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Macrophages are the principal immune cells of the epididymis and
testis, but their origins, heterogeneity, development, and mainte-
nance are not well understood. Here, we describe distinct popula-
tions of epididymal and testicular macrophages that display an
organ-specific cellular identity. Combining in vivo fate-mapping, chi-
meric and parabiotic mouse models with in-depth cellular analyses,
we found that CD64"MHCII'® and CD64"°MHCII" macrophage pop-
ulations of epididymis and testis arise sequentially from yolk sac
erythro-myeloid progenitors, embryonic hematopoiesis, and na-
scent neonatal monocytes. While monocytes were the major devel-
opmental source of both epididymal and testicular macrophages,
both populations self-maintain in the steady-state independent of
bone marrow hematopoietic precursors. However, after radiation-
induced macrophage ablation or during infection, bone marrow-
derived circulating monocytes are recruited to the epididymis and
testis, giving rise to inflammatory macrophages that promote tissue
damage. These results define the layered ontogeny, maintenance
and inflammatory response of macrophage populations in the male
reproductive organs.
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acrophages are important effector cells of the innate im-

mune system and play a critical role in host defense. They
also contribute to tissue homeostasis, aid tissue repair, and pro-
mote the resolution of inflammation. In order to perform these
diverse roles, macrophages are composed of different populations
with distinct origins, which can change their phenotype and
functions in response to the tissue microenvironment or upon
encountering inflammatory cues (1, 2).

Tissue-resident macrophages arise from three distinct waves of
embryonic hematopoiesis and maintain themselves by local self-
renewal (3, 4). In mice, the first wave of embryonic hematopoiesis,
termed “primitive hematopoiesis,” gives rise to primitive yolk sac
(YS) macrophages (5). A second wave of YS hematopoiesis follows,
which generates late erythro-myeloid progenitors (EMPs) that then
migrate and colonize the fetal liver (FL). There they continue to
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generate myeloid progenitors, including FL monocytes (MOs),
which contribute to most tissue macrophage populations, except
microglia (6, 7). The third wave of hematopoiesis starts in the para-
aortic splanchnopleural/aorta-gonad-mesonephros region, giving
rise to immature hematopoietic stem cells (HSCs), which then
migrate, colonize, and differentiate in the FL to establish defini-
tive hematopoiesis (8, 9). Immediately before birth, hematopoiesis
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switches from the FL to the bone marrow (BM), and after 1 wk of
age BM monocytes (BM-MOs) are generated and circulate in the
blood, ready for recruitment into tissues in response to inflam-
matory cues (9). In some organs, such as the intestine, pancreas,
and dermis, BM-MOs can contribute to the pool of tissue mac-
rophages in the steady state/under inflammation and replace those
derived during embryonic development (10-13), however it is not
known whether this occurs in all organs or is restricted to specific
situations.

Among the male reproductive organs, the epididymis and testis
are unique immunological sites where macrophages represent the
most prevalent immune cell population (14-16). Recent studies
indicate that testicular macrophages have a phenotype and func-
tional profile consistent with a role in maintaining immune toler-
ance/privilege in the testis (17, 18), but very little is known of the
phenotype or function of epididymal macrophages. What we do
know is that infection, inflammation, and autoimmunity in the male
reproductive tract are common health issues, and also underlie
around 15% of all cases of male infertility (19). So far, the possible
role of macrophages in these conditions has received little attention.
A recent report identified two macrophage E_opulations in adult
mouse testes: Interstitial macrophages (CD64 ‘MHCII“’Z‘ and per-
itubular macrophages (CD64'°MHCII™) (16). The CD64""MHCII"
population was found to originate from embryonic progenitors,
whereas CD64°MHCII™ cells appeared only postnatally in the
testis and were thought to arise from BM-derived cells (16). How-
ever, the relative contributions of the embryonic progenitors to the
adult testes-resident macrophages, and how testicular macrophages
maintain themselves in adulthood are not yet defined. Furthermore,
the origin and maintenance of epididymal macrophages in adult-
hood is completely lacking.

Here, we define the cellular identity, development, and mainte-
nance of macrophage populations that reside in adult mouse testis
and epididymis. Using immunophenotyping, fate-mapping analyses,
long-term parabiosis, and BM transplantation, we observed that
steady-state epididymis and testis contain two self-maintaining adult
MO-independent macrophage populations: CD64"MHCIT® and
CD64°MHCII™, both arising either embryonically from fetal MOs
or immediately after birth from neonatal nascent blood MOs.
However, when the macrophage niche was emptied by irradiation,
engrafted BM-MOs differentiated into tissue-resident macrophages
in both organs. During bacterial infection, the recruitment of BM-
MOs was also associated with tissue damage. We provide an al-
ternative view to the current paradigm that testicular CD64'°MHCIT™
macrophages arise from blood monocytes in the steady state,
showing instead that fetal/neonatal monocytes give rise to these
populations which then self maintain during adulthood.

Results

Adult Epididymal and Testicular Macrophages Express a Distinct
Phenotype and Transcriptional Signature. We first characterized
the macrophage populations in the epididymides and testes of
9-wk-old male mice. Macrophages were readily identified by flow
cytometry of live CD45" cells after gating-out Ly6C* MOs and
CD11c* dendritic cells (SI Appendix, Fig. S1). A distinct single
population of macrophages (F4/80*CD11b™) was present in both
the epididymides and testes, as is seen in the murine brain (Fig. 14).
Among the CD45* immune cells, macrophages represented the
largest population in both organs (SI Appendix, Fig. S2 A and B),
and were also significantly more abundant in the epididymis than
the testis (SI Appendix, Fig. S2C). Besides macrophages, we also
detected dendritic cells (F4/80"CD11c*MHCII*) and MOs (F4/
80 Ly6C" and MHCII™) (SI Appendix, Fig. S2 A and B). Next, to
confirm that these macrophages were bone fide tissue-resident cells
and not intravascular leukocytes from within the tissues, we intra-
venously injected FITC-conjugated anti-CD45 antibodies just be-
fore killing the mice to label all of the blood leukocytes (20) (S
Appendix, Fig. S3A4). Epididymal and testicular macrophages did not
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label with CD45-FITC, and thus were not intravascular leukocytes;
in contrast, around 10% of Ly6c high MOs from within the epi-
didymides and testes were labeled, pointing to a vascular origin (S/
Appendix, Fig. S3).

We next asked whether macrophages from the epididymis and
testis display a unique gene-expression profile, as do microglia
(21). We performed RNA-sequencing (RNA-seq) whole-genome
expression profiling coupled with principal-component analysis of
the differentially expressed genes (DEGs), which revealed distinct
clustering of macrophages according to their organ of origin
(Fig. 1B). At the gene-expression level, remarkably, epididymal
macrophages were as different from testicular macrophages as
from the microglia of the brain, exhibiting 290 and 400 DEGs,
respectively, whereas 834 genes were differentially expressed be-
tween testicular macrophages and microglia (SI Appendix, Fig. S4
and Dataset S1). The epididymis expresses high levels of defensins
as antimicrobial peptides (22), and accordingly we saw high ex-
pression of Def20 and Defb25 in these cells (Fig. 1C). Moreover,
the epididymis contains an acidic luminal environment that is re-
quired to maintain spermatozoa in a quiescent and immotile state
before ejaculation (23). Gpr65, which is highly expressed in epi-
didymal macrophages (Fig. 1C), can sense pH by protonation of
histidines on its extracellular domain; downstream signaling then
suppresses proinflammatory cytokine production in macrophages
and T cells and so reduces inflammation (24). Testicular macro-
phages expressed significantly higher levels of immunosuppressive
genes, namely Mrcl, Dab2, Igfl, Lgalsl, and Lgals3, as well as
genes encoding transcription factors, such as KIf4, Rora, Nr4a2,
Nrdal, and Egr2 (Fig. 1 C and D). This corroborates previous
findings that testicular macrophages display an immunosuppres-
sive phenotype that maintains the immune privilege of the testes
(17, 18). Thus, the pattern of DEGs we observed highlights links
between the known biological features of the epididymis and testis
and the macrophages that reside there.

Next, we investigated whether epididymal and testicular mac-
rophages express common macrophage markers or have unique
expression signatures. By flow cytometry, we found that both
macrophage populations abundantly express CD64 (FcyR1),
CX3CR1, and the mannose receptor CD206, while neither pop-
ulation expresses the costimulatory molecules CD80 or CD86
(Fig. 1E). In contrast to testicular macrophages, the expression of
the tyrosine kinase receptor MerTK and colony stimulating factor-
1 receptor (CSF1R) was low/heterogeneous in epididymal mac-
rophages. We also detected heterogeneous expression of MHC
class IT within the macrophage populations of the epididymis and
testis, suggesting the presence of MHCII* and MHCII~ subpop-
ulations, as previously published (16), and in common with other
resident macrophage populations (2). Of note, surface expression
of FLT3, a classic marker of dendritic cells, was barely detected in
either epididymal or testicular macrophages, confirming that these
macrophage populations were not contaminated with dendritic
cells (Fig. 1E). Taken together, these data suggest that epididymal
and testicular macrophages share core markers with tissue mac-
rophages of other organs, while concomitantly expressing a unique
set of genes consistent with their organ-specific functions.

Epididymal and Testicular Macrophages Originate from Definitive
Hematopoiesis. Most tissue-resident macrophages, such as micro-
glia, Langerhans cells (LC), liver Kupffer cells (KCs), cardiac, and
alveolar macrophages (AMs), derive from embryonic precursors
that seed the respective organ before birth and maintain them-
selves locally throughout life (25). To understand the likely con-
tribution of embryonic precursors to the testicular and epididymal
macrophage populations, we monitored the emergence and num-
bers of F4/80"CD11b* macrophages from embryonic day (E)12.5
until 2 mo of age in mice. At E12.5, we found that the majority of
the macrophage populations are F4/80"CD11b'°, reminiscent of
Myb-independent embryonic macrophages described previously
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Fig. 1. Adult epididymal and testicular macrophages display a distinct phenotype and transcriptional signature. (A) Single-cell suspensions from epididymis,

testis, and brain were analyzed by flow cytometry in 9- to 10-wk-old adult WT male mice. The full gating strategy is described in S/ Appendix, Fig. S1A.
Representative plots are shown. Data were pooled from at least three different experiments, each utilizing two mice. (B) Principal component (PC) analysis of
RNA-seq data from macrophages isolated by FACS from epididymis, testis, and brain. (C) Heat map and hierarchical clustering of the top 20 uniquely
expressed genes of epididymal, testicular, and brain macrophages. (D) Heat map and hierarchical clustering of differentially expressed transcription factor
genes in macrophages isolated from epididymis, testis, and brain. For each individual experiment, testicular and epididymal macrophages were pooled from
seven mice, respectively, whereas brain microglia were obtained from one mouse. Data were obtained from three independent experiments. (E) Expression of
cell surface markers was measured by flow cytometry of cells from epididymis, and testis. Representative histograms show the expression of CD64, CD206,
CD80, CD86, MerTK, MHCII, CSF1R, CX3CR1, and FLT3 within the F4/80* CD11b* population. The shaded blue line denotes the specific antibody and the open

red line denotes the isotype control (n = 4).

(26), and suggesting their descent from YS hematopoiesis (Fig. 24
and SI Appendix, Fig. S5). From E14.5, an influx of F4/80'°°CD11b"
cells occurred in both mouse epididymis and testis, appearing at
a similar time as MOs in other organs (26) (Fig. 24). On
postnatal day 3, el?ididymal and testicular macrophage populations
comprised F4/80™CD11b" macrophages and a F4/80'°CD11b™
myeloid population; however, the number of F4/80°CD11b" cells
diminished shortly after birth, and by 3 wk of age epididymal and
testicular macrophages were entirely F4/80"CD11b'" cells (Fig. 2B).

Adult testis contains two subpopulations of macrophages:
CD64"MHCII" and CD64'°MHCII™, with different ontogeny
(16). Given our finding of heterogeneous MHCII expression also in
epididymal macrophages, we next sought to characterize the sub-
populations in this tissue. We first monitored the relative frequen-
cies of CD64"MHCII™ and CD64°MHCII"-positive cells within
the F4/80*CD11b* population at an interval between 1 and 12 wk
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macrophages

of age. At 1 wk of age, both epididymis and testis contain a single
distinct population of CD64™MHCII" macrophages, suggesting an
embryonic origin (Fig. 2 C and D). From the second week onward, a
population of CD64°MHCII™ cells appears, which progressively
increases until it represents the majority of the cells at 12 wk of age,
whereupon the proportion of the CD64°MHCII™ population ex-
ceeds that of the CD64"MHCII® population in both organs
(Fig. 2 C and D). The appearance of distinct subpopulations of
macrophages at different stages of development could suggest a
layered ontogeny, with CD64™MHCII" cells arising embryonically
and CD64'°MHCII" either being generated from prenatal MOs
or adult hematopoiesis, or by conversion of CD64"MHCII'"
macrophages.

To determine the relative contribution of YS macrophages
to the adult testicular and epididymal pools, we took advantage
of a fate-mapping system in which expression of a tamoxifen
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Epididymal and testicular macrophages originate from definitive hematopoiesis and are maintained in adulthood. Epididymides and testes were

harvested before birth (A) (E12.5 to E18.5) and after birth (B) (D3 to 9 wk of age) from C57BL/6J WT mice for flow cytometric analyses. Contour plots show
labeling for F4/80 and CD11b in embryonic and postnatal epididymis and testis. Embryonic data were obtained from three pregnant females for each time
point with three to five embryos per animal that were pooled postbirth data were obtained from three to six mice. (C) F4/80*CD11b* cells from epididymis
and testis of C57BL/6J WT mice were analyzed for CD64 and MHCII expression from 1 to 12 wk of age. Representative flow cytometry plots indicate the
percentage of CD64"MHCII'™® and CD64'°MHCII" populations in F4/80* CD11b* macrophages from each tissue. (D) Relative proportions of CD64™ and MHCII™
macrophages within total F4/80*CD11b* epididymal macrophage (EM) and testicular macrophage (TM) populations at different postnatal ages as indicated.
Data were pooled from two different experiments with three to five mice at each time point (mean + SD). (E) Csf1rM“MWT  Rosa26°Y* pregnant dams were
injected with TAM at E8.5 to label the CSF1R* YS macrophages in embryos. (F) Progeny of dams in E were killed at 9 wk of age to determine the frequency of
labeled CSF1R* cells within the macrophage populations of the brain, epididymis, and testis. (G) Relative proportions of eYFP-expressing CSF1R* macrophage
populations in epididymis and testes normalized to the frequency of CSF1R expression in brain microglia (19.8 + 3.6, n = 4; one-way ANOVA, ***P < 0.001). (H and /)
The frequency of FLT3* (tdTom~GFP*) cells in epididymal and testicular macrophages analyzed by flow cytometry in 9 wk old FIt3® x Rosa-""™° mice. Repre-
sentative data from one of seven mice are presented. (J) Percentage of FLT3* (tdTom~GFP*) cells within CD64"MHCII'® and CD64'°MHCII testicular and epididymal
macrophage populations at 2 to 9 wk of age (mean + SD, number of mice at 2 wk =5, at 5 wk = 7, and at 9 wk = 7; two way ANOVA, *P < 0.05, **P < 0.01).

(TAM)-inducible Cre recombinase (MerCreMer) occurs under
the control of the Csflr promoter (CsfIrM™) in YS EMPs (26).
We crossed CsfIM™™ mice with a Rosa26°¥*F reporter mouse
that expresses enhanced yellow fluorescent protein (eYFP). Cre-
mediated recombination in the F1 progeny was induced by a sin-
gle ip. injection of 4-hydroxytamoxifen (OH-TAM) into pregnant
female mice at E8.5 (Fig. 2E). TAM injection induced irreversible
expression of eYFP in YS-derived macrophage progenitors and
their derivatives, but not in HSCs: In CsfIrM™"“%wRosa26°Y* mice
~20% of brain microglia, acting as positive controls, were eYFP™ at
9 wk of age (Fig. 2F). In contrast, less than 5% of CD64"MHCII"
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and CD64'°MHCIT™ macrophage populations in both epididymis
and testis expressed eYFP at the same age (Fig. 2F), with no
significant difference in labeling between the two subsets in ei-
ther tissue (Fig. 2G). After normalization to the labeling efficiency
in microglia, we saw that YS EMPs contribute a relatively small
number of cells to the macrophage populations in testis and
epididymis (Fig. 2G).

We therefore asked whether embryonic or adult HSCs might
rather be the main source of epididymal and testicular macro-
phages. We used FI3" mice, which efficiently track fetal and adult
HSC progenitors and their progeny (27), crossed with Rosa26™ "¢
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reporter mice (Fig. 2H), and measured the frequency of FIt3<™*
cells in the epididymis and testis between 2 and 9 wk of age. We saw
robust labeling of both subsets of testicular and epididymal
macrophages from 2 wk, and by 9 wk around 50 to 60% of
CD64"MHCII' and around 80% of CD64'°MHCII™ epididy-
mal macrophages expressed GFP (Fig. 2 I and J); similarly, in
the testis, around 75 to 85% of CD64 " MHCII' and 85 to 90%
of CD64°MHCII™ macrophages expressed GFP at this time
(Fig. 2 I and J). Thus, definitive hematopoiesis plays a significant
role in the development of the epididymal and testicular macro-
phage pool, and this contribution remains stable into early
adulthood (5 vs. 9 wk), indicating an embryonic or neonatal MO
contribution.

Epididymal and Testicular Macrophages Are Maintained Independently
of Blood MOs and Adult Hematopoiesis. Although the above data
show that both subpopulations of testicular and epididymal mac-
rophages by majority arise from early (embryonic or neonatal)
HSCs, it was possible that this contribution was replaced over time
by blood MOs. Therefore, we compared the macrophage pop-
ulations in these tissues under steady-state conditions in WT and
chemokine receptor 2 (Ccr2™'") -deficient mice, which lack peripheral
blood MOs due to defective egress of Ly6C" MOs from the BM (28)
(Fig. 34). The numbers of CD64"MHCII® and CD64°MHCII™
macro/phage populations in both organs were similar in WT and
Ccr2”™ mice (Fig. 3 B and C). Conversely, intestinal macrophages,
which largely originate from blood MOs, were significantly reduced in
the Cer2™~ mice (12, 28) (SI Appendix, Fig. S6). To further confirm
this finding, we established parabiosis between CD45.1" WT mice
and CD45.2% Ccr2”~ mice for 6 mo and then asked whether
CD45.1% monocyte-derived cells were present within the Cer2™/~
mouse testicular and epididymal macrophage populations
(Fig. 3D). In blood, ~65% of Ly6C™ MOs were of donor origin,
indicating efficient establishment of the chimeras, and in accor-
dance with previous findings (29) (Fig. 3E). In both epididymis
and testis, only around 1% of CD64™MHCII' macrophages were
of CD45.1 origin within the CD45.2% Ccr2™/~ mice. In contrast 5
to 7% of CD64°MHCII" in epididymis and 2% in testis were of
CD45.1 origin in the CD45.2* Cer2™~ mice (Fig. 3 E and F). This
indicates that replacement by blood MOs plays only a minor role
in the maintenance/turnover of the resident epididymal and
testicular macrophage populations.

To confirm and extend this finding, we employed Ms4a
Rosa™ reporter mice that effectively label MO-derived macro-
phages with tdTomato, but not lymphocytes or dendritic cells (13)
(Fig. 3G). At 24 wk of age ~40 to 55% of both CD64"MHCII*
and CD64"°MHCII" epididymal macrophages, respectively, were
labeled with tdTomato (Fig. 3H). Similarly, we observed a high
frequency of tdTomato labeling in the testicular CD64™MHCIT*
(around 50 to 55%) and CD64'°MHCII™ (around 60 to 65%)
macrophage populations (Fig. 3H). In agreement with the above
data, labeling of tdTomato™ cells did not increase with progressing
age, indicating that, similar to the FLT3-Cre data, ~50 to 80% of
epididymal and testicular macrophages are derived from MOs
(HSC:s) early in development, but there is minimal contribution of
blood MOs to these macrophage populations in adult life (Fig. 3 H
and /).

The transcription factor Myb is essential for definitive hema-
topoiesis (30, 31). To determine whether BM HSCs contribute
to adult testicular and epididymal macrophages, we treated
Cd45.2;MxI"“"*;Myb™' mice with poly (I:C) to induce the deletion
of Myb-floxed alleles, then reconstituted them with BM cells
from CD45.1 mice (Fig. 3/). By conditionally deleting the Myb
gene, we could ablate HSCs and their progeny, enabling trans-
plantation of donor HSCs without irradiation or other pre-
conditioning (32). After 9 mo, we measured the proportions of
donor (CD45.1) and host (CD45.2) cells within the macrophage
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populations of the brain, testis, and epididymis (Fig. 3K). All
blood MO were of donor CD45.1 origin after 9 mo, indicative of
complete BM chimerism (Fig. 3L). In contrast, and consistent
with our results in Ccr2™'~ and parabiotic mice, the relative con-
tribution of donor-derived CD45.17" cells to the host epididymis,
testis, and brain (as control) was minimal (Fig. 3 K and L). Taking
these data together, we find our multipronged analysis clearly
shows that epididymal and testicular macrophages are long-lived
and that neither circulatory MOs nor adult definitive HSCs con-
tribute significantly to their pool in adult life.

Next, we investigated whether the lack of replenishment of the
macrophage population by MO-derived macrophages in the
epididymis and testis was balanced by in situ proliferation or
alternatively a long life span of the resident macrophages. We
measured bromodeoxyuridine (BrdU) incorporation to deter-
mine the proliferation rate of epididymal and testicular macro-
phages under steady-state conditions. This showed significant
turnover of both the testicular and epididymal macrophage
populations at 1 and 2 wk of age, which reduced to almost zero
from 4 wk onward (SI Appendix, Fig. S7). Taken together with
the above data, this suggests that the embryonically or neonatally
seeded monocytic cells are proliferating rapidly to fill the niche,
then stop when it’s full and do not proliferate again in the steady
state except for a minimal level of self-maintenance, and that
replacement by circulatory MOs is dispensable for the mainte-
nance of both populations.

Following Irradiation BM Cells Repopulate the Empty Niche of Epididymal
and Testicular Macrophages. To determine whether BM-derived cells
could repopulate an ablated macrophage niche in the epididymis
and testis, we lethally irradiated WT mice with or without protecting
the inguinal scrotal region, then adoptively transferred EGFP*
donor BM cells and analyzed their subsequent frequency in the
epididymis and testis (Fig. 44). One day after irradiation, we con-
firmed the partial ablation of epididymal and testicular macro-
phages and the efficacy of shielding (Fig. 4 B and C). Five and 12 wk
after BM transplantation, all BM-derived cells in blood expressed
EGFP, confirming complete chimerism (Fig. 4D). In the epididy-
mides and testes of shielded mice there was a negligible frequency of
EFGP™ cells in either the CD64"MHCII or CD64°MHCII™ pop-
ulations; however, in unshielded irradiated mice, EFGP™ cell numbers
increased significantly in CD64"MHCII and CD64°MHCII™ mac-
rophages over the time period investigated (Fig. 4 E-G). Of note,
ablation efficiency of both epididymal and testicular macrophages
was the same (SI Appendix, Fig. S8 A-C), but epididymal mac-
rophage replenishment by BM cells occurred at a substantially
higher rate than that of testicular macrophages (S Appendix, Fig.
S8D), highlighting a potential difference in the ability of the two
tissues to be repopulated by MO-derived cells. Together, these
data show that, as in other organs (33, 34), BM-derived cells can
repopulate both the macrophage populations of the epididymis
and testis when the niche is empty, albeit perhaps to differing
extents, but not in the steady state when the niche is full.

CSF-1 Is Required for Epididymal and Testicular Macrophage Survival.
The resident macrophage populations of all organs in adult mice
are controlled by CSF1R, and its cognate ligands colony stimu-
lating factor-1 (CSF-1) and interleukin-34 (IL-34) (35, 36). How-
ever, the role of CSF-1 and IL-34 in the maintenance of both
CD64"MHCII" and CD64'°MHCII™ macrophages in epididymis
and testis is not known. We found that CSF-1 was expressed ex-
clusively in the interstitial space where it colocalized with F4/80*
cells in the testis; while in the cauda epididymidis, CSF-1 was
expressed in the interstitial space as well as on the apical part of
the epithelial cells bordering the lumen (Fig. 54). Of note, the
colocalization pattern of CSF-1 and F4/80 was similar in all of the
regions (i.e., caput, corpus, and cauda epididymidis). As there is
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Fig.3. Epididymal and testicular macrophages are maintained independently of blood MOs and adult hematopoiesis. (A and B) Percentage of CD64"MHCII'
and CD64'°MHCII" macrophages in F4/80*CD11b* cells of epididymis and testis in 9-wk-old WT and Ccr2™'~ mice. (C) Percentage of CD64"MHCII' and
CD64"°MHCII" macrophage populations in epididymis and testis of 9-wk-old WT and Ccr2~~ mice. Data from three to five individual mice (Welch’s t test,
mean + SD). (D) Parabiotic mice were generated by surgically connecting the blood circulatory systems of C57BL/6J CD45.1 and Ccr2~~ CD45.2 mice for 6 mo.
(E) Chimerism in monocytes from blood and CD64"MHCII'® and CD64'°MHCII" macrophage populations from epididymis and testis were analyzed by flow
cytometry. Plots are representative of six parabionts. (F) Mean percent chimerism in Ccr2™~ mouse MOs and CD64"MHCII'™ and CD64'°MHCII" macrophage
populations from epididymis and testis. Histogram represents the summary of all of the parabionts. The one-way ANOVA was employed for statistical
analysis. ***P < 0.001. (G-/) Five- and 24-wk-old Ms4a3“"®-Rosa’" mice were analyzed for the percentage of Ms4a3<"*™™ cells in epididymal and testicular
CD64"MHCII' and CD64'°MHCIIM macrophages. Representative data from one of four mice are presented (one-way ANOVA; mean + SD). (/) Mean per-
centage of dtTomato* cells in in CD64"MHCII'® and CD64'°MHCII" epididymal and testicular macrophages of Ms4a3<"®-Rosa™" mice (n = 4). (J-L) Six- to
8-wk-old male Cd45.2;Mx1""¢;Myb™ mice were treated with poly (I1:C) (plpC) to induce the deletion of Myb-floxed alleles. Mice were infused with 107 BM cells
from CD45.1 mice and the host mice were examined after 9 mo for donor (CD45.1) and host (CD45.2) origins of macrophage populations in the brain, testis,
and epididymis. Expression of CD45.1 and CD45.2 was examined in live CD64"MHCII'® and CD64'°MHCII"-positive cells. (L) Mean percentage of CD45.1
macrophages in blood MOs and macrophages of brain, epididymis, and testis (one-way ANOVA; mean + SD; n =4, *P < 0.05, **P < 0.01, ***P < 0.001, NS: not
significant).

no commercially available anti-IL-34 antibody suitable for im-
munofluorescence microscopy, we performed FACS-Gal flow
cytometry to measure the expression of IL-34 in the epididymis
and the testis of adult JI34-°?/* reporter mice and WT control
mice (Fig. 5B). We did not observe any IL-34 expression in the
epididymis, while in the testis IL-34 was expressed in CD45™ cells,
mostly CD31* and CD34" cells (Fig. 5B). As we detected 1L-34
synthesis in testis but not in epididymis, it was possible that tes-
ticular macrophages require both IL-34 and CSF-1 for survival,
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whereas epididymal macrophages depend solely on CSF-1 for
survival. Therefore, we asked whether either population was af-
fected in mice deficient in IL-34 (IL34-““-*%) (37) (Fig. 5C) and
found that they were not (Fig. 5 D and E). We next blocked
CSFIR signaling in mice using an anti-CSF1 antibody, as this
exclusively bind CSF-1 and block interaction to CSF1R, without
influencing the interaction of IL-34 with CSFIR. In contrast to IL-
34—deficient mice, blocking of CSF1R signaling with an anti—-CSF-1
antibody, significantly reduced the number of F4/80*CD11b*
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Fig. 4. Following irradiation, BM cells repopulate the empty niche of epididymal and testicular macrophages. (A) Six-week-old C57BL/6J mice were lethally

irradiated with or without the inguinal/scrotal region shielded, before EGFP* BM cells were injected into the tail vein. (B and C) After 1 d, efficiency of blood
MO and epididymal and testicular macrophage ablation was determined by flow cytometry (two-way ANOVA; mean + SD; n = 5). (D and E) After 5 wk the
frequency of EGFP* cells in blood MOs and in macrophage populations of epididymis and testis was measured by flow cytometry. (F) Mean percentage of
EGFP* cells in blood MOs, and in CD64"MHCII'" and CD64'°MHCII" testicular and epididymal macrophage populations at 5 wk after irradiation. (Welch's t test;
mean + SD; n = 5). (G) At 5 and 12 wk after irradiation, the frequency of EGFP* cells of donor were determined by flow cytometry in blood MOs, and in
macrophage populations of epididymis and testis (Welch's t test; mean + SD; n = 5, *P < 0.05, **P < 0.01, ***P < 0.001, NS: not significant).

macrophages in both tissues (Fig. 5F) and in both the CD64"MHCII®
and the CD64'°MHCII™ populations in each tissue (Fig. 5 G and
H). Thus CSF-1 but not IL-34 is required for the survival of

epididymal and testicular macrophages.

Bacterial Infection Drives Proliferation of Resident Testicular and
Epididymal Macrophage Populations and Recruitment of Blood MOs.
In males, bacteria may travel through the urethra to the epididymides
and testes, causing epididymitis or combined epididymo-orchitis (38,
39). Uropathogenic Escherichia coli (UPEC) is a gram-negative
bacterium that commonly infects the male genito-urinary tract
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and is often the main pathogen found in urine samples of patients
diagnosed with epididymitis or combined epididymo-orchitis (40).
To examine the inflammatory effects of UPEC on the epididymal

and testicular immune compartments, we injected bacteria into both
vasa deferentia of mice, close to the epididymides, and monitored

macrophages exist

their effects on the cell populations and tissues by flow cytometry
1 wk later (Fig. 64). UPEC infection increased the number of in-
flammatory MOs (Ly6c*CD11b*F4/80~ up 6.6-fold in testis, 33.7-
fold in epididymis), neutrophils (Ly6G™, 286.6 fold in testis, 34.7-fold
in epididymis), and inflammatory macrophages (Ly6c*MHCII " F4/
80" CD11b™, 6.5-fold in testis, 10.3-fold in epididymis) (Fig. 6 B

PNAS | 7 of 12

https://doi.org/10.1073/pnas.2013686117

IMMUNOLOGY AND
INFLAMMATION


https://doi.org/10.1073/pnas.2013686117

F4/80

A
! L
Epididymis E

Merge (DAPI)

Gated on CD45CD31* Gated on CD45CD34°

60 80 100
o

g
.20 . ‘é |
Epididymis % 21 | f
82 | EE |
2ol |
ol M —
0 10 10° 10
s &7
= £s- ",
B
Testis § 2 ‘
- P |
Testis | 5° |
& |
a3 | 1
0 10" 10' 10°
IL-34 " IL-34 a2
C D E Owr B |34 LacZLacZ
Epididymis Testis & 10000 125 < § £ B, s
WT or |L-34 ucznacz e 9% 6000 & < 400071
wT IIL-34 taczracz WT |L-34 LacZiacz S g000 L7 g -
: c £ 3 I Z 3000 B
1] 1 5 6000 Ns 3 4000 8
1041 10t o0 10 [ 5 - &8c T
2100 e [ 2 104 | o 101 | 2 2 oo = ¢ 2000
g 7 | { [| & | ¢ £ 4000 5 S i
Tl 10°1 Fel 8| ] 5 5 22000 52
e o i 0y 10 = 5 £ 5 £ 1000
Chg Y o ) [}
0 @ }463*35 o1 Q) dsasss 0 80+6.9 of 83286 ll3?12000 g g g E
2 R T g 0 28 0 Zs O
D100 10¢ 10° 5100 10t 10° 0 10° 10 0 10° 10 5 & E & E & P
> CD11b » CD11b S &S\ P é\si P
; 3
= 4 ) R
F G H g 2
3 8
® o
Epididymis Testis 8 "’8 7
o - c "
wr - 2 6000 [ aCsi{ 2000 O aCsft § 00 aCsfl
- isotype a-CSF1 isotype a-CSF1 e B isot 5 '2| @ isotype £ 4000 I isotype
g . = — : 5 SotyPe 2 1500 g
g | ] D 104 104 o 4000 5 = 3000
" 45| 1 A T : & | & 5 Z 1000
| A 10 — 10y N = = 8 2000
10 | 10% i | W s { 9 e © 2000 M 8
1 0 49237 0 ! 23242 01 o1 g I 9= 500 5 1000
Do D7 o B ] ] £ 3] ! G
L1 TR R R Rl R RT] BRI TR 5 0 = 0 = R
injected with anti- g g t’o\‘\ ‘\“\ = Q}“\ «\S\ % @
CSF1 Ab or isotype 1gG » CO11b » CD11b 8 =
(8]

Fig. 5. CSF-1 is essential for the survival of testicular and epididymal macrophages. (A) Confocal microscopy image of sections of cauda epididymidis and
testis of WT C57BL6J mice stained with DAPI and labeled with anti-F4/80 and anti-CSF-1 (E, epithelium; I, interstitium; L, lumen; ST, seminiferous tubules)
(magnification, 20x objective). (B) Histograms show expression of IL-34 in CD45"CD31* and CD45734" cells from epididymis and testis of WT and
IL-34"%*mice (n = 3 to 5). (C and D) Flow cytometry density plots of the F4/80*CD11b* macrophage populations in epididymis and testis of //34:2L3Z and WT
mice (n = 5). (E) Average number of CD64""MHCII'® and CD64"°MHCII" macrophage populations of epididymis and testis in //34-2?*3Z and 1134** mice
(Welch's t test; mean + SD; n = 5). (F) WT C57BL/6J mice were injected with anti-CSF-mAb or isotype control. (G) Seven days after the first injection, the
frequency of F4/80*CD11b* macrophage populations in the epididymis and testis was measured by flow cytometry. (H) The number of CD64"MHCII'® and
CD64"°MHCII" macrophage populations of epididymis and testis in anti~-CSF-mAb or isotype control injected mice. Welch’s t test. was employed for statistical
analysis. (mean =+ SD; n = 5) *P < 0.05, **P < 0.01, ***P < 0.001, NS: not significant.

and C). Numbers increased significantly more in the epididymis, both testis and epididymis, it was high in the infiltrating mac-
which is reminiscent of the MO influx data in the above-mentioned ~ rophage populations (F4/80'°CD11b™) (Fig. 6 E-H). This indi-
irradiation model (SI Appendix, Fig. S9). Similarly, the frequencies  cates that blood MOs give rise to the inflammatory macrophage
of inflammatory macrophages, inflammatory MOs (testis: 9.1-fold;  populations. To further confirm these data, we also compared
epididymis: 11.3-fold), and neutrophils (testis: 8.7-fold; epididymis:  macrophage numbers in WT and Ccr2-deficient mice after UPEC
10.2-fold) were increased as observed 18 h after intraperitoneal infection (Fig. 6/). Under infectious conditions, we saw that num-
injection of lipopolysaccharide (LPS, a gram-negative bacterial cell ~ bers of the F4/80°CD11b" macrophage populations were reduced
wall component) (SI Appendix, Fig. S10). in the epididymis and testis of Ccr2~~ mice (Fig. 6J and L).

During inflammation the macrophage population at the af- We also asked whether UPEC infection affected resident
fected site swells, both by rapid recruitment of blood MOs and by  macrophage proliferation by administrating mice BrdU in their
proliferation of resident macrophages (41, 42). To understand  drinking water for 7 d from the initiation of the infection. In the
whether blood MOs contribute to the pool of testicular and  testis, only resident macrophages were positive for BrdU, while
epididymal macrophages under inflammatory conditions, we in the epididymis both resident and inflammatory macrophages
established parabiotic CD45.1/CD45.2 mice, then exposed them  were labeled (SI Appendix, Fig. S11). Taken together, our results
to LPS and measured the proportion of donor MO-derived cells  indicate that both testicular and epididymal macrophage num-
in the host reproductive tissues (Fig. 6D). While again the chi- bers increase during inflammation through blood MO ingress
merism was low in resident macrophages (F4/80™CD11b'°) of and local proliferation.
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Fig. 6. Bacterial infection drives proliferation of resident testicular and epididymal macrophage populations and recruitment of blood MOs. (A) WT C57BL/6)J
mice were injected with saline or UPEC. Seven days postinfection, macrophage and immune cell populations were measured in (B) epididymis and (C) testis by
flow cytometry. Data are representative of at least two independent experiments. Mean numbers of F4/80"CD11b'° resident macrophages, F4/80'°CD11b"
MO-derived macrophages, Ly6"'CD11b" MOs, and Ly6G* neutrophils are presented (Welch's t test; mean + SD; saline control n = 6; LPS n = 6). (D) WT CD45.1
and CD45.2 parabionts were established for 8 wk before injection of LPS. After 18 h the chimerism of F4/80"'CD11b'® and F4/80'°CD11b"" macrophages was
measured in (E) epididymis and (G) testis, with mean data from all parabionts shown in F and H. (Welch’s t test, mean + SD, saline control = 5, LPS = 5). Flow
cytometry plots are representative of one of five parabionts. (/) WT and Ccr27'~ mice were injected with UPEC or saline (sham) and after 7 d the number of
macrophages in (J) epididymis and (L) testis were counted. Data were pooled from two different experiments (two-way ANOVA,; saline control = 4, UPEC
Cer2™/~ = 4. ***P < 0.001, **P < 0.01, *P < 0.01. Day 7 tissue sections from UPEC-infected or saline-injected WT and Ccr2~'~ mice were stained with (K) Sirius
red (cauda epididymidis [left 2 images], cauda and distal part of corpus epididymidis [right 2 images]) and (M) hematoxylin and eosin (testis) (magnification,
20x objective). In K, dashed line and G = granuloma.

Leukocytic infiltration is a hallmark of epididymo-orchitis (38,  progression, we examined testicular and epididymal integrity in
43), but the possible role of macrophage populations in the pa- ~ UPEC-infected WT and Ccr2”~ mice. In WT mice we observed in
thology of this condition is unknown. To determine the effect of  the sham animals that the morphology of the cauda epididymidis
inflammatory MOs and macrophages on tissue damage and disease ~ was normal, with visible cross-sections of multiple epididymal ducts,
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intact epithelium, and the lumen filled with spermatozoa. However,
in UPEC-infected epididymis, the major histological alterations
were restricted mainly to the cauda epididymidis with epithelial
exfoliation, infiltration of immune cells and interstitial fibrosis, the
presence of abscesses and granuloma all leading to epididymal duct
narrowing/obstruction which is particularly evident in UPEC in-
fected WT mice (Fig. 6K). In contrast, epididymal damage was
much less pronounced in UPEC-infected Cer2™"-deficient mice,
which was associated with a reduced influx of inflammatory Ly6c™
MOs and macrophages. Similarly, focal impairment of spermato-
genesis induced by UPEC infection in WT mice was ameliorated in
Ccr27"-deficient mice (Fig. 6M). In accordance with previous
studies, we did not observe gross morphological alterations in the
corpus or caput epididymidis of UPEC-infected mice (38).

Discussion

Here we show that epididymal and testicular macrophages express
unique sets of signature genes and transcription factors, respec-
tively, which are distinct to those of other tissue macrophages
investigated, such as microglia. The survival and maintenance of
macrophages from both reproductive organs is controlled by CSF-1.
Our multipronged lineage-tracing and fate-mapping analysis
showed that the epididymal and testicular macrophage subsets,
CD64™MHCII and CD64°MHCII", arise in distinct waves from
the YS, embryonic and early hematopoiesis, and are self-maintained
in adult life with minimal contribution from circulatory MOs. How-
ever, when their respective niche is ablated, BM-MOs populate the
epididymis and testis and differentiate into resident macrophages.
These findings close an important gap in the understanding of tissue
macrophage biology in the male reproductive system and have sig-
nificant implications for our understanding of male infertility.

Most resident tissue macrophages arise from two distinct
waves of embryonic hematopoiesis. They are derived from early
and late EMPs in the YS and then self-maintain without contri-
bution from BM-MOs (7, 27). In accordance with previous findings
(26), we identified a distinct population of F4/80"CD11b macro-
phages at E12.5, but from E14.5 onward F4/80'°CD11b" fetal MOs
appeared in both the testis and epididymis. This indicates that ep-
ididymal and testicular macrophage populations, akin to most other
investigated organs, are contributed to by both YS EMPs and em-
bryonic hematopoiesis before birth (7, 27). Fate-mapping analyses
with CsfI™M™ and FIt3“" mice suggest that the main precursors of
the populations of CD64"MHCII® and CD64°MHCII™ macro-
phages of adult epididymis and testis are derived from embryonic or
adult HSC with a minor proportion of early YS EMPs.

During adulthood, embryonically established tissue-resident
macrophages are gradually replaced by BM-MOs after the es-
tablishment of adult hematopoiesis (10, 11, 13, 28). However, the
time and rate of replacement of tissue resident macrophages
subsets by BM-MOs varies from organ to organ (13). During
steady-state development brain microglia, epidermal LCs, liver
KCs, and lung AMs are minimally replaced with circulatory
monocytes (7). In contrast, arterial macrophages are replenished
immediately after birth by BM-MOs and thereafter maintain
locally by self-renewal (44). Different again are the intestinal and
dermal macrophages, which are continuously replaced by BM-MOs
(10, 28), with rates of replacement varying between the different
subsets (10, 12, 13). Using Ccr27/~, parabiotic, Ms4a3“™-Rosa™"
reporter, and BM-chimeric mouse models, we systematically ex-
amined the contribution of BM-MOs (adult HSC) to the pool of
CD64™MHCIT® and CD64°MHCII™ macrophage populations of
adult epididymis and testis. Here, the number of epididymal and
testicular macrophages was similar in both Ccr2™~ and WT mice,
while as control—in accordance with a previously published study
(28)—Ccr2™~ mice displayed a dramatic decrease in the number of
intestinal macrophages; similarly, an exchange of epididymal and
testicular macrophages did not occur between parabiotic mice or in
BM-chimeric mice in which HSC transplantation was enabled
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genetically as a means to avoid irradiation-induced tissue inflam-
mation. Our results show that CD64"MHCIT and CD64°MHCII"™
macrophage populations in epididymis and testis have no
monocyte contribution in adult life. Fate-mapping with Ms4a3
mice traces origin and replacement rates of tissue-resident macro-
phages from the pool of BM-MO (13). Our results with Ms4a3“"™-
Rosa “" reporter mice showed efficient tdTomato labeling of
CD64"MHCII® and the CD64"MHCIT macrophage populations;
however, in agreement with the parabiosis and BM chimera data,
both macrophage populations showed no contribution from mono-
cytes with increasing age. This result indicates that around 50 to 60%
of CD64"MHCII" and CD64'°MHCII™ macrophage populations of
epididymis and testis arise from nascent BM-MO/HSC very early in
life, like arterial macrophages (44), as replacement of macrophages
was not observed by blood MOs in adult life. In addition, our
results highlight that CD64"MHCII'" and CD64°MHCII™ mac-
rophages in both organs derived from same the ontogenic pre-
cursors and that their heterogeneity could be attributed to different
stages of maturation or different localization within the organs, as for
other tissue-resident macrophage populations (2). The appearance
of CD64°MHCIT™ macrophages in both the testis and epididymis
coincides with the initiation of spermatogenesis at 2 wk of age
(commencement of meiosis), and spermatogenesis at 3 wk (first
haploid spermatids). Hence, it is plausible that neoantigens present
on newly arrived germ cells could induce the maturation of macro-
phages by acquiring MHCII expression in both reproductive organs,
as happens to LCs and arterial macrophages (44, 45). However, fu-
ture studies are necessary to elucidate this further.

Our results and a recent publication from Lokka et al. (46) are
in contrast to a previous study on testicular macrophage origin
(16), which claimed that the CD64"MHCII'® macrophages arise
from embryonic progenitors, while the CD64'°MHCII™ macro-
phage population exclusively arose from BM-derived progeni-
tors. Mossadegh-Keller et al. (16) transferred BM cells into the
liver of neonatal mice and showed their differentiation into
CD64"°MHCII™ testicular macrophages. Using a similar strat-
egy, Scott et al. (33) have also demonstrated that BM cells in-
jected in the neonatal period can differentiate into liver KCs,
which are normally exclusively derived from embryonic precur-
sors. Considering these data alongside our own findings, we
propose that the engraftment of injected BM-derived cells into
the testis during the neonatal period occurs due to the partial
availability of the macrophage niche that results from ongoing
reproductive organ growth, rather than the physiological process
that would otherwise occur. Altogether, our fate-mapping data
with CsfIrM™, Fit3€", and Ms4a3°™ mice showed that the res-
ident macrophage populations of e%ididymis and testis (e.g.,
CD64™MHCII" and CD64'°MHCII™ derived from different
waves of hematopoiesis) initially arise from primitive YS mac-
rophages, followed by fetal MOs and, finally, from nascent BM-
derived cells. Once established in the niche, epididymal, and
testicular macrophages self-maintain for long periods of time
without replenishment from blood MOs, like other tissue resi-
dent macrophages (33, 47-49).

Infection, inflammation, and autoimmunity of the reproduc-
tive tract can contribute to male infertility, and growing evidence
implicates infiltrating MOs and macrophages in the process (38,
50). In two inflammation models, we show that organ damage is
correlated with a major influx of MOs/macrophages, with num-
bers further increasing by local proliferation. Reduced influx of
blood MOs/inflammatory macrophages in Ccr2”~ UPEC-
infected mice was associated with less-severe tissue damage in
the epididymis and testis. Of note, the influx of immune cells
with concomitant damage was more pronounced in the epidid-
ymis as compared to the testis, suggestive of a mechanism to
preserve the immune privilege status of the testis. Moreover, we
observed distinct morphological changes along the different re-
gions of the epididymis following UPEC infection. As reported
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previously, the cauda is affected most severely by gross mor-
phological changes following UPEC infection in WT mice, while
the corpus and caput epididymidis remain mostly intact (38).
Similarly, systemic administration of LPS resulted in a stronger
proinflammatory response in the cauda epididymidis as com-
pared to the other regions (51). This region-specific inflammatory
response in epididymitis could be attributed to a varied compo-
sition of immune cell populations present in the different regions
of the epididymis (15). In this light, for some organs two subsets of
macrophages (Lyvel”™MHCII and LyvelMHCII") were de-
scribed displaying distinct functions (2). While LyvelMHCIT"
macrophages exhibit immunogenic properties due to a high ex-
pression of MHCII, the Lyvel™MHCII macrophages play an
important role in inflammation resolution, repair, fibrosis, and
wound healing. Similarly, the epididymis and testis also contain
two distinct sets of macrophages defined by CD64"MHCII" and
CD64°MHCII".

In relation to the functional properties of these macrolghage
subsets in other organs, we believe that CD64°MHCII™ and
CD64"MHCII" macrophages will play a similar role in main-
taining homeostasis in both reproductive organs and possibly a
tolerogenic environment. In contrast to testicular macrophages,
epididymal macrophages express ftgax (CD11c) (52). This could
imply that epididymal macrophages have greater plasticity than
testicular macrophages and could more easily shift their phe-
notype from inflammatory properties to wound-healing/inflam-
mation resolution. In addition, high expression of CD11c could
enable epididymal macrophages to efficiently capture and pro-
cess antigens for activation of adaptive immunity (52). Our re-
sults call for further research to understand the spatiotemporal
relationship between infiltrating MOs and resident macrophages,
which will significantly advance knowledge into the mechanisms
of male infertility and possible treatments for this condition.

In summary, this study demonstrates that the epididymis and
testis harbor distinct macrophage populations. Our data provide
functional insights to better understand the biology of epididy-
mal and testicular macrophages in steady-state and disease
conditions.

Limitations. Our multifaceted approach clearly suggests that both
macrophage populations of epididymis and testis are derived
from fetal/neonatal MOs; however, we could not clearly ascer-
tain the proportions of their origin from fetal or neonatal MOs.
A fate-mapping strategy is not yet available to distinguish fetal or
neonatal MO-derived macrophages, hence a new fate-mapping
model is warranted to distinguish these two cellular sources.

Materials and Methods

Animals. C57BL/6) CD45.2 (Jackson Laboratory), CsfirMerceMer (53) pi3<re (54),
Ccr27~ (55), Ms4a3“™ (13), Mx1Cre (56), Myb floxed (Myb™) (57), 1134"2%>Z (37),
Rosa26°""P (58), Rosa26™"™S (59), C57BL/6-Tg(AGECFP1310sbleySon (5) and C57BL/
6J CD45.1 (61) mice have been previously described. All mice used in this study
were housed under special pathogen-free conditions at the animal facility of: the
Justus Liebig University, Giessen, Germany; Ludwig-Maximilians-University, Munich,
Germany; Toronto General Research Institute, facility, Toronto, Canada; Shanghai
Jiao Tong University School of Medicine, Shanghai, China; The first Affiliated
Hospital of Zhengzhou University, Zhengzhou, China; and the University of Zurich,
Zurich, Switzerland. The animal experiments performed in this study were ap-
proved by the respective local animal authority.

Tissue Preparation and Flow Cytometry. Mice were killed by cervical disloca-
tion in deep isoflurane anesthesia and organs were retrieved, minced, and
enzymatically digested to single-cell suspensions, as described previously (26)
with minor modifications (S/ Appendix, S| Materials and Methods). Obtained
single-cell suspensions were subjected to flow cytometry using a MACSQuant
Analyzer 10 flow cytometer (Miltenyi Biotec) or a BD Biosciences LSR Fortessa
(BD Bioscience) and data were analyzed with the FlowJo software version X
(Tree Star) (SI Appendix, S| Materials and Methods).
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BrdU Labeling and Analysis. Male C57BL/6J mice were injected intraperito-
neally with BrdU (0.1 mg/g body weight; n = 5; Sigma) or saline (control n =
5) and killed after 4 h. Epididymides and testes were collected and digested
to obtain single-cell suspensions. Subsequently, BrdU* cells were labeled by
using an anti-BrdU antibody (Biolegend) followed by flow cytometric analysis.

Genetic Tracing of YS Macrophages. For fate-mapping analysis of YS macro-
phages, TAM-inducible Csf1rMe<"eMer mice were crossed with Rosa26°"""
reporter mice, as described previously (26). Recombination was induced in
Csf1rMercreMer o Rosa26°Y™” embryos by single injection of 75 pg per gram
(body weight) of OH-TAM (Sigma) into pregnant females at E8.5. OH-TAM
was supplemented with 37.5 pg per gram Progesterone (Sigma) to coun-
teract the mixed estrogen agonist effects of TAM, which can result in fetal
abortion (26, 32). Observation of vaginal plugs at 0.5 d postcoitum was used
as criteria to estimate the embryonic development. The frequency of YFP*
cells in brain, epididymides, and testes were analyzed at 9 wk of age by flow
cytometry, as described in S/ Appendix, SI Materials and Methods.

Fate Mapping with FLT3"® Mice. To examine the contribution of fetal HSC to
the pool of adult epididymal and testicular macrophages, FIt3<*™T mice
were crossed with Rosa26™™® reporter mice as described previously (62).
Epididymides and testes were analyzed at 2, 5, and 9 wk of age by flow
cytometry, as described in S/ Appendix, SI Materials and Methods.

Fate-Mapping with Ms4a3"® Mice. The contribution of FL monocytes to the
pool of adult epididymal and testicular macrophages was examined by
crossing Ms4a3<*™T mice with Rosa"™7°™dTem reporter mice (13). Epidid-
ymides and testes were analyzed at 5 and 24 wk of age by flow cytometry, as
described in SI Appendix, SI Materials and Methods.

In Vivo Labeling of Vascular Inmune Cells. Nine- to 10-wk-old C57BL/6J mice
were injected intravenously with FITC-conjugated anti-mouse CD45 anti-
body (0.5 pg in 200 uL PBS) and killed 5 min later. Epididymis and testis were
harvested and analyzed by flow cytometry.

Irradiation and Generation of BM-Chimeric Mice. Six-week-old C57BL/6J mice
were anesthetized by intraperitoneal injection of 5% chloral hydrate then ex-
posed to a single dose of 8.5-Gy y-irradiation with or without shielding of the
inguinal scrotal region with a lead sheet to protect the testis and epididymis
from irradiation. After irradiation and recovery from anesthesia, 5 x 10° EGFP*
donor BM cells were adoptively transferred into the tail vein of the mice. Mice
were kept on 0.03% enrofloxacin in drinking water for up to 1 wk before and
after irradiation. Reconstituted mice were analyzed 5 wk and 12 wk later.

FACS-Gal Assay. Cells were resuspended with staining buffer (1x HBSS, 2% FCS,
10 mM Hepes buffer [pH 7.2], 1% penicillin/streptomycin) before 2 mM FDG so-
lution (Fluorescein di[-p-galactopyranoside], Sigma, F2756) was added to the cell
suspension, which was incubated at 37 °C for 1 min, then transferred to ice-cold
staining buffer and kept on ice for 1.5 h. After incubation, cells were washed with
PBS by centrifugation at 400 x g for 5 min at 4 °C. Pelleted cells were resuspended
in FACS buffer (2 mM EDTA, 2% FCS in PBS) before analysis by flow cytometry.

Depletion of Macrophages in the Epididymis and Testis. Anti—CSF-1 mAb (200 pg;
clone 5A1, Bio X Cell) or isotype control (rat IgG1, clone HRPN, Bio X Cell) were
injected intraperitoneally into adult C57BL/6 male mice every other day for 6 d.
Seven days after the first injection, epididymides and testes were retrieved to
analyze the macrophage population in these organs by flow cytometry.

RNA-Seq Analyses. Flow-sorted brain microglia, epididymides, and testes
macrophages were used for RNA-seq analyses (S/ Appendix, SI Materials and
Methods).

Data Availability. The RNA-seq results from macrophages of epididymis, testis,
and brain were deposited in the Gene Expression Omnibus database, https:/
www.ncbi.nlm.nih.gov/geo (accession no. GSE132471). All study data are included
in the article and S/ Appendlix.
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