Putting SARS-CoV-2
where it belongs:
Identification of
potential therapeutic
targets with single cell
analysis

Respiratory failure is the most common adverse outcome for
COVID-19 patients, but scientists and doctors are still searching for
answers to the clinical complications of SARS-CoV-2 infection
arising in other organs in the body, including the metabolic,
cardiac, neurological, and gastrointestinal systems. Moreover,
studies of SARS-CoV-2 infection mechanisms have relied on ACE2-
overexpressing cells, masking the potential role of other factors in
viral entry. Thus, there is an urgent need to create novel models
using human disease-relevant cells to study SARS-CoV-2 biology
and to facilitate drug screening.
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Fetal-derived macrophages persist and sequentially
maturate in ovaries after birth in mice
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Macrophages, which are highly diverse in different tissues, play a complex and vital role
in tissue development, homeostasis, and inflammation. The origin and heterogeneity
of tissue-resident monocytes and macrophages in ovaries remains unknown. Here we
identify three tissue-resident monocyte populations and five macrophage populations in
the adult ovaries using high-dimensional single cell mass cytometry. Ontogenic analyses
using cell fate mapping models and cell depletion experiments revealed the infiltration of
ovaries by both yolk sac and fetal liver-derived macrophages already during the embry-
onic development. Moreover, we found that both embryonic and bone marrow-derived
macrophages contribute to the distinct ovarian macrophage subpopulations in the adults.
These assays also showed that fetal-derived MHC II-negative macrophages differentiate
postnatally in the maturing ovary to MHC II-positive cells. Our analyses further unrav-
eled that the developmentally distinct macrophage types share overlapping distribution
and scavenging function in the ovaries under homeostatic conditions. In conclusion, we
report here the first comprehensive analyses of ovarian monocytes and macrophages. In
addition, we show that the mechanisms controlling monocyte immigration, the pheno-
type of different pools of interstitial macrophages, and the interconversion capacity of
fetal-derived macrophages in ovaries are remarkably different from those seen in other
tissue niches.

Keywords: Developmental origin - Macrophages - Mass cytometry - Monocytes - Ovaries

Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction

Macrophages are the most abundant immune cell population
within the ovaries [1, 2], in which different types of ovum-
containing and empty follicles are embedded in a highly vascu-
larized interstitial. Ovarian macrophages (oM¢) are localized to
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the thecal, luteal, and atretic follicles and to the interstitial tis-
sue [1-6]. oM are proposed to regulate vascularization, steroid
production, epithelial cell proliferation, and differentiation, as
well as tissue remodeling during normal follicle growth, ovula-
tion, and luteinization [1, 2, 7-15]. Notably, female Op/op mice,
which have an inactivating mutation in the major macrophage
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growth factor gene CsfI [16], are subfertile. They manifest with a
severe reduction of macrophages in most tissues including ovaries,
decreased number of growing follicles [17], and a low pregnancy
rate [18]. Systemic ablation of macrophages in CD11b-diphtheria
toxin receptor transgenic mouse model leads to decreased vascu-
lar integrity, follicular atresia, and necrosis in ovaries [19, 20].
There is also emerging evidence that macrophages are involved
in ovarian dysfunctions, particularly in polycystic ovary syndrome
and premature ovarian failure, but also in endometriosis [14, 21,
22].

Historically, all macrophages have been thought to originate
from bone marrow-derived circulating monocytes [23, 24]. How-
ever, more recent studies have revealed a complex diversity of
tissue-resident macrophages, which include embryonic yolk sac
and fetal liver-derived cells that are maintained locally and inde-
pendently of blood monocytes [25-30].

Most studies with oMe [1, 2, 7-15] date back to the time when
the developmental, phenotypical, and functional heterogeneity of
tissue-resident macrophages was not yet understood. Therefore,
we took advantage of the current technological advancements
to comprehensively examine the oMg. These analyses revealed
for the first time the coexistence of developmentally distinct
macrophage subpopulations in the adult ovaries, and the inter-
conversion capacity of the different interstitial macrophage types.

Results

Single-cell analysis identifies multiple tissue-resident
monocyte and macrophage populations in postnatal
ovaries

To explore the diversity of immune cell populations (live CD45"
cells) in the ovaries, we employed single-cell mass cytometry
(CyTOF) with comprehensive staining panel (Supporting informa-
tion Fig. S1A,B). When high-dimensional single-cell data from 5-
week-old (juvenile) and 12-week-old (adult) mouse ovaries were
visualized on a two-dimensional map using tSNE (t-distributed
stochastic neighbor embedding algorithm) [31], we found that
majority of postnatal ovarian CD45" cells were CD11b* myeloid
cells both in 5-week-old (58.8 + 9.47%, n = three pools/three
mice in each pool) and 12-week-old (52.6 + 8.09%, n = three
pools/three mice in each pool) mice (Supporting information
Fig. S1B,C). Further downstream analysis revealed previously
unknown subsets of CD45*CD11b" myeloid cells in the postna-
tal ovaries (Supporting information Fig. S1D). We identified a
dominant myeloid cluster coexpressing core macrophage mark-
ers F4/80 and CD64 both in 5- and 12-week-old mice (Sup-
porting information Fig. S1D), and putatively assigned these
F4/807CD64" cells as monocytes/macrophages cells (hereafter
called MO/MAC; for the gating strategy see Fig. 1A).
Interestingly, of the core macrophage markers, CX3CR1 was
expressed at varying levels on all MO/MAC cells but MerTK
was found only on a few subpopulations (Fig. 1B). Several
F4/807CD64" cell populations expressed high levels of Ly6C
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(indicative of monocytes), and these populations had remarkably
different levels of MHC II expression. Similarly, the Ly6C negative
MO/MAC cell populations were clearly divided into several sub-
populations based on the expression levels of CD11b, F4/80, MHC
11, Siglecl, and CD206 (Fig. 1B). Unsupervised FlowSOM analyses
[32] verified that three putative monocyte populations (assigned
MONO 1-3) and three main putative macrophage populations
(assigned MAC 1-3) were identifiable among ovarian MO/MAC
cells both in 5- and 12-week-old mice (Fig. 1C).

Among the ovarian monocyte populations, MONO 1 expressed
the lowest, MONO 2 intermediate, and MONO 3 the highest
level of MHC II (Fig. 1B-D) both in 5- and 12-week-old mice.
MONO 3 subpopulation was the most frequent monocyte sub-
set both in 5- and 12-week-old mice, and its frequency signif-
icantly increased during aging (Fig. 1E). Since the expanding
MONO 3 population expressed the highest level of MHCII, Siglecl,
and MerTK and the lowest level of Ly6C among the monocytes,
it may represent tissue-resident monocytes that have differen-
tiated the furthest toward macrophages. Notably, the majority
of Ly6C* monocytes fell into the MO/MAC-population in both
5- and 12-week-old mice (Supporting information Fig. S2A,B).
The remaining Ly6C* monocytes falling outside the MO/MACs
are in population called non-MO/MAC. Non-MO/MAC population
included Ly6G™ cell population (tentative granulocytes; 5 week
7.9 +0.68% and 12 week 6.3 £ 0.31%, n = three pools/three mice
in each pool) and CD11c*MHCIIT cells, likely presenting dendritic
cells (Supporting information Fig. S2C). In addition, further anal-
yses of non-MO/MAC CD11c" cells revealed the presence of clas-
sical (F4/80~CD64 Ly6G~CD4~B220~CD11c"8"MHC I1'¢") and
plasmacytoid (F4/80~CD64~Ly6G~CD4~B220TCD11c*CD11b™)
dendritic cell population in the ovaries of both 5- and 12-week-old
mice (Supporting information Fig. S2A and D).

Unsupervised clustering revealed that among the ovarian
macrophage populations, MAC 1 cells had very low levels of MHC
II expression, while MAC 2 cells displayed intermediate MHC II
expression, and MAC 3 cells high levels of MHC II expression
(Fig. 1B-D). Notably, MAC 1 cells showed the highest F4/80
expression and the lowest CD11b expression, and MAC 3 cells
the lowest F4/80 and the highest CD11b expression among the
three MAC subpopulations (Fig. 1B,C). MAC 1 cells were practi-
cally devoid of MerTK, but expressed Siglecl. In fact, MAC 1 cells
were further divided into three subclusters (MAC 1A-C) by the
unsupervised FlowSOM analyses (Fig. 1C). Among MAC 1 cells,
MAC 1A cells displayed the lowest and MAC 1C cells the high-
est levels of MHC II and CD206 in 5-week-old mice (Fig. 1D).
The same expression profile was seen in ovarian MAC 1 subpop-
ulations in 12-week-old mice, although the frequency of all MAC
1 cells among CD647F4/80% cells was significantly lower in 12-
week-old mice (5.0 + 1.18%, n = three pools/three mice in each
pool) when compared to 5-week-old mice (Fig. 1E; 22.1 & 3.78%,
n = three pools/three mice in each pool). MAC 2 and MAC 3 popu-
lations, on the other hand, showed higher CD11c and MerTK levels
when compared to MAC 1 cells (Fig. 1B-D). In contrast to MAC
1, the frequencies of MAC 2 and MAC 3 populations remained
stable during the ovarian maturation, and both subpopulations
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Figure 1. Multiple resident monocyte and macrophage populations in the ovaries. (A) Gating strategy for MO/MAC (CD64"F4/80%) cell mass
cytometry analyses. (B) Mass cytometry analyses of resident CD64"F4/80" myeloid cells in 5- and 12-week-old WT mice. The expression of
the given markers is color-coded (blue means low and red high expression) on the t-distributed stochastic linear embedding (t-SNE) map. (C)
Unsupervised FlowSOM analyses of resident CD64"F4/80" myeloid cell clusters in the ovaries. The distinct metaclusters are shown in different
colors. (D) Heat map analyses (from C) showing the mean expression of indicated markers (black means low and bright yellow high expression).
(E) Frequencies of the resident ovarian CD64"F4/80" myeloid cell types (from B). Violin plots represent mean + SEM of each group (p < 0.05,
**p < 0.001 Kruskal-Wallis test followed with Dunn’s post-hoc test). All mass cytometry data are from three independent experiments, in which

ovaries from three mice were pooled together.
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represented about 21% of MO/MAC cells both in 5- and 12-week-
old mice (Fig. 1E). Collectively, these mass cytometric analyses
show the dynamic coexistence of multiple tissue-resident mono-
cyte and macrophage types in juvenile and adult ovaries, and show
the value of MHC II expression in defining these distinct subpop-
ulations.

Kinetic changes in macrophage subpopulations
in postnatal ovaries

We further characterized the kinetics of the postnatal ovarian
macrophages (CD457CD647F4/80TLy6C™ cells) in young mice
by conventional flow cytometry, which is compatible with the
low cell numbers recovered from the small organs (Supporting
information Fig. S3A). Biaxial gating of the mass cytometric data
from selected time points confirmed the validity of the gating
strategy used in the fluorimetric analyses (Supporting information
Fig. S3B). The flow cytometric analyses revealed that MHC II~
MAC 1 cells were the only oM¢ subpopulation already present in
newborn (NB) ovaries (Fig. 2A,B). After 1 week of postnatal life,
MAC 1 remained the only detectable macrophage type, and it still
represented more than 70% of all ovarian macrophages in 2-week-
old mice. Thereafter, the frequency of MAC 1 cells decreased to
the 30-40% levels seen in 5-week-old and older animals. While
the frequency of MAC 1 cells decreased in the maturing ovaries,
the absolute numbers of MAC 1 cells slightly increased during the
development in line with the increase in the size of the organ (NB
85 + 25 cells/ovary, n = 5 mice; 5 week 111 + 24 cells/ovary,
n = 9 mice and 12 week 122 + 30 cells/ovary, n = 7 mice,
Supporting information Fig. S3C). The CD206" and CD206"&/ 1"
cells within the MAC 1 cells were equally abundant at birth,
and their frequencies remained fairly stable during the postnatal
development (Supporting information Fig. S3D). On the other
hand, the two MHC II* populations, MAC 2 and MAC 3, emerged
only at 2 weeks of age and thereafter markedly increased in the
maturing ovaries (Fig. 2A,B and Supporting information S3C).
Among the ovarian monocyte populations, only MHC II"Ly6C™
cells were identifiable in the ovaries of NB, 1- and 2-week-old
mice, and at each time point they represented about 10% of
all CD45" cells. Thus, at birth only MHC II negative monocytes
and macrophages are present in the ovaries. While the absolute
numbers of all three main macrophage populations then increase
in the ovaries during aging, their frequencies display characteristic
changes during the postnatal maturation of the virgin mouse.

Ovarian macrophage subpopulations show overlap-
ping subtissular localization and scavenging functions

We then studied the localization and function of the major
macrophage populations in the ovaries using whole-mount and
vibratome section stainings of optically cleared tissue. In NBs,
F4/80TMHC II~ cells distributed throughout the stromal com-
partment and around the follicles, and many cells were in close

© 2020 The Authors. European Journal of Immunology published by
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Figure 2. Developmental induction of MHC II on ovarian macrophages.
(A) Flow cytometric analyses of tissue-resident ovarian macrophage
populations in newborn (NB; n = 5), 1 week (n = 5), 2 weeks (n = 6), 5
weeks (n =9), and 12 weeks (n = 7) old WT mice. Shown are represen-
tative flow cytometry plots and quantifications of MAC 1 (MHC I1"e¢/lo%;
orange gates), MAC 2 (MHC II'™!; grey gates), and MAC 3 (MHC IIhigh;
black gates) macrophage populations among live CD64"F4/80" myeloid
cells. (B) The frequencies of ovarian macrophage populations (MAC 1-3)
at the indicated postnatal time points. Bars represent the mean + SEM
of each group (*p < 0.05, *p < 0.01, **p < 0.001 Kruskal-Wallis test fol-
lowed with Dunn’s post-hoc test). All data are from two independent
experiments.
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Figure 3. Intraorgan localization and scavenging functions of ovarian macrophage subpopulations. (A) Immunofluorescent detection of MHC II,
F4/80 and CD144 in the whole-mount ovary samples of newborn, 2- and 5-week-old WT mice. Representative MHC IIM8"F4/80"¢g cells (arrow),
MHC I1"8F4/80Mieh cells (white arrow head), and MHC I11"8"F4/80P°¢ cells (open arrow head). (B) Immunofluorescent detection of CD206 and CD144
in the ovaries of 5-week-old WT mice. Dashed lines represent the edge of the follicles. Images were acquired with 40x magnification. Scale bar
50 pm. (C) Ovarian histology of 5-week-old WT female together with schematic illustration of macrophage localization in the ovaries. Image was
acquired with 20x magnification. Scale bar 200 um. (D) Uptake of intravenously administered fluorescent ovalbumin immunocomplexes (OVA-SIC)
by MAC 1, MAC 2, and MAC 3 macrophage subpopulations in the ovaries of 5-week-old WT mice and measured by flow cytometry. Shown are
representative histograms (controls as filled) and quantification of the data (mean + SEM, n = 4 mice). Data are from two independent experiments.

Control mice received PBS injections. MFI, mean fluorescence intensity.
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association with CD144" blood vessels (Fig. 3A,C, and Support-
ing information Fig. S4A). At 2 and 5 weeks of age, both elon-
gated F4/80"MHC II~ and F4/80*MHC IIt cells, likely repre-
senting MONO 1/MAC 1 and pooled MONO 2/MAC 2+MONO
3/MAC 3 populations, were found around the follicles and in inti-
mate contacts with the vasculature. No obvious differences in the
intraorgan distribution of these two cell types were identifiable.
Interestingly, most CD206™" macrophages, identified as a perivas-
cular macrophage type in several other tissues [33-35], had no
apparent contacts to the vasculature in the ovaries (Fig. 3B,C and
Supporting information Fig. S4B).

To analyze the possible functional differences of oM¢ popu-
lations in vivo, we injected i.v. a premade OVA-anti-OVA anti-
body immunocomplex (SIC) to 5-week-old WT mice. In flow cyto-
metric assays, MAC 1, MAC 2, and MAC 3 cells showed a com-
parable capacity to bind/uptake SIC from the blood (Fig. 3D).
Interestingly, unlike reported in other tissues, CD206" MAC 1
macrophage population did not bind/uptake SIC any better than
the CD206!°"/"8 MAC 1 macrophage subpopulations (Support-
ing information Fig. S4C). Collectively, these data suggest that
the different macrophage populations display comparable tissue
distribution and largely overlapping scavenging function in the
ovaries.

Embryonic macrophages persist in adult ovaries

Given the marked heterogeneity and kinetic changes in oMg pop-
ulations, we hypothesized that both embryonically and postna-
tally derived cells could contribute to the macrophage pool in the
adult ovaries. During embryonic development, CD11b"F4/80high
and CD11b"¢"F4/80™ phenotypes are thought to be indicative
of yolk sac-derived and fetal liver-derived macrophages, respec-
tively [27, 36-40]. Using flow cytometry, we found a domi-
nant CD11b™F4/80M8" macrophage population in the ovaries at
embryonic day 14.5 (E14.5), when CD11b"#"F4/80"t oM¢ were
almost absent (Fig. 4A and Supporting information Fig. S5A). In
contrast, 2 days later at E16.5 the frequency of CD11b"8PF4,/80™t
cells was significantly increased (5.7 + 1.21% at E14.5 vs.
18.0 4+ 2.42% at E16.5, n = 3-5) and became almost similar to
that of CD11b™F4/80Meh cells (Fig. 4A). Thus, our data would be
compatible with a scenario in which the embryonic ovaries are first
infiltrated by yolk sac-derived macrophages and later superseded
by fetal liver-derived macrophages.

At E14.5 CD11b"F4/80""  cells were CD64TCD206" and
Ly6C~, whereas the rare CD11b"8"F4/80™ cells were CD206~
and mostly CD64~, but contained a clear Ly6C™ subpopulation
(Fig. 4B). This phenotype would be consistent with the monocyte-
independent and monocyte-dependent generation of yolk sac and
fetal liver macrophages, respectively. At E16.5, CD11b"hF4/80™t
cells had become uniformly Ly6C*, but remained CD206~ and
MerTK—. CD11b"F4/80"" cells, in contrast, were brightly
CD206™" and MerTK". Notably, both fetal macrophage popula-
tions were completely MHC II negative (Fig. 4B). When E16.5
oM¢ were sorted and subjected to mRNA expression analyses,

© 2020 The Authors. European Journal of Immunology published by
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both CD11b™F4,/80Me" and CD11b"8"F4,/80™ macrophage pop-
ulations were found to express transcripts for the macrophage
core genes Cx3crl, Adgrel, Csflr, and Itgam. In contrast, only
CD11b"&hF4/80™ cells expressed Gata2 and Ccr2 (Fig. 4C). Both
cell types lacked dendritic cell-specific FIt3 expression, confirming
their macrophage identity. Collectively, these data are consistent
with the scenario that CD11b™"F4,/80Mg" cells also in fetal ovaries
represent yolk sac-derived macrophages, and CD11b"g"F4,/80m
cells are fetal liver monocyte-derived macrophages, which gradu-
ally replace the yolk sac-derived cells.

To investigate the embryonic origin oM¢ populations in
more detail, we performed fate mapping experiments. In
CX3CR1CERT2:R26R-EYFP reporter mouse model (Fig 4D and
Supporting information Fig. S5B) tamoxifen-induced labelling at
E13.5 allows identification of yolk sac-derived macrophages [27,
37, 41]. We observed yellow fluorescent protein positive (YFP™)
cells in the ovaries of NB, 2- and 5-week-old mice (Fig. 4D). The
frequency of embryonic yolk sac-derived YFPT cells among all
oMo only slightly decreased after birth. The majority of YFP* cells
fell into the MHC II" MAC 1 population at all time points stud-
ied. Markedly however, YFP" cells were also clearly identifiable in
MHC II'™ MAG 2 and MHC I1Mgh MAC 3 populations in the ovaries
of 5-week-old mice. We also used CSF1RMer-iCre-Mer. Ro6R-EYFP-
reporter mice to label yolk sac-derived macrophages by tamoxifen
administration to dams at pregnancy day 8.5 [36]. The inclu-
sion of yolk sac-derived YFP™ cells in all three macrophage sub-
populations in 5-week-old mice was confirmed with this second
genetic fate mapping model (Supporting information Fig. S5C).
The phenotypic and fate mapping analysis, thus, strongly argue
for an interconversion of ovarian macrophage types in postnatal
mice.

To study how depletion of yolk sac-derived macrophages
affects oMo populations, we gave a single injection of anti-CSF1R
antibody (clone AFS98; Bio X Cell) or rat IgG2a control anti-
body (clone 2A3; Bio X Cell) to the pregnant WT dams at E6.5
(Fig. 4E). Consistently with the previous literature [42, 43], the
anti-CSFR1 antibody depleted all yolk sac-derived CD45%F4/80"
macrophages in the fetal brain (Supporting information Fig. S5D).
We found that anti-CSFR1 antibody also caused a significant
reduction in the frequency of CD11b™F4/80"¢" macrophages,
and a concomitant increase in the frequency of CD11b"&hF4,/80™
macrophages, in the ovaries of E17.5 embryos (Fig. 4F). However,
the successful depletion of yolk sac-derived macrophages had no
significant effect on the frequency of different oM¢ subpopula-
tions in 2-week-old mice (Fig. 4G). Analysis of Plvap™~ mice,
which show selective reduction of fetal liver-derived macrophages
but normal yolk sac-derived macrophages [44], showed a selective
reduction of F4/80™™ oM¢ population in E16.5 mice (Fig. 4H). In
5-week-old Plvap™~ mice, we also found a reduction of MAC 1
population, and an increase in the frequency of MAC 2 and MAC 3
cells (Fig. 41). Thus, our data suggest that both yolk sac and fetal
liver contribute to the establishment of macrophage populations
in the ovaries during the embryonic period, and that they both
remain completely MHC II negative at birth. Moreover, our results
show that at least fetal yolk sac-derived macrophages persist
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until puberty, and that they can further differentiate to MHC II*
MAC 2 and MAC 3 cells during maturation.

Bone marrow monocyte-derived macrophages
infiltrate ovaries

Since the bone marrow-derived macrophages heavily contribute
to postnatal macrophage pools in most organs, we attempted to

© 2020 The Authors. European Journal of Immunology published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

address their contribution to the oMg populations. To that end,
we used Ccr2- and Nur77-deficient mice, which have low numbers
in circulating Ly6CM¢" and Ly6C'®” monocytes, respectively [45,
46]. Unexpectedly, the MAC 1, MAC 2, or MAC 3 macrophages in
steady state virgin ovaries were unaffected by Ccr2 deficiency at
2, 5, and 12 weeks of age (Fig. 5A and Supporting information
Fig. S6A,B). Moreover, bone marrow-derived patrolling Ly6C'®"
monocytes apparently did not contribute to the generation of any
oMe¢ pool either, since the three macrophage populations were
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indistinguishable in the ovaries of WT and Nur77~/~ mice (Fig. 5A
and Supporting information Fig. S6A).

To gain insight to the entry of macrophages into an empty
niche, we depleted tissue-resident macrophages with clodronate
and anti-CSF1 antibody treatment using a previously described
dosing regimen (Fig. 5B) [47, 48]. The cyclic treatment was
started at postnatal day 14 and completed at day 23. Two days
after the completion of the third treatment cycle, more than
93% of MAC 1, MAC 2, and MAC 3 were depleted from the
ovaries (Fig. 5C; acute). At the same time, the bone marrow
and blood monocyte numbers were normalized, as shown previ-
ously by us and others [47, 48]. During a 10-day recovery period,
no marked recovery of any macrophage subpopulation was dis-
cernible (Fig. 5C). After a 3 week recovery, in contrast, MAC
1 population was fully recovered in comparison to the control
treated animals, and the numbers of MHC II" MAC 2 and MAC
3 cells were also partially restored (Fig. 5C). MONO 1-3 popu-
lations were also effectively depleted by the clodronate + anti-
CSF1 treatment and their recovery kinetics resembled those of
macrophages (Supporting information Fig. S6B). Thus, after a 10-
day recovery only minimal numbers of tissue-resident monocytes
were observed in the ovaries, while after 3 weeks MONO 1, 2, and
3 populations were detectable at numbers comparable to control-
treated mice. These data suggest that when an empty niche is
generated in the postnatal ovaries, bone marrow-derived mono-
cytes, in a CCR2-independent manner, are capable of regenerat-
ing all three tissue-resident macrophage types. Moreover, the first
macrophages recovering during the postnatal infiltration of pre-
emptied ovarian niche have MHC II"¢ MAC 1 phenotype, which
resembles the MHC II"*® phenotype of the first naturally occurring
oMg¢ during the fetal development.

To analyze the apparently complex developmental pathways
of oM¢ generation further in untouched WT mice, we per-
formed unsupervised clustering analysis for single cell data
(CD64"F4/80" MO/MAC) with K-nearest neighbor density-based
clustering algorithm called X-shift [49]. To visualize the results,
clusters were subjected to a force-directed graph layout (Fig. 5D).
Ly6C and MHC II expression was used to manually assign the clus-
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ters to different MONO and MAC populations. The three separate
macrophage populations (MAC 1, 2, and 3) became apparent also
in these analyses of ovaries from 5-week-old females. In addition,
separate Ly6CMeh and Ly6Cl" tissue-resident monocyte popula-
tions were distinguishable. The trajectory analyses suggested that
Ly6CM8h monocytes gave rise both to Ly6C°" monocytes and to
MAC 1 (Fig. 5D,E). On the other hand, Ly6C°" monocytes had
trajectories to both MAC 3 and MAC 2 cells. Notably, the MAC
1 cluster also had connectivity to the MAC 2 cluster, and there
were strong associations between MAC 2 and MAC 3 clusters.
In 12-week-old mice, the trajectory analyses suggested that the
majority of Ly6CMeh tissue-resident monocytes differentiated via
Ly6GC™ and Ly6C'®" populations to the three MAC subtypes, which
were compacted more closely with each other than in 5-week-old
mice (Supporting information Fig. S6C,D). The trajectory analy-
ses, thus, suggest that Ly6C™ monocytes, via different intermedi-
ates, can give rise to all three MAC subpopulations, and that MAC
populations are also likely interconvertible.

Discussion

Here we identified three major macrophage subsets with divergent
gene expression profiles and distinct kinetics of appearance in the
maturing postnatal ovaries. Both yolk sac and fetal liver-derived
macrophages populated the ovaries during embryonic develop-
ment. At birth, they both contributed to the single MHC II neg-
ative macrophage population identifiable in the ovaries. Genetic
fate mapping analyses directly verified the persistence of embry-
onic yolk sac-derived macrophages in the ovaries for at least 5
weeks after birth. Importantly, the reporter mice also showed that
the embryonically derived MHC I1"¢ MAC 1 cells can further dif-
ferentiate to MHC II positive MAC 2 and MAC 3 cells after birth.
Our trajectory analyses and depletion experiments suggested that
bone marrow-derived monocytes also contribute to the ovarian
macrophage pool postnatally. Collectively our data imply that the
ovarian microenvironment rather than the developmental origin is
decisive in shaping the macrophage phenotype, localization, and
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Figure 4. Embryonic-derived macrophages give rise to all macrophage subtypes in adult ovaries. (A) Flow cytometric analyses of CD11blighF4/g0int
(blue gates) and CD11b™tF4/80Me" (red gates) macrophage populations in the ovaries of WT embryos at embryonic day (E) 14.5 and E16.5. In the
quantifications, each dot represents data from two individual mice pooled together in E14.5 mice (n = 3 from one experiment) and from individual
mice at E16.5 (n = 5 from two independent experiments). (B) Representative histograms of CD64, Ly6C, MHC II, CD206, and MerTK expression (from
A). (C) Quantitative RT-PCR analysis of the indicated transcripts in CD11bM8PF4/80™t (blue gates) and CD11b™'F4/80MeP (red gates) macrophage
populations sorted from the ovaries of E16.5 WT embryos. Data are from one experiment and the sorted populations were pooled from three
different litters and from 12 individuals. The gene expression values of Itgam, Cx3crl, Adgrel, Csflr, Gata2, Ccr2, and FIt3 are shown in relation to
Actb control gene. (D) Representative flow cytometry plots and kinetic quantifications of yolk sac-derived macrophages in the ovaries. The plots
show the backgating of the YFP* cells (green) on the different ovarian macrophage populations in Cx3cr1-EYFP reporter mice induced at E13.5
with tamoxifen. The quantifications show the frequency of YFP* cells in each macrophage population and conversion of MHC II"*¢ embryonic
macrophages to MHC I"&" macrophage subtypes. MAC 1 (MHC I**#!°¥; orange gates), MAC 2 (MHC II'™t; grey gates), and MAC 3 (MHC Irhigh;
black gates). Data are mean + SEM from n = 6 (NB mice), n = 5 (2-week-old mice) and n = 4 (5-week-old mice), and derived from two to three
individual experiments. (E-G) Analyses of ovarian macrophages in WT mice treated with anti-CSF1R (AFS98) or control antibody at E6.5. Shown
are (E) experimental design and (F) flow cytometry quantifications of CD11b"€"F4/80'" (blue gates) and CD11b'"'F4/80"ie" (red gates) macrophage
population at the age of E17.5, and (G) MAC 1 (orange), MAC 2 (grey) and MAC 3 (black) populations at 2 weeks of age (n = 4-6 mice). Data are from
two individual experiments. (H) Flow cytometric analyses of CD11bM8"F4/80™t (blue gate) and CD11b"tF4/80M€" (red gate) macrophage populations
in the ovaries of E16.5 Plvap™/~ embryos (n = 4-6). Data are from three individual experiments. (I) Flow cytometric analyses of MAC 1 (orange
gates), MAC 2 (grey gates), and MAC 3 (black gates) macrophage populations in the ovaries of 5-week-old Plvap~~ mice (n = 6). Data are from five
individual experiments. Bars represent the mean + SEM of each group (“p < 0.05, Mann-Whitney test).

© 2020 The Authors. European Journal of Immunology published by
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function. Moreover, our findings reveal several unique characteris-
tics of tissue-resident macrophages in the ovaries when compared
to those in other organs.

We propose that during organogenesis, the ovaries are col-
onized successively by yolk sac, fetal liver, and postnatal bone
marrow-derived macrophages. Our phenotypic, fate mapping and
anti-CSFR1 depletion studies showed that the first emerging

© 2020 The Authors. European Journal of Immunology published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

CD64

macrophages in the fetal ovaries originate from the yolk sac. These
cells develop without monocytic intermediates and seed fetal tis-
sues starting from E8.5 after the development of functional vas-
culature [36]. After the emergence of hematopoietic stem cells
(HSC) at E10.5, fetal liver starts to produce monocytes, which
then exit to blood and seed to different tissues starting from
E12.5 [42]. The arrival of these monocytes to the fetal ovaries
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was supported by several findings. First, the frequency of Ly6Chigh
cells substantially increased in ovaries from E14.5 to E16.5. Sec-
ond, CD11b"¢"F4/80™ macrophage population, phenotypically
indicative of fetal liver-derived macrophages, was absent in E14.5
ovaries but frequently present in E16.5. Third, in Plvap™~ mice,
which have normal production of yolk sac macrophages but a
selective defect in the exit of fetal liver monocytes into blood
[44], CD11bM&"F4/80°% population was diminished in ovaries.
Since no genetic fate mapping tools are available, to our knowl-
edge, for selective labelling of fetal liver-derived macrophages,
direct demonstration of the migration and maintenance of this
macrophage type in the ovaries remains to be done. Moreover, it
is also possible that rare HSCs found in nonhematopoietic tissues
[50-52] could locally give rise to monocytes in the ovaries, espe-
cially since the HSC-forming vasculature and the ovary-forming
mesenchyme coexist in the aorta-gonad-mesonephros region [53].
In any case, our data suggest that monocyte-independent infil-
tration of the first ovarian macrophages is already during the
later steps of embryogenesis followed by a second, monocyte-
dependent phase of macrophage seeding to the ovaries.

Several lines of evidence suggest that bone marrow-derived
monocytes contribute to the ovarian macrophage pool after birth.
First, we found high frequency of Ly6CM&"MHC II"*® monocytes
(MONO 1) in ovarian tissue still in 12-week-old mice, suggest-
ing the presence of recent blood emigrants. Moreover, our trajec-
tory analyses indicate that in juvenile 5-week-old mice, the tissue-
resident Ly6CM monocytes differentiate directly to MAC 1, or via
Ly6c®" intermediates to MAC 2 and 3. The trajectory analyses
suggested that in 12-week-old mice, the Ly6CMe" tissue-resident
monocyte population mainly gave rise to all three MAC subtypes
via Ly6C!°¥ intermediates. Finally, when adult ovaries were exper-
imentally emptied from monocytes and macrophages, all three
macrophage populations eventually reappeared. However, we
cannot fully exclude the possibility that the few depletion-resistant
cells, possibly including fetal-derived cells, would regenerate the
oMg¢ pools by vigorous local proliferation. Nevertheless, we can
conclude that monocytes and macrophages from distinct develop-
mental origins contribute to the heterogeneous macrophage pools
seen in postnatal ovaries under physiological conditions.

Our observations strongly argue for the dominant role of tissue
environment rather than ontogenic origin in shaping the ovarian
macrophage pool. Very recently elegant analyses in lungs and
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multiple other tissues, including skin, fat, and heart, revealed the
existence of two distinct interstitial macrophage populations [54].
Lyve-1"M8"MHC 1'% cells were found to represent perivascular
macrophages, whereas Lyve-1°YMHC I1"¢" macrophages resided
adjacent to nerves. In these analyses, Lyve-1" cells were CD206
and Lyve-1!°" cells were CD206~. We and others have already ear-
lier seen the preferential perivascular localization of LyvelMs? or
CD206™ macrophages in mammary gland, lung, heart, fat, and
skin [33-35, 48, 55]. The two populations now characterized by
Ginhoux group were reported to originate from two separate lin-
eages of monocytes [54]. Interestingly, we did not detect any
apparent differences in the intraorgan localization of the three
different oM¢ subpopulations in ovaries. More specifically, we
frequently observed MHC II"" cells at the perivascular localiza-
tion and CD206" cells at the nonperivascular locations in the
ovaries. In ovaries, all three main macrophage populations also
had comparable capacity to bind immunocomplexes from circula-
tion. While the MHC II"8" macrophage populations in lung and
ovaries share certain parameters (both were CD206!°/"¢8)  they
differed in others (e.g., lung cells were CX3CR1"&" while ovar-
ian MAC 3 were mainly CX3CR1!°%). Moreover, both lung inter-
stitial macrophage populations were independently replaced by
CCR2-dependent migration of Ly6CM&" monocytes rather than by
interconversion of the two macrophage populations. In contrast,
the emigration of fetal liver and bone marrow-derived monocytes
to ovaries was completely CCR2-independent. Furthermore, our
genetic fate mapping experiments with two different reporter sys-
tems unambiguously showed that at least yolk sac-derived oM¢
MAC 1 cells differentiate to MAC 2 and MAC 3 cells in the ovaries of
postnatal mice. In line with these data, the depletion experiments
showed that MHC II~ MAC 1 cells are the first bone marrow-
derived cell type recovered in experimentally emptied ovarian
niche. In addition, they can differentiate into MHC II interme-
diate and high macrophage types, MAC 2 and MAC 3, respec-
tively. The concept of macrophage population interconversion in
the ovaries is further supported by the trajectory analyses show-
ing the close relationship between three macrophage subtypes in
the ovaries under physiological conditions. Taken together, the
phenotypic differences of interstitial macrophages, distinct molec-
ular mechanisms of monocyte infiltration, and macrophage inter-
conversion suggest that the concept of coexistence of two inter-
stitial macrophage populations with specific subtissular niches

<

Figure 5. Bone marrow-derived macrophages have the capacity to produce all macrophage subtypes in an empty ovarian niche. (A) Flow cytometric
analyses of macrophage populations in the ovaries of 5-week-old Ccr2~/~ and Nur77~/~ mice. Shown are quantifications of MAC 1 (MHC I[meg/low;
orange), MAC 2 (MHC II'™; grey), and MAC 3 (MHC IIMg"; black) macrophage populations (n = 6-11 mice) All data are from two independent
experiments. Bars represent the mean + SEM of each group. (B) Experimental outline for depleting macrophages with anti-CSF-1 («CSF1) and
clodronate/control liposome treatment. i.p., intraperitoneal, i.v., intravenous, IgG, isotype-matched control antibody. (C) Numbers of MAC 1 (MHC
Imeg/low) MAC 2 (MHC II'™), and MAC 3 (MHC I1Meh) in the ovaries of anti-CSF1+4-clodronate («CSF1+Clod) treated and control antibody treated (Co)
mice 48 h after the last treatment (Acute; n = 3-6 mice), after a 10-day recovery (n = 5-6 mice) and after a 3 week recovery (n = 2-3 mice) measured by
flow cytometry. All data are from two independent experiments. Bars represent the mean + SEM of each group (*p < 0.05, *p < 0.01, Mann-Whitney
test). (D) Single-cell force-directed layout of the ovarian CD64"F4/80" myeloid cells in 5-week-old WT mice. Based on the expression analyses of 10
myeloid cell selective markers (shown in E), grey boxes and coloring were manually added to visualize the different clusters. In this representative
figure, all the samples from 5-week-old WT mice were overlaid. (E) Unsupervised hierarchial X-shift clustering (nearest neighbor) of CD64+F4/80"
myeloid cells in the ovaries of 5-week-old WT mice with superimposed expression analyses of the indicated leukocyte differentiation markers.
Color code represents the expression levels of the indicated markers (blue means low and red high expression). All mass cytometry data are from
three independent samples pooled from three individuals.

© 2020 The Authors. European Journal of Immunology published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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and lineages needs to be refined for certain tissues like the
ovaries.

In conclusion, we have shown here that multiple tissue-resident
monocyte and macrophage subsets coexist in the ovaries. Both
embryonic and bone marrow-derived macrophages appear to
acquire similar phenotypes in the ovaries, suggesting the domi-
nant role of the tissue niche over the ontogenic origin in shaping
the macrophage identity. The three oM¢ subsets do not show
apparent differences in intraorgan localization or in scavenging
function. However, the clear difference in MHC II expression sug-
gest that oM¢ MAC 2 and, in particular, MAC 3 will have superior
antigen presenting capacity when compared to MAC 1. Elucida-
tion of the macrophage origin and differentiation in the mouse
ovaries will pave the way for dissecting the contribution of local
macrophage subsets to normal and pathological ovarian function
in mice and humans.

Materials and methods

Animals

We have previously described the Plvap™!5a™ mjce (referred as
Plvap~~) used in this study [44, 56]. Ccr2~~ (stock 004999),
Nur77~~ (stock 006187), R26R-EYFP (stock 006148), Cx3crl-
CreERT2 (stock 020940), and Csflr-Mer-iCre-Mer (stock 019098)
mice were obtained from The Jackson Laboratory. C57BL/6J and
C57BL/6N mice were purchased from Janvier Labs.

Mice were housed under controlled environmental conditions
(12hlight/12 h darkness) at the Central Animal Laboratory of the
University of Turku. All animal experiments were approved by the
National Animal Experiment Board in Finland, which fully met
the requirements defined in the US National Institutes of Health
guidelines on animal experimentation. They were carried out in
adherence with the rules and regulations of the Finnish Act on
Animal Experimentation (497/2013) and in accordance to the
3R-principle under Animal license number 6211/04.10.07/2017.
Age-matched WT mice were used as controls in each experiment.
Female mice were used in all analyses. Embryonic development
was estimated considering the day of vaginal plug as embryonic
day 0.5 (E0.5).

Isolation of embryonic and adult cells

For isolating cells from embryonic tissues, pregnant females were
sacrificed by carbon dioxide inhalation and cervical dislocation.
Embryos from embryonic day (E) 14.5 to E17.5 were dissected
out from uterus and placed in cold PBS (Invitrogen). Ovaries and
brain were carefully dissected from the embryos. To obtain single
cell suspensions, the ovaries were incubated in «MEM contain-
ing 1% FBS (Thermo Fisher Scientific), 1 mg/mL Collagenase I
(Roche), 50 pg/mL deoxyribonuclease I (DNase I; Sigma-Aldrich)
at +37°C in 5% CO; for 45 min and then filtered through silk

© 2020 The Authors. European Journal of Immunology published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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(pore size 77 wm). The brain cells were resuspended in isotonic
Percoll (GE Healthcare) and the microglia were isolated as previ-
ously described [44, 571].

The cells from the adult tissues were isolated in the same
way as the embryonic cells, except with the following modifica-
tions that ovaries were mechanically dissociated by poking with
two 25G needles and the enzymatic digestion was extended to
1h.

Mass cytometry staining, and data acquisition and
processing

The cells were isolated from the ovaries as described above.
In all stainings, ovaries from three mice (two ovaries/mouse)
were pooled together. The cells were plated and stained in
a U-bottom 96-well plate. To exclude dead cells, samples
were stained with 250 pL of 2.5 uM Cell-ID Cisplatin (Flu-
idigm) at room temperature for 5 min [58]. After washings
and Fc-blocking with anti-CD16/32, the cells were stained with
heavy-metal isotope-labelled mAb cocktail (B220-159Tb, CD115-
165Ho, CD117-173Yb, CD11b-148Nd, CD11c-142Nd, CD206-
169Tm, CD274-153Eu, CD4-172Yb, CD45-175Lu, CD64-151Ey,
CD80-171Yb, CD8a-168Er, CX3CR1-164Dy, F4/80-146Nd, Ly6C-
162Dy, Ly6G-141Pr, MerTK-176Lu, MHC I1-174Yb, Siglec1-170Er,
and TER-119-154Sm) in 25 pL volume for 30 min at room tem-
perature. The cells were then washed before a 1 h incubation
at room temperature with intercalation solution (1:1000 Cell
ID Intercalator-103Rh in MaxPar® Fix and Perm Buffer; Flu-
idigm). Finally, the stained cells were fixed with 250 uL of 4%
paraformaldehyde solution (PFA; Santa Cruz Biotechnology) in
PBS overnight and pelleted. Immediately prior to data acquisition
using a CyTOF mass cytometer (Helios, Fluidigm), the cells were
resuspended to MaxPar Water (Fluidigm).

Debarcoded and bead normalized mass cytometry data were
exported as flow cytometry file (FCS) format into Cytobank [59].
Cells were gated for live (Cisplatin™) singlets (Intercalator®) to
exclude debris and doublets. Gating, viSNE plots (dimensionality
reduction algorithm t-SNE), and unsupervised clustering by Flow-
SOM algorithm were performed with Cytobank platform (Cyto-
bank, https://www.cytobank.org). For CD45" analyses, 10883-
35922 events per sample were selected in total event sampling.
The distinct CD45" cell populations were then manually assigned
to different leukocyte subpopulations based on the expression of
the known cell-type selective leukocyte differentiation markers.
For CD457CD11b" viSNE analyses, 6092-14837 events per
sample were selected in total event sampling. For CD64"F4/80™
viSNE analyses, 710-1839 events per sample were selected in
total event sampling. To validate our findings, we performed
unsupervised clustering of CD647F4/807 cells by self-organizing
map (SOM) method using FlowSOM algorithm (version 1.4.0; 64
expected clusters). The number of metaclusters was determined
by FlowSOM algorithm for a maximum of 14 clusters. After
manually combining the unidentified clusters into one cluster,
altogether nine clusters for CD647F4/80" cells were identified.

wWww.eji-journal.eu



Eur. J. Immunol. 2020. 50: 1500-1514

The mass cytometry data were also computationally
clustered with X-shift algorithm [49] in VorteX plat-
form (https://github.com/nolanlab/vortex/releases/tag/29-Jun-
2017). All data events were merged into one dataset (different
datasets by the age) and 3300-4300 total events were used in
the analysis. The unsupervised hierarchical clustering X-shift algo-
rithm was performed with 12 parameters using the default settings
with nearest density estimation (K) from 150 to 10, with 30 steps
and the elbow point (K) was calculated (K = 67 for 5-week-old
and K = 38 for 12-week-old mice). All six clusters for 5-week-
old and seven clusters for 12-week-old mice were selected and
a force-directed layout was created (ForceAtlas2 algorithm; all
cell events from clusters smaller than 1000 events, or 1000 ran-
domly selected events from the clusters bigger than 1000 events).
Two-dimensional figures were produced from the original three-
dimensional data and the distinct CD64"F4/80" cell clusters were
then manually allocated to different leukocyte subpopulations
based on the expression of the cell-type selective leukocyte differ-
entiation markers. The layout and the visualization were produced
with Gephi 0.9.1 (https://gephi.org).

Flow cytometry analysis and cell sorting

Before the stainings, the cell suspensions were incubated with
purified anti-CD16/32 (clone 2.4G2; Bio X Cell) for 10 min on ice
to block nonspecific binding to Fc-receptors. Subsequently, fixable
live/dead cell staining was performed according to manufacturer’s
instructions (Fixable Viability Dye eFluor 780; eBioscience). Stain-
ings were performed at +4°C for 20 min with the following anti-
bodies: anti-CD45-PerCP-Cy5,5 (clone 30-F11; BD), anti-F4/80-
A488 (clone BMS8; eBioscience), anti-F4/80-A647 (clone Cl:A3-1;
BioRad), anti-CD11b-BV786 (clone M1/70; BD), anti-Ly6C-BV421
(clone AL-21; BD), anti-CD64-PE (clone X54-5/7.1; BioLegend),
anti-CD206-BV650 (clone C068C2; BioLegend), anti-MHC II-
BV711 (clone M5/114.15.2; BD), anti-CD11¢-BV421 (clone HL3;
BD), anti-CD115-PE-Cy7 (clone AFS98; BioLegend), anti-Ly6G-
BV510 (clone 1A8; BioLegend), anti-SiglecF-PE-CF594 (clone
E50-2440; BD), and anti-MerTK-PE (clone 2B10C42; BioLegend).
All FACS analyses were run using LSRFortessa flow cytometer (BD
Biosciences) and analyzed using FlowJo (Tree Star Inc.) software.

Embryonic CD11b™F4/80"8" (yolk sac-derived) and
CD11bhshF4/80™ (fetal liver-derived) ovarian macrophage
subpopulations were sorted for quantitative real-time PCR
analyses using FACS aria II (70 pm nozzle, Beckton-Dickinson)
cell sorter.

All flow cytometry experiments were conducted in line with
the recently published guidelines [60].

Uptake of immunocomplexes
Immune complexes were prepared by incubating ovalbumin OVA-

Atto488 (41235 Sigma, 2 mg/mL in PBS) at 5:1 molar ratio with
rabbit polyclonal anti-OVA IgG for 1 h at 4°C [61]. A total of

© 2020 The Authors. European Journal of Immunology published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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150 pL of OVA-anti-OVA antibody immunocomplex (SIC; 100 1)
was administrated i.v. (via tail vein injection) to WT mice of 5
weeks of age. As a control, mice were injected with PBS. Two
hours after the injection, the recipient mice were sacrificed and
the ovaries were harvested and processed for flow cytometry. To
quantify the binding of immunocomplexes, the mean fluorescence
intensity of Atto488 expression in the three MAC populations (and
in CD206™ and CD206'°"/"¢ MAC]I cells) was measured.

Immunofluorescence stainings and microscopy

Ovaries were dissected and then fixed with 2% PFA in PBS for 30
min on ice. Dehydration was performed in an increasing series of
methanol (up to 100%) at —20°C in preparation for whole mount
(WM) samples. NB and 2-week-old old mice ovaries were used as
entire organs, whereas vibratome sections (300 wm in thickness;
Leica VT 1200 S) were prepared from the 5-week-old mice ovaries.
Vibratome sectioning was done by first rehydrating the 2% PFA-
fixed 5-week-old ovaries with 50% MeOH in PBS for 30 min. After-
ward, the rehydration was completed with 100% PBS. Rehydrated
ovaries were embedded in 4% agarose gel solution and cooled in
an ice bath until solid. WM ovaries were rehydrated in 50% MeOH
for 5 min and blocked with 0.5 % FCS, 1% BSA, and 0.4% Triton in
PBS (PBS-BSA-T with serum). Incubation with primary antibody
F4/80 (10 pwg/mL in PBS-BSA-T; a-m clone C1 A3-1; BioXCell)
was carried out with shaking at 4°C overnight. Subsequently, a
secondary antibody (Goat anti-rat-A546, 4 wg/mL in PBS-BSA-
T; A11081; Invitrogen) was added for another night. After care-
ful washings, the WM samples were then incubated with MHC
II-A488 (2 pg/mL in PBS-BSA-T; rat anti-mouse M5/114.15.2;
562352; BD) or CD206-A488 (2 png/mL in PBS-BSA-T; rat anti-
mouse MR5D3; MCA2235A488T; BioRad) and CD144-A647 (2
pwg/mL in PBS-BSA-T; rat anti-mouse MR5D3; BD) antibodies. All
antibody dilutions and washings between all staining steps were
made with PBS-BSA-T. Finally, the samples were dehydrated with
MeOH. Clearing was performed with benzyl alcohol/benzyl ben-
zoate (BABB).

Microscopic imaging was performed using a 3i spinning disk
confocal microscope (Intelligent Imaging Innovations) microscope
equipped with a LD c-451 apochromat 40x/1.1 water objec-
tive and SlideBook 6 software (Intelligent Imaging Innovations)
at room temperature with Yokogawa CSU-W1 scanner. All final
images were maximum intensity projections of acquired z-planes.
Background subtractions, linear brightness, and contrast adjust-
ments, and median filtering for reduction of noise were performed
with ImageJ software (National Institute of Health).

Fate mapping experiments
To study embryonic origin CX3CR1* macrophages, CX3CR1CreERT2
male mice were crossed with R26R-EYFP female mice. Preg-

nant females were administered intraperitoneally with one single
dose of tamoxifen (1.5 mg/dam; Sigma-Aldrich) combined with
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progesterone (0.75 mg/dam; Sigma-Aldrich) at E13.5 to induce
the reporter recombination in the offspring. The contribution of
yolk sac-derived CSF1R" cells was studied by crossing Csf1r-Mer-
iCre-Mer mice with R26R-EYFP. Pregnant females were treated
with tamoxifen and progesterone at E8.5. The pups were sacrificed
either at birth, or in the age of 2 or 5 weeks for flow cytometric
detection of the converted cells.

Quantitative PCR

Total RNA was isolated from sorted ovarian macrophages of
E16.5 WT embryos using the RNeasy Plus Micro kit (QIAGEN).
The RNA was reverse transcribed to cDNA with SuperScript VILO
c¢DNA Synthesis Kit (Thermo Fisher Scientific) according to the
manufacturer’s instructions. Quantitative PCR was carried out
using Tagman Gene Expression Assays (ThermoFisher Scientific)
for Cx3crl (MmO00438354.m1), Adgrel (MmO00802529_ml,
also known as Emrl or F4/80), Itgam (MmO00434455 m1l),
Gata2 (Mm00492301.m1), Flt3 (MmO00439016.m1), Ccr2
(Mm04207877_m), Csflr (Mm01266652_.m1), and Actb
(MmO02619580_g1; control gene).

The reactions were run using QuantStudio™ 12K Flex Real-
Time PCR System (LifeTechnologies/Thermo Fisher Scientific)
at the Finnish Microarray and Sequencing Centre (FMSC),
Turku Bioscience Centre. Relative expression levels were calcu-
lated using QuantStudio™ 12 K Flex software (LifeTechnolo-
gies/ThermoFisher Scientific). The results were presented as per-
centages of control gene mRNA levels from the same samples.

Macrophage depletion

To ablate the yolk sac-derived macrophages from the offspring,
pregnant C57BL/6N females at E6.5 were treated with a single
i.p. injection of a neutralizing CSF1R (clone AFS98; Bio X Cell) or
rat IgG2a control antibody (clone 2A3; Bio X Cell) (3 mg of each
antibody in sterile PBS). Mice were sacrificed at E17.5 or at the
postnatal age of 2 weeks for flow cytometric analyses.

To deplete tissue resident macrophages postnatally, 2-week-
old C57BL/6N mice were treated with three i.p. doses of CSF1
neutralizing antibody (clone 5A1; Bio X Cell) or control IgG (clone
HRPN; Bio X Cell; 0.5 mg on postnatal day 14, 0.25 mg on days
18 and 22), and three i.v. doses of clodronate liposomes or control
liposomes (Liposoma; 50 uL/each on postnatal days 15, 19, and
23) as outlined in Fig. 5B. The mice were sacrificed 48 h (acute),
10 days or 3 weeks after completing the dosing regimen.

For histologic analysis, the ovaries were obtained from mice 10
days after completing the dosing. The tissues were fixed at room
temperature for overnight with 4% PFA and were then dehydrated
and embedded in paraffin. For microscopic analysis, sections were
cut 5-pm-thick and stained with hematoxylin and eosin. The quan-
tification of ovarian follicles was performed from consecutive his-
tologic sections of 5 CSF1 antibody + clodronate liposome-treated
and 4 IgG + control liposome-treated WT mice. The morphologic

© 2020 The Authors. European Journal of Immunology published by
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classification of follicles was carried out according a previously
described staging [62], and each histologic section was compared
with previous and sequential sections to prevent counting the same
follicles more than once.

Statistics

Adult mice were allocated to experimental groups without spe-
cific randomization methods, because comparisons involved mice
of distinct genotypes. The researchers were blinded to the geno-
type of the embryos during the experimental procedure. Statistical
analyses were carried out using GraphPad Prism software ver-
sion 8 (GraphPad software Inc). All data are presented as mean
values &+ SEM. Statistical significances between groups, which was
set at p <0.05, was determined using Mann-Whitney test, two-
way ANOVA followed with Bonferroni’s post-hoc test or Kruskal—-
Wallis test followed with Dunn’s post-hoc test.
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