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Brief Definitive Report

Developmental origin and maintenance of distinct
testicular macrophage populations

Noushin Mossadegh—Keller,1 Rebecca Gentek,' Gregory Gimenez,'? Sylvain Bigot,1 Sebastien Mailfert,’
and Michael H. Sieweke'*

'Centre d'Immunologie de Marseille-Luminy, Aix Marseille University, Centre National de la Recherche Scientifique, Institut National de la Santé et de la Recherche
Médicale, Marseille, France
*Max-Delbriick-Centrum fiir Molekulare Medizin in der Helmholtzgemeinschaft, Berlin, Germany

Testicular macrophages (tMe) are the principal immune cells of the mammalian testis. Beyond classical immune func-
tions, they have been shown to be important for organogenesis, spermatogenesis, and male hormone production. In the
adult testis, two different macrophage populations have been identified based on their distinct tissue localization and
morphology, but their developmental origin and mode of homeostatic maintenance are unknown. In this study, we use
genetic lineage—tracing models and adoptive transfer protocols to address this question. We show that embryonic pro-
genitors give rise to the interstitial macrophage population, whereas peritubular macrophages are exclusively seeded
postnatally in the prepuberty period from bone marrow (BM)-derived progenitors. As the proliferative capacity of inter-
stitial macrophages declines, BM progenitors also contribute to this population. Once established, both the peritubular
and interstitial macrophage populations exhibit a long life span and a low turnover in the steady state. Our observations
identify distinct developmental pathways for two different tM¢@ populations that have important implications for the
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further dissection of their distinct roles in organ homeostasis and testicular function.

INTRODUCTION

Macrophages are innate immune cells that are present in es-
sentially all organs of the body. Besides their diverse role in
shaping the immune response, they have trophic functions in
tissue homeostasis and regeneration and contribute to many
organ-specific functions (Wynn et al., 2013), including in the
gonads (Shechter et al., 2013; Smith et al., 2015).

In males, the testis are the site of spermatogenesis and
male hormone production and can maintain fertility and vi-
rility over an extended reproductive period. Testicular mac-
rophages (tM@) represent the most abundant immune cells
in the organ (Winnall and Hedger, 2013) and contribute to
organ function in several ways. As spermatogenesis is only
initiated at puberty and sperm-specific neoantigens become
expressed after the education of the immune system, the
testis requires a mechanism of self-tolerance to these anti-
gens. TM@ contribute to maintaining an immunoprivileged
environment in the organ by the production of immuno-
suppressive cytokines, such as IL-10 and TGF-f, and by low
expression of proinflammatory cytokines (Fijak and Mein-
hardt, 2006; Shechter et al., 2013). TM¢@ are also intimately
associated with Leydig cells and play an important role in
their development, regeneration, and testosterone production
(Hutson, 1998; Smith et al., 2015). Whereas this macrophage
population resides in the interstitial space between seminif-
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Abbreviations used: HS/PC, hematopoietic stem and progenitor cell; IF, immu-
nofluorescence; SSC, spermatogonial stem cell; TAM, tamoxifen; tMd, testicular

erous tubes, a peritubular population has recently been iden-
tified that is associated directly with spermatogonial tubes in
proximity to spermatogonial stem cells (SSCs). This has been
suggested to have an effect on the SSC niche and a potential
functional role in SSC differentiation (DeFalco et al., 2015).
Despite these proposed important functional roles,
relatively little is known about the development and main-
tenance of tM@. It was originally thought that tissue mac-
rophages were principally derived from blood monocytes
developing from hematopoietic stem cells in the BM (van
Furth and Cohn, 1968), but this view has changed when dif-
ferent genetic-, genomic-, and fate-mapping studies showed
that macrophages of different organs can also be derived from
embryonic progenitors (Ginhoux et al., 2010; Hoeffel et al.,
2012; Schulz et al., 2012; Hashimoto et al., 2013;Yona et al.,
2013; Gomez Perdiguero et al., 2015; Hagemeyer et al., 2016;
Mass et al., 2016), which seed the organs at different stages of
development and self~maintain independently of BM con-
tribution into adulthood (Ajami et al., 2007; Hashimoto et
al., 2013; Sieweke and Allen, 2013; Gomez Perdiguero et al.,
2015). Autonomous macrophage self-renewal capacity de-
pends on a network of specific self-renewal genes shared with
stem cells (Aziz et al., 2009; Soucie et al., 2016). Depending
on the organ, embryonic-derived macrophages can get par-
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Figure 1. Phenotypic characterization of two tM¢ populations by cell-surface marker and gene expression profiling. (A) IF imaging of 16-wk-old
CX3CR1-GFP mouse testis showing morphology, localization, M-CSFR, and MHCII staining of interstitial tMq and peritubular tMe, indicated with arrow-
heads. Bars, 40 um. (B) Representative FACS profiles of adult mouse F4/80*CD116*Ly6CCD11c™ tMe populations showing that both CD64 and M-CSFR
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tially or fully replaced by BM-derived macrophages in the
adult tissues (Tamoutounour et al., 2012; Bain et al., 2014;
Epelman et al., 2014; Molawi et al., 2014). For example, we
have shown previously that embryo-derived cardiac macro-
phages loose self-renewal capacity with age and are succes-
sively replaced by BM-derived macrophages in adulthood
(Molawi et al., 2014). Here, we have now characterized post-
natal development and the origin of tM¢.

During the initial phases of testis morphogenesis in
early embryonic development from E10.5 to E14.5, yolk
sac—derived macrophages are associated with nascent gonadal
and mesonephric vasculature and are required for vascular re-
modeling (DeFalco et al., 2014). In the adult testis, two dif-
ferent macrophage populations have been distinguished by
their morphology, their M-CSFR and MHCII expression
profiles, and their localization in the interstitium or the sur-
face of seminiferous tubules (DeFalco et al., 2015). However,
it is not known whether these two macrophage populations
are derived from early embryonic tM@ or whether they have
distinct origins and arise independently. Here, we examined
the postnatal development dynamics, the turnover, and the
specific origin of these two tM populations. Combining ge-
netic lineage tracing and a neonatal adoptive transfer model,
we demonstrate that embryo-derived macrophages persist
into the postnatal testis, where they selectively contribute
only to the interstitial population but are partially replenished
from BM-derived progenitors at later stages, when local ex-
pansion has declined. Peritubular tM@, however, only emerge
postnatally from BM-derived progenitors in the prepuberty
period. Once established, the two populations exhibit long
life span and low turnover in the adult testis at steady state.

RESULTS AND DISCUSSION

We initially characterized the macrophage populations pres-
ent in testis by immunofluorescence (IF). Consistent with
previous observations (DeFalco et al., 2015), we observed
that tM@ were positive for CX3CR1 and F4/80 but that
two populations could be distinguished based on their per-
itubular and interstitial locations, which were M-CSFR pos-
itive and MHCII negative or M-CSFR negative and MHC
II positive, respectively (Fig. 1 A). We further characterized
these two interstitial (M-CSFR*MHCII") and peritubular
(M-CSFRMHCII") tM@ populations by flow cytometry
(FACS), using an extended antibody panel that excluded
infiltrating leukocytes (Fig. S1). Within the testicular leuko-
cytes fraction (CD45"), resident macrophages were defined as

Ly6C~ CD11c™ F4/80" CD11b" cells (Fig. S1). We also ana-
lyzed the expression of additional tissue-resident macrophage
markers CX3CR 1, CD64, and MerTK (Gautier et al., 2012).
We found that interstitial (MCSFR*"MHCII") and peritu-
bular (M-CSFR°MHCII") tM¢ could be interchangeably
and clearly distinguished by differential expression of CD64
and MHCII (Fig. 1, B and C).The two populations also ex-
pressed differential levels of MerTK but were both positive
for CX3CRI1. Although both populations were negative
for CD11c (Fig. 1 B), the absence of the core macrophage
markers CD64 and MerTK in peritubular CD64°MHC
II" macrophages prompted us to analyze macrophage- and
DC-specific gene expression in the two populations in more
depth. We investigated the expression of several core macro-
phage-associated factors (Clqa, Clgb, Clgc, CSFIR, F4/80,
Pld3, Mrcl, Fcegrl, Fcgr3, Pul, Matb, cMaf, CXC3CR1,
CDS81, CD63, and MerTK), factors regulating antigen pro-
cessing and presentation (H2.Dmb, H2.Eb1, NIrp3, H2.K1,
and Icam1; Epelman et al., 2014), and DC markers (CD103,
Zbtb46, FIt3, and CD11c), using nanofluidic Fluidigm array
real-time PCR. (Fig. 1 D). Both M-CSFR*CD64"MHCII™
interstitial and M-CSFR"CD64°MHCII" peritubular mac-
rophages expressed all analyzed macrophage markers, except
MerTK, which was absent in CD64°MHCII" macrophages.
In contrast, the expression of genes regulating antigen pro-
cessing and presentation was up-regulated in this population.
The DC markers tested were not expressed by either pop-
ulation, clearly identifying both of them as macrophages. As
spermatogenesis occurs after the maturation of the immune
system and the establishment of systemic tolerance, the devel-
oping gametes in the testis need to be protected from auto-
immune attack. Establishment and maintenance of immune
tolerance in the testis has, at least in part, been attributed to an
antiinflammatory phenotype of tM@ (Fijak and Meinhardt,
20006; Shechter et al., 2013), but it has not been established
whether both tM@ populations have an immunosuppressive
phenotype and which pathways might be differentially en-
gaged. Therefore, we analyzed CD64"MHCII™ interstitial
and CD64°MHCII" peritubular tM@ populations for the
expression of proinflammatory genes characteristic of a classi-
cal M1-type activation or several immunosuppressive [L-10-,
TGF-f-, and IL-4—dependent alternative M2-type activation
pathways (Murray et al., 2014). The two populations showed
highly similar gene expression profiles with the absence of
proinflammatory gene expression but the expression of a large
number of immunosuppressive and alternative M2-type acti-

staining distinguishes CD64" or M-CSFR*MHCII~ (interstitial; blue) and CD64"° or M-CSFR™MHCII* (peritubular; red) populations in adult testes. (C) Analysis
of expression levels of core macrophage cell-surface markers in CD45*F4/80°CD11b* tM¢ for CX3CR1-GFP levels and in CD45*CX3CR1GFP* for F4/80,
CD11b, MCSFR, and MerTK in interstitial CD64"MHCII~ and peritubular CD64°MHCII* tMe. (A-C) Data are representative of two independent experiments.
(D) Gene expression analysis of interstitial (CD64"MHCII~) and peritubular (CD64°MHCII*) tM isolated from four individual wild-type mice. Expression lev-
els of macrophage-related genes, genes requlating antigen processing and presentation, and DC-related genes were determined using nanofluidic Fluidigm
array real-time PCR. MAC, macrophage. (E) Gene expression analysis on the same populations as in D for M2 and M1 macrophage activation-related genes
by nanofluidic Fluidigm array real-time PCR. Genes in bold show the difference between the two testicular populations.
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Figure 2. tMq populations dynamically change during postnatal development. (A and B) Analysis of the proportion of CD64"MHCII~ interstitial and
CD64°MHCII* peritubular tMe from mice of the indicated ages, showing representative FACS plots (A) and mean percentage (B). Error bars represent SEM. n
= 4-5_All data are representative of at least two independent experiments with four to eight individual mice each. NB, newborn. (C) Analysis of localization
and relative numbers of interstitial and peritubular tMq by IF for M-CSFR and MHCII expression during postnatal development from newborn to 2- and
6-wk-old mice. Nuclear staining by Sytox blue and antigens is shown by the indicated colors. Bars, 40 um. Representative images (left) and quantification of
relative numbers and MHCII expression in interstitial and peritubular populations (right) are shown. Arrowheads show an interstitial macrophage localized
in the interstitial space with expression by IF of F4/80 and MCSFR (newborn; left), show peritubular macrophage localization surrounding the tube and
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vation genes in both populations (Fig. 1 E). As an exception
to this, the expression of only a few genes differed, such as the
immunosuppressive M2-type genes IL-10 and macrophage
receptor with collagenous structure (MAR CO), which were
more highly expressed in CD64"MHCII™ interstitial macro-
phages, and IL-1b, which was increased in CD64° MHCIT*
peritubular macrophages. Thus, phenotypic characterization
by cell-surface markers and mRINA gene expression profiling
clearly and consistently identified two distinct interstitial and
peritubular tM identities.

To investigate the postnatal development of the intersti-
tial and peritubular tM@ populations, we analyzed CD64 and
MHCII expression in tM@ from newborn to 24-wk-old mice
(Fig. 2, A and B). We observed that all tM@ present at birth
were uniformly CD64"MHCII™ (Fig. 2, A and B). This was
consistent with IF analysis showing exclusive interstitial local-
ization and expression of M-CSFR but absence of MHCII in
tM@ both at birth and at later time points (Fig. 2 C). MHCII*
macrophages emerged only after 2 wk of life and further in-
creased thereafter both by FACS and IF analysis (Fig. 2,A—C).
IF and confocal imaging analysis allowed a clear distinction of
the interstitial macrophage populations with a spherical shape
from the peritubular population with an elongated morphol-
ogy. Interestingly, peritubular macrophages emerged at 2 wk
but mostly did not express MHCII yet, whereas a majority
was positive at 6 wk, suggesting a potential maturation step
after localization to this niche (Fig. 2 C).

Because our data revealed two clearly distinct tM@ pop-
ulations with different tissue localization, morphology, and
surface marker expression emerging at different times during
postnatal developmental, we hypothesized that they might also
have a distinct developmental origin. To address this question
and investigate a potential embryonic origin of the differ-
ent tM@ populations, we used a genetic fate—mapping model
based on CX3CR1-driven tamoxifen (TAM)-inducible Cre
recombinase (Cre™) and R26-yfp reporter mice (Fig. 3 A;
Yona et al., 2013; Molawi et al., 2014). TAM-induced pulse
labeling at E9 in this model allows identifying cells derived
from CX3CR1" yolk sac macrophage progenitors (Hage-
meyer et al., 2016) before the onset of definitive hematopoi-
esis. As a positive control, we used YFP" labeling in microglia,
which are exclusively derived from yolk sac macrophage pro-
genitors, remain CX3CR 1" throughout development, and
self-maintain without contribution of hematopoietic stem
cell-derived cells (Ginhoux et al., 2010; Kierdorf et al., 2013).
They therefore represent an internal control for maximal
CX3CR1 labeling efficiency. E9 pulse labeling with TAM
showed a median contribution of 5% from embryonic macro-
phage progenitors to tM@ in newborn mice, compared with
a median of 25% in microglia cells (Fig. 3 B). Using values

normalized to microglia to control for interindividual varia-
tion in labeling efficiency, we observed that embryonic pro-
genitor contribution to tM after birth declined from 20% in
neonates to 5% in 6-wk-old mice (Fig. 3 B and S3), similar
to what has been reported for other organs (Bain et al., 2014;
Molawi et al., 2014; Ensan et al., 2016). IF imaging confirmed
that YFP" embryonic progenitor-derived tMq decreased over
time (Fig. 3 C).To determine whether this decline was caused
by a decrease in macrophage self-renewal potential over time,
as has been observed before in other organs (Bain et al., 2014;
Molawi et al., 2014), we determined the proportion of tM¢@
in S-phase by BrdU incorporation. We observed a strong de-
cline in proliferative capacity of tM@ with age from 8% in
neonates to 0% at adulthood (Fig. 3 D). By analyzing BrdU
incorporation in YFP* tM¢ from E9 pulse-labeled mice, we
confirmed that this was also the case specifically for embry-
onic-derived macrophage progenitor tM¢@, which showed
a decline from 3% in 2-wk-old mice to 0.5% in 6-wk-old
mice of cells in S-phase (Fig. 3 E). Next, we determined to
which tM@ subpopulation embryonic macrophage progeni-
tors could contribute. Interestingly, all embryo-derived YFP"
tM@ at 6 wk exclusively belonged to the CD64"MCHII™
population and showed no contribution to CD64°MCHII"
tM@ in FACS analysis (Fig. 3 F). IF confirmed that YFP"
cells contributed only to the interstitial M-CSFR "MCHII~
population but not to M-CSFRMCHII" peritubular tMq
(Fig. 3 G). These data demonstrated that embryo-derived
macrophages persisted in mouse testis after birth but were
restricted to the interstitiall CD64"M-CSFR*MCHII™ tM@
population and declined with age.

The lack of embryonic progenitor-derived macro-
phages in the CD64°MCHII" peritubular population (Fig. 3)
and their emergence only 2 wk after birth (Fig. 2) suggested
that this population developed from definitive hematopoiesis
in the juvenile animal. Furthermore, the decline of the em-
bryonic progenitor-derived CD64"M-CSFR "MCHII™ in-
terstitial tM@ population could also be caused by a successive
replenishment from definitive hematopoiesis-derived cells
in the growing animal. To investigate such a potential BM
origin of tM@ populations, we established a novel adoptive
transfer protocol in neonatal mice (Fig. 4 A). Because the
peritubular population appears only 2 wk after birth in the
prepuberty period of organ development (Fig. 3 A), classical
methods such as BM transplantation into myeloablated mice
or parabiosis were not feasible. Therefore, we took a different
approach and exploited the fact that the neonatal liver still
significantly contributes to hematopoiesis around birth be-
fore hematopoietic stem cells transition from this organ to
the BM (Orkin and Zon, 2008). We transplanted BM cells
directly into the neonatal liver (Hoeffel et al., 2012) without

expressing F4/80 but not MCSFR (2 wk; middle), and display one peritubular macrophage expressing F4/80 and MHCII and an interstitial macrophage with
expression of F4/80 and MCSFR (6 wk; right). Data are based on counting 100-1,000 F4/80* cells normalized to 100 seminiferous tubules and represented

as mean percentage + SEM.
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Figure 3. Embryonic macrophage contribution to tMq populations in the postnatal testis. (A) Experimental design. CX3CR1““":R26-yfp embryos
were treated with TAM at E9 and analyzed on the day of delivery (newborn [NB]) or 2 or 6 wk after birth. (B) Relative abundance of lineage-traced YFP*
cells in F4/80*CD11b*Ly6CCD11¢c™ tMe shown in a representative FACS plot from newborn mice (left) and quantification of relative contribution of YFP*
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conditioning, which represents largely physiological condi-
tions during a period of normal organ growth. We transferred
BM from mice expressing dTomato from the ubiquitin locus
(Ghigo et al., 2013) intrahepatically into newborn pups and
analyzed the contribution of BM to tM¢@ populations 2, 6,
and 20 wk after transplantation (Fig. 4 A). 1 wk after trans-
plantation, dTomato" cells contributed to the hematopoietic
stem and progenitor cell (HS/PC) compartment in the BM,
confirming the potential of the adoptive transfer protocol to
contribute to BM hematopoiesis (Fig. 4 B). We found that
transplanted dTomato” BM already contributed to 14% of
CD64°MHCII" peritubular macrophages in 2-wk-old
mice and to 30% in 6-wk-old mice and further increased
in 20-wk-old mice (Fig. 4 C). In contrast, contribution of
transplanted dTomato” BM to the CD64"MHCII™ intersti-
tial population was negligible at 2 wk, only at 3% by 6 wk,
and at 5% at 20 wk (Fig. 4 C). Confocal imaging analysis
confirmed that transplanted BM-derived macrophages local-
ized only to the peritubular location at 2 wk further increased
at this location by 6 wk and were nearly exclusively MHC
II". No contribution to interstitial macrophages was ob-
served at 2 wk, and only minimal numbers were observed at
6 wk (Fig. 4 D). Together, these observations confirmed that
CD64°MHCII" peritubular tMq were exclusively BM derived
and that the decline of early embryo-derived macrophages in
the CD64"MHCII™ interstitial population was partially com-
pensated by replenishment from BM-derived cells.

Next, we determined the turnover rate of the two tM@
populations once they were stably established in the adult testis.
As both CD64"MHCII™ interstitial and CD64°MHCII*
peritubular populations are CX3CR1 positive, we could use
CX3CR1“F*:R 26-yfp mice to pulse label both populations
in adult mice at 8 wk of age by TAM injection (Goldmann
et al., 2013) and follow YFP™ cell contribution to both tM¢
populations over time (Fig. 5,A and B). FACS showed a nearly
constant contribution of YFP" cells to both CD64"MCHII
interstitial and CD64°MCHII" peritubular tM¢ up to 24 wk
after labeling, similar to the stable contribution to microglia
cells that served as a positive control (Figs. 5 C and S2).

Here, we have characterized the origin, postnatal devel-
opment, and turnover of two testis-resident macrophage pop-

ulations. We identified clearly distinct developmental pathways
for the peritubular and interstitial tM¢ populations that have
been associated with distinct support roles for the function of
SSCs (DeFalco et al., 2015) and testosterone-producing Ley-
dig cells (Hutson, 1998; Smith et al., 2015). Macrophages have
also been suggested to contribute to the immunosuppressive
environment in the testis (Fijak and Meinhardt, 2006; Shech-
ter et al., 2013). Here, we demonstrate that both tM¢@ popula-
tions lack the expression of proinflammatory M1-type genes
and express a subset of M2-type polarization genes. Despite
the overall similarity, interstitial tM@ might make a stronger
contribution because of significantly higher IL-10 expression.
We have shown that early embryonic progenitors contribute
selectively to the interstitial but not to the peritubular pop-
ulation. Similar to other resident macrophages (Bain et al.,
2014; Molawi et al., 2014), the interstitial population shows
a decline in self-renewal and a reduction in the contribution
of early embryo-derived cells with age. This loss is partially
compensated by replenishment from BM-derived macro-
phages. As this contribution remains relatively small in the
adult, the replacement of early embryo-derived cells might
already occur early after birth from fetal sources of hemato-
poiesis. In contrast, the peritubular population only becomes
established at 2 wk of age in the prepuberty period and is
derived exclusively from BM progenitors. Once established,
both populations exhibit a slow turnover and extraordinary
long life span in the steady state.

Our observations on peritubular tM¢ provide a unique
example of a functionally and phenotypically distinct resi-
dent macrophage population that develops exclusively from
BM-derived progenitors to populate a dedicated niche that
only becomes available after birth. Most macrophage pop-
ulations are of mixed origin because of successive waves of
seeding of the developing organ during embryogenesis and
after birth from different yolk sac, fetal liver, and BM sources
of hematopoiesis (Sieweke and Allen, 2013; Ginhoux and
Guilliams, 2016; Perdiguero and Geissmann, 2016). The inter-
stitial tM@ described here fall into this category with mixed
embryonic and BM origin. At one extreme end of this spec-
trum, microglia cells of the brain are exclusively derived from
early yolk sac—derived progenitors and do not receive addi-

cells normalized to microglia labeling efficiency at the indicated time points (right). Bars show the median. n = 6-8. (C) Analysis of the contribution of
fate-mapped YFP* cells to F4/80* tM¢ by IF, showing a representative example from a 2-wk-old mouse (left) and quantification of contribution in 2- and
6-wk-old mice (right). Data are based on counting 100-200 YFP*F4/80" cells normalized to 100 seminiferous tubules. Arrowheads show one YFP*F480"
testicular macrophage (top) and the same cell with only YFP labeling, proving that we can visualized our fate-mapping cells (bottom). Bars, 40 um.
(D) Analysis of proliferation rate of tM¢ at the indicated age by BrdU incorporation and flow cytometry 4 h after BrdU injection (i.p), showing representative
FACS plots (left) and quantification (right). Bars show the median. n = 4-12. NB, newborn. (E) Analysis of the proliferation rate of fate-mapped YFP
tMe (F4/80"CD116*Ly6C~CD11¢7) in 2- and 6-wk-old mice by BrdU incorporation and flow cytometry 4 h after BrdU injection (i.p.). Bars show the median.
n = 8. (F) Analysis of contribution of fate-mapped YFP* cells to CD64"MHCII~ interstitial and CD64°MHCII* peritubular macrophages in 6-wk-old mice,
showing a representative FACS plot (left) and quantification expressed as the median (right). n = 8. (B and D-F) Data were pooled from two independent
experiments. (G) Contribution of fate-mapped YFP* cells to interstitial and peritubular tM¢ populations in 6-wk-old mice determined by IF showing
representative examples (left) and quantification of cells normalized to 100 seminiferous tubules. Arrowheads show an interstitial fate-mapped YFP*
macrophage localized in the interstitial space with expression by IF of F4/80 and M-CSFR. Bars, 40 um. Error bars represent SEM. P-values were obtained by
Mann-Whitney U tests. *, P < 0.05; ***, P < 0.0007.
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Figure 4. BM contribution to tM¢ populations. (A) Experimental design. Total dTomato® BM cells were adoptively transferred by intrahepatic injection
into newborn mice and analyzed for contribution to tMe populations 2, 6, and 20 wk after transplantation. (B) Contribution of dTomato* BM cells to the
HS/PC compartment in BM 1 wk after transplantation. Data are representative of at least two independent experiments. FSC, forward scatter; HSC, hema-

2836 Developmental dynamics of testicular macrophages | Mossadegh-Keller et al.


http://jem.rupress.org/

CX3CR1CeER :R26_yfp B F480*CD11b" SR MG Figure 5. tM¢g populations are long
' J lived. (A-C) Analysis of tMg turnover in
TAM 1 — > adulth‘mlce _u5|.ng TAM pulse Iabell?g of
= CD64"MHCII™ interstitial and CD64°MHC
5 ) L_«@ | ||* peritubular macrophage populations in
(© — p phage pop
] \‘(\\2 S 8-wk-old CX3CR1“**":R26-yfp mice, showing
<3 experimental design (A), CX3CR1 expression
8 1 in both populations (B), and contribution
R e — - of labeled YFP* cells to CD64"MHCII~ and
MHCTI4> cxacr1GFP  CD64°MHCII* populations at the indicated

60 —

40 -

= =« Microglia

% YFP+

time points, with microglia contribution shown
as a positive control (C). Error bars represent
SEM. n = 4-5. Data are representative of two
independent experiments.

— CDB4* MHCII*
= CDB4" MHCII

weeks after TAM injection

tional input from other hematopoietic sources in the steady
state. Here, we now show that the other extreme also exists
for a macrophage niche that only becomes available about 2
wk after birth, when all sources of embryonic hematopoiesis
have subsided, and then becomes exclusively populated from
BM-derived macrophages. This late seeding is not associated
with a short half-life or high turnover that has been described
for some short-lived monocyte-derived macrophages that
have been labeled as passenger macrophages (Perdiguero and
Geissmann, 2016). Therefore, despite their late emergence
and BM origin, peritubular tM@ have to be considered a
long-lived resident macrophage population.

The testis is unique in that functional maturation and
important aspects of organ development only occur after
birth in the prepuberty period. M-CSF—deficient mice have
reduced numbers of tM, defective spermatogenesis, and are
infertile (Cohen et al., 1996). Diphtheria toxin—mediated
depletion experiments also suggest that macrophages might
promote spermatogenesis, possible by directly acting on
SSCs found in close proximity to peritubular macrophages
(DeFalco et al., 2015). Peritubular macrophages might also

play a unique tolerizing role against meiotic germ cell auto-
antigens that are shed during spermiation. Because a subset
of them can pass the Sertoli cell barrier into the intersti-
tial space (Tung et al., 2017), the close proximity of per-
itubular tM@ and their high expression levels of MHCII
might predispose them to present autoantigen to regulatory
T cells. We now observed that macrophages only start to
populate this specific peritubular location when spermato-
genesis is initiated at 2-3 wk of age, although the physical
structures of seminiferous tubules are already present long
before. This suggests that macrophages might not only affect
spermatogonial differentiation and tolerance against autoan-
tigens, but also that, reversely, initiation of spermatogenesis
might induce a specific environment enabling the recruit-
ment of a dedicated macrophage population. Together, this
highlights the power of the microenvironment in con-
trolling macrophage identity and numbers (Sieweke, 2015;
Guilliams and Scott, 2017). It also suggests an intimate link
between specific support macrophage and parenchymal cell
populations of the organ that reciprocally influence each
other’s identity and function.

topoietic stem cell; KSL, Kit*Sca-1*Lineage™. (C) Contribution of neonatally transplanted dTomato* BM cells to CD64"MHCII™ interstitial and CD64"°MHCII*
peritubular macrophage populations, assessed by flow cytometry at 2, 6, and 20 wk of age, showing FACS plot examples (left) and quantification (right).
Ly6C* blood monocyte and BM hematopoietic stem cell contributions are shown as references. Data were pooled from two independent experiments for
2- and 6-wk-old mice (n = 7-9) and are representative of two independent experiments for 20-wk-old mice (n = 4). (D) IF imaging analysis of transplanted
dTomato* BM contribution to interstitial and peritubular tM¢ in 2- and 6-wk-old mice showing representative images (left) and quantification of MHCII
expression (right). Arrowheads show peritubular macrophages after BM transplantation, labeled in tomato and showing or not expressing MHCII. Data are
based on counting 100-300 dTomato* F4/80" cells normalized to 100 seminiferous tubules. Errors bars represent SEM. Bars, 40 um.
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MATERIALS AND METHODS

Mice

Wild-type C57BL/6] mice were purchased from Janvier
laboratories. All transgenic mice used in this study have a
C57BL/6 background. CX3CR1™" mice (Jung et al.,
2000), Rosa26-yfp and CX3CR17 mice (JAX stock no.
20940 B6].129-Cx3cr1<tml.1[cre/ERT2][Jung>/]J; Yona et
al., 2013), and Ubow mice, provided by M. Bajenoft (Cen-
tre d'Immunologie de Marseille-Luminy, Marseille, France;
Ghigo etal.,2013) were used. Experiments were performed on
mice at the indicated age. In vivo procedures were performed
under specific pathogen—free conditions following protocols
approved by the Ethics Committee of Marseille in accor-
dance with institutional, national, and European regula-
tions (approval nos. APAFIS 3292-2015 1221 09359224 and
APAFIS 10545-2017 0710 08253541).

Genetic fate mapping

To genetically fate map progeny of cells expressing CX3CR 1,
CX3CR1““*™ mice were crossed onto R26-yfp mice, and
pregnant CX3CR 1™ R26-yfp females were administered
a single dose of TAM (Sigma) at E9. TAM was complemented
with progesterone (Sigma), dissolved in ethanol and diluted
10-fold in corn oil (Sigma).The freshly prepared solution was
injected intraperitoneally at a dose of 0.1 mg TAM and 0.05
mg progesterone per gram body weight. For induction of
Cre recombinase in 8-wk-old CX3CR1*F® R26-yfp mice,
4 mg TAM, dissolved in 200 pl of corn oil, was injected twice
subcutaneously 48 h apart.

Neonatal hematopoietic cell transplantation

Total BM was obtained from long bones according to stan-
dard procedures. Adult (8—12 wk) Ubow mice that express
dTomato under the control of the human ubiquitin—C pro-
moter (Ghigo et al., 2013) were used as donors for BM cells.
RBCs from total dTomato BM were lysed using RBC lysis
buffer (CliniSciences). Five million cells were injected in 20 pl
PBS intrahepatically into newborn pups using a micro-fine
syringe with 8-mm needles (Micro-Fine 0.3 ml; BD).

In vivo BrdU incorporation

To assess DNA synthesis as readout for proliferation, mice
were pulsed with BrdU (Sigma) for 4 h before euthaniza-
tion and organ harvest. Mice were administered 0.1 mg BrdU
per gram body weight either subcutaneously (newborn
pubs) or intraperitoneally. BrdU incorporation was mea-
sured using a BrdU Flow kit (BD) according to the manu-
facturer’ instructions.

Leukocyte isolation from mouse tissues

The tunica albuginea of resected testes was opened, and cells
were transferred into RPMI medium containing 1 mg/ml
Collagenase II (Worthington Biochemicals) and 0.15 mg/
ml DNase I (Sigma). Testis-resident leukocytes were obtained
through enzymatic digestion at 37°C for 40 min and passage

2838

through 70-um cell strainers (BD Falcon). Brain tissue was
macerated and taken up in HBSS containing 0.5% p-glucose
(Sigma) and 15 mM Hepes (Life Technologies). The resulting
cell suspension was passed through 70-pm cell strainers and
subjected to a 70/37/30% Percoll gradient, from which mi-
croglia were isolated. Peripheral blood leukocytes were isolated
by density centrifugation using Lymphoprep reagent (Stem
Cell Technologies) following the manufacturer’s instructions.

Flow cytometry

Single-cell suspensions were preincubated with an anti-
body blocking Fc receptors (TruStain Fx anti-CD16/32;
clone 2.4G2; Biolegend). Subsequently, fixable live/dead
staining reagents were used according to the manufacturer’
instructions (Zombie Dyes; Biolegend). Staining for expres-
sion of surface antigens was performed for 20 min at 4°C.
The following antibodies were used throughout this study:
anti-CD45-BV421 (clone 30F11; Biolegend), anti-F4/80—
BV785 (clone BMS; Biolegend), anti-CD11b-BV605 (clone
M1/70; BD), anti-CD64—PerCP/Cy5.5 (X54-5/7.1; Bioleg-
end), anti-CD14-APC (Sa2-8; eBioscience), anti-MerTK—
biotin (RD Systems), anti-CD11¢—BV711 (clone N418;
Biolegend), anti-CD115-BV421 (clone AFS98; Biolegend),
anti-Ly6C-APC/Cy7 (clone HK1.4; Biolegend), and anti—I-
A/I-E (MHCII)-PE/Cy7 (clone M5/114.15.2; Biolegend).
Biotinylated antibodies were detected with streptavidin-PE
and -BV786 (BD). For HS/PC isolation, total BM cells were
depleted from mature cells by staining with biotinylated rat
anti-mouse lineage antibody cocktail, followed by strepta-
vidin immunomagnetic microbeads (Miltenyi Biotec).
Lineage-negative cells were stained with HS/PC markers:
anti-CD117-APC-H7 (clone 2B8; BD), anti-Scal-PE-Cy5
(clone D7; Biolegend), streptavidin-APC (eBioscience), and
LIVE/DEAD Fixable Violet Dead cell dye (Invitrogen) as
a viability marker. Data were acquired on an LSRII instru-
ment (BD) and analyzed using FlowJo software (Tree Star).
Flow cytometry cell sorting was performed on ARIA and
ARIA SORP systems (BD).

IF and confocal imaging

Resected testes were fixed in Antigen-Fix reagent (Diapath)
for 2 h at 4°C, washed in phosphate buffer, and dehydrated
in a 30% sucrose solution overnight at 4°C. Samples were
embedded in TissueTek medium (Sakura Finetek), frozen
at —80°C, and cut into 20-pum sections for the entire organ
using a cryostat (CM3050S; Leica). Slides were blocked
20 min at room temperature in PBS/2% BSA/1% don-
key serum/1% FCS/0.1% saponin and stained overnight at
4°C with the indicated antibodies. The following antibod-
ies were used throughout this study: anti-F4/80—Alexa Fluor
647 (clone BMS; Biolegend), anti-MHCII-efluor450 (clone
M5/114.15.2; ebioscience), and anti-M-CSFR (C-20; Santa
Cruz). After three washes in PBS/0.05% saponin, anti-M-
CSFR antibody was detected with anti—rabbit—Alexa Fluor
594 (Jackson Immunoresearch), and visualization of YFP™*
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cells was enhanced using an anti-GFP antibody (Life Tech-
nologies). Slides were mounted in medium containing Sytox
blue dye (Prolong Sytox; Life Technologies). Confocal micros-
copy acquisitions were performed on a confocal microscope
(LSM780; Zeiss) at room temperature, and slides were imaged
with a 40X/1.4 oil differential interference contrast objective
(Plan-Apochromat). Different lasers were used (405, 488,561,
and 633 nm) to excite the fluorophores (Sytox blue, eFluor
450, Alexa Fluor 488, Alexa Fluor 594, and Alexa Fluor 647).
Fluorescence was recorded in individual channels acquired
in a sequential mode to avoid cross talk using a highly sen-
sitive 32-channel gallium arsenide phosphide detector. The
pinhole was set to 1 airy unit. Image processing was done
with Image] (National Institutes of Health). Only a median
filter was performed on the images to remove salt and pep-
per noise. For quantification in wild-type mice, macrophages
corresponding to a total of 450-680 tubes were counted per
individual mouse and scored for localization and expression
of M-CSFR and MHCII. Quantification of fate mapped or
BM transplantation—derived macrophages was based on scor-
ing 100200 YFP" or 100-500 Tomato " cells, respectively.

Gene expression analysis by microfluidic real-time PCR
Total mRINA was extracted from FACS-sorted bulk popu-
lations of 5,000 cells. RNA extraction and cDNA synthe-
sis were performed with a uMACS one step T7 template kit
(Miltenyi). Specific target gene expression was detected ac-
cording to Fluidigm protocols as previously described (Soucie
et al., 2016). In brief, after 10 cycles of cDNA preamplifica-
tion, microfluidic real-time PCR was performed using Dy-
namic Array integrated fluidic circuits (Biomark; Fluidigm)
with TagMan gene expression assays (ABI) or primer assay in
96.96 Dynamic Arrays on a BioMark System (Fluidigm). Ct
values were calculated from the system’s software (BioMark
Real-time PCR Analysis; Fluidigm).

Primers used for microfluidic real-time PCR were:
IL10Ra forward, 5'-CACCACTGAGACTCGCTTCA-3’
and reverse, 5'-CGTCCATTGCTTTCAGAGTCAC-3;
Soc3 forward, 5'-CCTTCAGCTCCAAAAGCGAG-3’ and
reverse, 5'-GCTCTCCTGCAGCTTGCG-3"; Ccli12 for-
ward, 5'-TCCGGAAGCTGAAGAGCTAC-3" and reverse,
5'-GTCAGCACAGATCTCCTTATCCA-3"; Ccl2 forward,
5'-AGCAGCAGGTGTCCCAAA-3’ and reverse, 5'-TTC
TTGGGGTCAGCACAGAC-3'; Ccl6 forward, 5'-ATC
GTCGCTATAACCCTCCA-3 and reverse, 5'-CATGGG
ATCTGTGTGGCATAA-3"; CD163 forward, 5-GCC
ATAACTGCAGGCACAAA-3' and reverse, 5'-GTTGGT
CAGCCTCAGAGACA-3'; STABI forward, 5'-GTACGG
TACCACATCTACAACC-3" and reverse, 5'-TGGTGA
GGACACGTCCTTTA-3'; Ccl7 forward, 5'-TCTGTG
CCTGCTGCTCATA-3" and reverse, 5'-CATAGCAGC
ATGTGGATGCA-3’; Ccl23 forward, 5'-GCTGCACGT
CCTTTATTTCCAA-3" and reverse, 5'-GCAGCTTGG
GGTCAGTACA-3'; Fizz1 forward, 5'-ACTTCTTGCCAA
TCCAGCTAAC-3" and reverse, 5'-CAAGCACACCCA
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GTAGCAGT-3"; PPARg forward, 5'-AAGACAACGGAC
AAATCACCA-3’ and reverse, 5'-GGGGGTGATATG
TTTGAACTTG-3"; TGFEBR forward, 5'-TCTGCATTG
CACTTATGCTGA-3’ and reverse, 5'-AAAGGGCGATCT
AGTGATGGA-3’; IL10 forward, 5'-GGCGCTGTCATC
GATTTCTC-3’ and reverse, 5'-ATGGCCTTGTAGACA
CCTTGG-3"; MARCO forward, 5'-CCAGGACTTTCA
GGTGCCAA-3' and reverse, 5'-TGGCCAGAAGACCCT
TTCAT-3’; Socs2 forward, 5'-GGTTGCCGGAGGAAC
AGTC-3" and reverse, 5'-GAGCCTCTTTTAATTTCT
CTTTGGC-3'; CXCL13 forward, 5'-GTGTGAATCCTC
GTGCCAAA-3' and reverse, 5'-AGCTTGGGGAGTTGA
AGACA-3"; Ccl20 forward, 5-TGGGTGAAAAGGGCT
GTGAA-3’ and reverse, 5'-TTGGGCTGTGTCCAATTC
CA-3'; VEGFa forward, 5'-CCAGCACATAGGAGAGAT
GAG-3' and reverse, 5'-CTGGCTTTGTTCTGTCTT
TCTT-3'; IL4 forward, 5'-ACGGAGATGGATGTGCCA
AA-3" and reverse, 5'-GAAGCACCTTGGAAGCCCTA-3';
Argl forward, 5'-GGATTGGCAAGGTGATGGAA-3" and
reverse, 5'-CGACATCAAAGCTCAGGTGAA-3"; Ccl22
forward, 5'-CCTTCTTGCTGTGGCAATTCA-3" and
reverse, 5'-GGCAGCAGATACTGTCTTCCA-3"; Ccll17
forward, 5'-CAGGAAGTTGGTGAGCTGGTA-3" and re-
verse, 5'-CTTGCCCTGGACAGTCAGAA-3'; Yml for-
ward, 5'-TGGCCCACCAGGAAAGTACA-3’ and reverse,
5-GACCTCAGTGGTCCTTCATTC-3’; Socs! forward,
5-CAACGGAACTGCTTCTTCGC-3’ and reverse, 5'-AG
CTCGAAAAGGCAGTCGAA-3"; IL6 forward, 5'-CGG
AAGGGAGACTTACCTTGAA-3' and reverse, 5'-GCT
TTGACTGGCAATCAGGAA-3’; IL27 forward, 5'-CCC
AATGTTTCCCTGACTTTCC-3" and reverse, 5'-CGAA
GTGTGGTAGCGAGGAA-3"; MMP9 forward, 5'-TCC
CCAAAGACCTGAAAACC-3' and reverse, 5'-GGGTGT
AACCATAGCGGTAC-3"; Nos2 forward, 5'-GCCACC
AACAATGGCAACAT-3" and reverse, 5'-TCGATGCAC
AACTGGGTGAA-3’; IL12 forward, 5'-AAACCAGCA
CATTGAAGACC-3’ and reverse, 5'-GGAAGAAGTCTC
TCTAGTAGCC-3’; Ido1 forward, 5'-ACTTTGTGGACC
CAGACACG-3" and reverse, 5'-GCAGGAGATTCTTTG
CCAGC-3'; IL23a forward, 5'-ACCAGCGGGACATAT
GAATCT-3" and reverse, 5'-AGACCTTGGCGGATC
CTTTG-3"; IL12b forward, 5'-GGAAGCACGGCAGCA
GAATA-3" and reverse, 5'-AACTTGAGGGAGAAGTAG
GAATGG-3"; CXCL10 forward, 5'-GGGCCATAGGGA
AGCTTGAA-3' and reverse, 5'-GGATTCAGACATCTC
TGCTCATCA-3'; IL1B forward, 5'-TGGCAACTGTTC
CTGAACTCA-3’" and reverse, 5'-GGGTCCGTCAAC
TTCAAAGAAC-3’; and GAPDH forward, 5'-GGCCCT
CTGTGTGCTCAAG-3' and reverse, 5'-CTGATAAAA
TCTACAGTCATAGGAATGGA-3'.

Online supplemental material

Figs. ST and S2 describe the gating strategy of tM@ and mi-
croglia, respectively. Fig. S3 shows relative contribution of
embryonic macrophages to tM¢ populations.
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