month-old sheep; T1Y, testes from 1-year-old sheep; DE, differentially expressed.

adhesion, and ECM organization. To understand the possible
modulating mechanisms of the genes implicated in testicular
immune privilege, the subsequent miRNA-seq was carried out,
and miRNA-mRNA regulatory networks were constructed by
merging miRNA-mRNA pairs with strong negative correlations
and putative miRNA binding sites. Here, we identified a total of
37,950 potential miRNA-mRNA target pairs that involved 714
DE miRNAs. It should be noted that, of course, not all genes were
potentially regulated by miRNAs. Among these immune-related
DE genes, none of the 460 genes corresponding to 564 mRNAs
have yet been identified as regulated by miRNAs.

The testes immune privilege involves almost every
aspect of immunological regulation, including BTB
with an immunoprotective role conferred by SCs, local

immunosuppression, antigen-specific immune response, and
immune tolerance (6). As one of the tightest tissue barriers
existing in the body of mammals, BTB is mainly formed by the
junctional complex at adjacent SCs, SCs-GCs, or SCs-ECM,
such as tight junctions, gap junctions, and apical ectoplasmic
specializations (apical ES, a testis-specific type of adhesion
junction) (27, 28). Based on KEGG pathway analysis, in the
present study, we found that 39, 36, and 37 DE genes were
significantly enriched in tight junctions, gap junctions, and
adhesion junctions, respectively. Gow et al. (29) reported that
the junctional protein CLDN11 deletion leads to a lack of
tight junction strands between SCs. As analyzed by mRNA-seq
and gPCR, our results showed that CLDN11 expression was
increased in T1Y and was potentially regulated by five known
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FIGURE 7 | Expression and localization patterns of CD19 and TGFBR2 proteins. (A) Western blot analysis. (B) Relative protein expression. Data represent the mean
+ SD. (C) Immunofluorescence staining. Blue, DAPI; red/CY3, CD19; green/FITC, TGFBR2. Scale bar, 50 wm. T3M, testes from 3-month-old sheep; T1Y, testes from
1-year-old sheep; DE, differentially expressed. **P < 0.01.

miRNAs (miR-311-3p, miR-424-5p, miR-486-5p, miR-541-3p,  results illustrate that these junction-related genes may facilitate
and miR-6525-5p). the restructuring events involving extensive cell junctions in
Furthermore, we found 11 integrin molecules (i.e., ITGA2-A6,  the seminiferous epithelium, as well as contributing to the
A9, B1, B2, B7, AL, and AX), the expression of which was reduced =~ immunological barrier function of the BTB. PIN1, one of the
in T1Y. Cell adhesion mediated by integrins (e.g., ITGA4, A6, A7,  three known prolyl-isomerase types, was reported to play a key
A9, B1) has a critical role in self-renewal and differentiation of  role in adult mice spermatogenesis. The genetic deletion of PIN1
stem cells (including spermatogonial stem cells, SSCs) within the =~ may lead to testicular atrophy and a consequent reduction in
niche through direct interaction with the molecules expressed in  fertility (31). Recent studies showed that PIN1 participates in
ECM or the ECM-rich basal membranes (30). This finding would ~ the maintenance of BTB function and integrity by regulating the
suggest that these integrins, and particularly their significant  expression of junction proteins between SCs: connexin43 (Cx43;
expression in T3M, may function in maintaining an optimal  gap junction) and N-cadherin (CDH2; adhesion junction), and
microenvironment for the early spermatogenesis, especially self- its deficiency results in the destruction of BTB integrity (32, 33).
renewal and differentiation of SSCs, in pre-pubertal sheep testis.  In the present study, PIN1 was identified as having a significantly
Of these integrins, ITGA6 and ITGBI1 have been identified as  increased abundance in postpubertal testes, a finding suggestive
the main components of hemidesmosome, which is a special  of an active role for the PIN1 gene in BTB function during sheep
junction between SCs and ECM interfaces in the basement  spermatogenesis. Nevertheless, the specific mechanism requires
membrane and participates in coordinating the cellular events  further clarification via experiments.
of spermiation and BTB restructuring during spermatogenesis In addition to BTB, active immunosuppression is another
via the apical ES-BTB-hemidesmosome functional axis (26). We, ~ important feature of testicular immune privilege. TGFBI, a
thus, speculate that a significant decrease in expression of ITGA6  known immunosuppressive cytokine secreted mainly by SCs, is
and ITGB1, as well as their homologous genes in postpubertal  reportedly involved in maintaining testicular immune privilege
sheep testes, may be mainly attributed to the disassembly of this by directly or indirectly suppressing immune cell activation
junction and subsequent BTB restructuring, with the release of (3, 34). In this study, a significantly increased TGFB1 was
mature sperm into the lumen. In addition, the integrated analysis ~ discovered in T1Y by RNA-seq and qPCR, suggesting a
of miRNA-mRNA showed that the expression of ITGA6 and  potential function of TGFBI in immunosuppressive properties in
ITGBI1 was potentially regulated by 52 and 40 known miRNAs,  postnatal sheep testes, notably postpubertal testes, as confirmed
respectively, with elevated abundance in the T1Y group. The by previous studies. Additionally, we found that its three
subsequent dual-luciferase reporter assay partially confirmed that ~ receptors (TGFBR1-3) showed significantly decreased expression
both miR-29b and miR-1185-3p targeted ITGB1. Collectively, the ~ in T1Y. For TGFBR2, Western blot also confirmed that its
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FIGURE 8 | Validation of targeted associations between either miR-29b or miR-1185-3p and ITGB1. (A) Pearson correlation assessment between
oar-miR-29b/oar-miR-1185-3p and ITGB1 expression. (B) Quantitative real-time PCR (qPCR) detection for oar-miR-29b, oar-miR-1185-3p, and ITGB1 expression.
(C) Schematic presentation of the pmirGLO dual-luciferase miRNA target expression vector used for constructing ITGB1-3'UTR. (D) A dual-luciferase reporter assay
verified the interaction between miR-29b/miR-1185-3p and ITGB1. (Upper panel) The binding sites on ITGB1 3'-UTR and the seed region of miR-29b or
miR-1185-3p. (Lower panel) Relative luciferase activity was measured by a dual-luciferase reporter assay. Data represent the mean + SD. T3M, testes from
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protein abundance was significantly reduced. The subsequent
immunofluorescence analysis showed high levels of TGFBR2
protein in interstitial cells in T3M and T1Y, as well as moderate
expression in gonocytes and spermatogonia of T3M, and
spermatogonia, spermatocytes, and spermatids of T1Y. Similarly,
TGFBR2 has been expressed in spermatogonia, spermatocytes,
and spermatids in human testis (35). In murine testes, TGFBR2
has been reported to exist in gonocytes and Leydig cells
during fetal development (36). A previous study demonstrated
that TGFBR2 expression in epididymal DCs is crucial for
immunotolerance to sperm in mice epididymis, the absence of
which exhibits an immune response against sperm resulting in
severe epididymal leukocytosis (37). Considering these previous
findings, we speculate that TGFBR2 in sheep testes may be
implicated in maintaining testicular immune homeostasis, along

with being involved in the regulation of the development of
GCs. Moreover, our results showed that TGFB1 and its two
receptors TGFBR2 and TGFBR3, are predicted to be targeted
by 10, 23, and 113 putative DE miRNAs, respectively, in
which TGFBR2 and TGFBR3 are coregulated by miR-15-5p
and miR-7050-5p.

As macrophages are the largest immune cell population
in testes, their importance for testicular immune privilege is
reflected by their tolerance to the autoantigenic germ cells
and the local innate immune responses against microbial
infections (38). In our study, we identified CD68, a macrophage
marker, expressed in Tibetan sheep testes and significantly
decreased in T1Y. This indicates that macrophages also exist
in sheep testes and shows a possible decrease in cell number
in postpubertal testes. Accumulated evidence suggests that
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FIGURE 9 | A proposed putative model showing the involvement of DE genes and m

iRNAs in testicular immune homeostasis through related pathways.

testicular macrophages can secrete high anti-inflammatory
cytokines and express low levels of TLR signaling pathway
genes, along with simultaneous inhibition of pro-inflammatory
signaling pathways, such as the NF-«kB pathway (39). Similarly,
our results showed that 48 (e.g., TRAF6, IRAKI, IRF3, TLR4,
and TLR7) and 47 DE genes (e.g., IKBKBC, CCL19, CCL21,
and NFKB1) were significantly enriched in TLR and NF-«B
signaling pathway, respectively. Among these genes, the vast
majority were expressed at low levels (FPKM < 10) in testes
at two age groups and exhibited a reduced expression in the
T1Y group. By miRNA-mRNA integrated analysis, miR-146-
5p was potentially targeted to six genes involved in the TLR
or NF-«B pathway (TLR7, LTBR, MAP2K4, PRKCB, RIPK1,
and Zap70). Fifty-one target genes potentially regulated by miR-
146-5p participated in biological processes or pathways with
immune responses as well, such as adaptive immune responses,
leukocyte transendothelial migration, antigen processing and
presentation, and the TCR signaling pathway. The miR-
146 family has been widely reported to have a role in
maintaining immune tolerance, including pregnancy tolerance
and sperm-borne immunomodulation (16). Also, miR-146 is
involved in regulating the functional tolerance of immune
cell subtypes, including T cells, DCs, and macrophages (16).
For example, miR-146 inhibits the maturation of DCs by
reducing the expression of its surface markers. In normal
testes, DCs are phenotypically immature and immunologically
tolerogenic (34). Consistent with these findings, in our
study, a decreased CD86 gene (a surface marker for mature
DCs; FPKM < 2.5) with lower abundance was identified,

suggesting that DCs exist in normal sheep testis in an inactive
immature state.

It has been reported that immature DCs can suppress the
activation and proliferation of T cells that allow spermatogenic
cells to avoid being directly recognized by the activated T cells
(34). In this study, we found low CD4 expression (FPKM <
3.5 per independent sample) in both T3M and T1Y, and was
decreased in T1Y. These findings suggest that the number of
CD4+ T cells is kept at a very low level as well as in a quiescent
state in normal sheep testes, especially in postpubertal testes,
thereby preventing the potential DC-induced antigen-specific
immune response. Furthermore, the present study showed
that the mRNA expression and protein abundance of CD19
significantly decreased in T1Y compared with T3M. By using
immunofluorescence, weak CD19 protein signals were found
in interstitial cells in T3M. Interestingly, CD19 protein signals
were also observed in vascular endothelium in T3M and SCs
and the basement membrane in T3M and T1Y. CD19 is a
known B-cell marker, but its expression is not limited to B cells,
as demonstrated by the expression of CD19 in human SSCs
and granulosa cells (39). Considering that CD19 is also found
in the main components of BTB (SCs, basement membrane,
and vascular endothelium) suggests a possible role of CD19 in
the maintenance of BTB function and immune homeostasis in
sheep testes. Still, the detailed mechanisms remain to be further
verified. Based on the current results, a hypothetical model is
proposed to reveal the potential roles of DE genes and miRNAs
in the homeostatic regulation of immune privilege in sheep testes
(Figure 9).
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CONCLUSION

To the best of our knowledge, this is the first systematic
report investigating the expression patterns of miRNAs and
target mRNAs related to immunity in developmental testes
of sheep. Here, most of the miRNAs exhibited increased
abundance, whereas most genes enriched in immune-related
pathways/biological processes showed decreased abundance in
postpubertal testis compared with prepubertal testis. CD19
and TGFBR2 were revealed to both exhibit reduced mRNA
and protein expression. The CD19 protein was localized
mainly on prepubertal testicular vascular endothelium and
throughout developmental Sertoli cells and the basement
membrane, whereas the TGFBR2 protein was localized primarily
in interstitial cells and germ cells throughout development.
Integrated analysis of miRNAs and mRNAs demonstrate
that these genes, most of which may be regulated by
miRNAs, participate in the homeostatic regulation of testicular
immune privilege both through maintenance of the blood-
testis barrier and through inhibition of the immune response
and interstitial immune cell activity. Furthermore, oar-miR-
29b and miR-1185-3p were confirmed to directly interact
with ITGB1. These findings provide further insights into the
mechanism underlying testicular immune privilege in sheep and
other mammals.
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