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^ te d’Azur, CNRS, IPMC, Valbonne, France
9Université Co
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SUMMARY

Despite the ubiquitous function of macrophages across the body, the diversity, origin, and function of adrenal
gland macrophages remain largely unknown. We define the heterogeneity of adrenal gland immune cells using single-cell RNA sequencing and use genetic models to explore the developmental mechanisms yielding
macrophage diversity. We define populations of monocyte-derived and embryonically seeded adrenal gland
macrophages and identify a female-specific subset with low major histocompatibility complex (MHC) class II
expression. In adulthood, monocyte recruitment dominates adrenal gland macrophage maintenance in female mice. Adrenal gland macrophage sub-tissular distribution follows a sex-dimorphic pattern, with MHC
class IIlow macrophages located at the cortico-medullary junction. Macrophage sex dimorphism depends
on the presence of the cortical X-zone. Adrenal gland macrophage depletion results in altered tissue homeostasis, modulated lipid metabolism, and decreased local aldosterone production during stress exposure.
Overall, these data reveal the heterogeneity of adrenal gland macrophages and point toward sex-restricted
distribution and functions of these cells.
INTRODUCTION
Tissue resident macrophages play a key role in health and disease (Cox et al., 2021). Macrophages are present at diverse frequencies in all tissues, and they are identified by the expression
of the surface receptors CD64 and MerTK (Gautier et al., 2012).
Their functions can be organ specific and are dictated by the
local microenvironment. For example, brown adipose tissue
(BAT) macrophages regulate adipocyte heat production, and

spleen macrophages capture iron (Kohyama et al., 2009; Wolf
et al., 2017). Tissue-resident macrophages originate from embryonic or bone marrow precursors (Epelman et al., 2014). For
instance, microglia at steady state are strictly derived from yolk
sac progenitors, while intestinal lamina propria macrophages
are entirely monocyte derived (Bain et al., 2014; Ginhoux et al.,
2010; Gomez Perdiguero et al., 2015; Schulz et al., 2012). In general, populations of embryonically and bone-marrow-derived
cells co-exist in adult peripheral tissues (Ensan et al., 2016). A
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seminal work in heart established that a self-renewing tissueresident macrophage subset possesses tissue-remodeling functions during inflammatory events, whereas monocyte-derived
cells have a pro-inflammatory phenotype (Dick et al., 2019). During aging, monocyte-derived macrophages progressively
replace embryonically derived macrophages (Ginhoux and Guilliams, 2016; Molawi et al., 2014). Sex-specific differences in
macrophage maintenance have been documented, suggesting
that macrophage populations might display a sex-dependent diversity and function (Bain et al., 2016, 2020). Among other tissues, macrophages have been described in endocrine organs
including pancreas, testis, and ovaries (Calderon et al., 2015;
Ferris et al., 2017; Jokela et al., 2020; Lokka et al., 2020; Mossadegh-Keller et al., 2017). Yet, the diversity, phenotype, and functions of endocrine organ macrophages remain to be completely
elucidated.
The adrenal gland is composed of a medulla and a cortex. In
humans, the cortex can be further divided into three zones:
zona glomerulosa, zona fasciculata, and zona reticularis. In
mice, the zona reticularis is called the X zone and displays sexdependent regulation. Mouse adrenal glands present sexually
dimorphic organization, size, and functions (Lyraki and Schedl,
2021). Female adrenal glands are heavier than their male counterparts, which are characterized by a slower growth rate (Bielohuby et al., 2007). Importantly, adrenal gland pathologies occur
earlier in life and with higher incidence in women than in men (Audenet et al., 2013; Lacroix et al., 2015). The presence of F4/80+
cells, likely macrophages, was demonstrated in adrenal glands
by a pioneering work (Hume et al., 1984). However, recent reports established that F4/80 expression was shared among
several myeloid cell types, including macrophages, monocytes,
dendritic cells (DCs), and eosinophils (Ginhoux et al., 2009).
Whether the sex-specific regulation of adrenal gland tissue
homeostasis is paralleled by sex dimorphism in macrophage diversity and function is not yet documented. Furthermore, adrenal
gland immune cell sex dimorphism could also contribute to adrenal pathologies initiation and progression.
RESULTS
Adrenal gland macrophage identification and topology
To evaluate immune cell diversity in adrenal glands, we performed a flow-cytometry analysis of adrenal gland CD45+ cells
from 7-week-old C57BL/6 mice, with a particular focus on
macrophage and monocyte subsets. Macrophages were identified as CD64+MerTK+ cells and monocytes as CD64+MerTKcells (Figure S1A) (Jakubzick et al., 2013). Neutrophils were
scarce in this tissue, suggesting low blood contamination in
our analysis (Figure S1A, bottom panel). The adrenal gland is
composed of a cortex and a medulla responsible for selective
hormone production. Because adrenal glands display a sexspecific organization in adult mice, we analyzed both female
and male animals. Although macrophage numbers were similar
in both sexes, higher monocyte counts tended to be detected
in females (Figure 1A). DCs, identified as CD64-MerTK-MHCII+CD11c+ cells, were also present in low numbers in adrenal
glands without sex-specific differences (Figures 1A and S1A).
Neutrophil, B cell, and T cell counts were similar between female
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and male mice (Figure S1B). To further characterize the phenotype of adrenal gland immune cells in female and male mice,
we performed spectral flow cytometry (Figure S1C). Unsupervised analysis confirmed the presence of diverse immune cell
clusters in adrenal glands (Figure S1D). These clusters corresponding to populations of macrophages, monocytes, DCs,
neutrophils, B cells, and CD4+ and CD8+ T cells expressed characteristic markers (Figure S1E). Notably, adrenal gland macrophages (AGMs) uniformly expressed F4/80 and the integrins
CD11b and CD11c (Figures 1B and S1E).
Next, we investigated macrophage topologic distribution.
F4/80+ cells were observed both in the adrenal gland cortex and
medulla (Figure S1F). To further validate that these cells were
macrophages, we used macrophage reporter strains, including
Lyz2cre x R26TdTomato and CD115creERT2 x R26TdTomato mice. Virtually 100% of macrophages were labeled in Lyz2cre x R26TdTomato
mice (Figure S1G). In those models, we found that R26TdTomato+
macrophages were present in both the adrenal cortex and the
medulla (Figures 1C and 1D). Using CX3CR1GFP/+ reporter mice,
we found that CX3CR1 was expressed by most AGMs in both female and male mice (Figures 1E and S1F). The number of
CX3CR1+ macrophages was similar in female and male mice
(Figure 1E). The distribution of CX3CR1GFP+ cells in adrenal glands
followed a sex-specific pattern, with a quasi-uniform distribution in
both cortex and medulla in male mice (Figure 1F). By contrast, in
females, CX3CR1GFP+ cells were preferentially located under the
adrenal capsule and at the border between the cortex and the
medulla (Figure 1F). These data revealed a sex-specific pattern
of AGM distribution.
AGM diversity and mechanisms controlling their
homeostatic maintenance
To obtain further insights on the sex-specific myeloid cell diversity in adrenal glands and their specific functions, we performed
single-cell RNA sequencing (scRNA-seq) analysis on cell-sorted
CD45+ cells isolated from 7-week-old C57BL/6 female and male
mice (Figure 2A). Doublet contamination was identified and
removed from the analysis (Figure S2A). Data from female and
male mice were integrated with Seurat and projection maps
made using uniform manifold approximation and projection
(UMAP). Our data revealed a diversity in immune cell populations
residing within the adrenal glands of both sexes (Figures 2A and
S2B). In line with our flow-cytometry data, monocytes, DCs, neutrophils, B cells, and T cells were present in adrenal glands (Figure 2A). Natural killer (NK) cells and a population of innate
lymphoid cells (ILCs) were also identified (Figure 2A). Flow-cytometry analysis confirmed the presence of NK cells and
Klrg1+NK1.1-CD3- ILCs in adrenal glands (Figure S2C). Importantly, and in agreement with our flow-cytometry observations,
macrophages were the most abundant immune cell type
(Figures 2A and 2B). We observed the presence of 4 separate
and well-defined macrophage clusters (clusters 2–5) in both female and male mice (Figure 2A). All macrophage clusters expressed Mertk mRNA (Figure S2D). Our scRNA-seq data revealed that all four macrophage populations also expressed
the canonical macrophage markers Lyz2, CD68, CD11b (Itgam),
CD64 (Fcgr1), and F4/80 (Adgre1) in both sexes (Figures S2B
and S2E). CD11c (Itgax) was also expressed on AGMs
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Figure 1. Macrophages are the main adrenal gland immune subset and possess a sex-specific localization
(A) Quantification of macrophages, monocytes, and DCs in the adrenal glands of 7-week-old male and female wild-type mice. Macrophages: _ n = 16 and \ n =
15. Monocytes: _ n = 11 and \ n = 10. DCs: _ and \ n = 15. Data pooled from 2 (monocytes) or 3 (macrophages and DCs) independent experiments.
(B) Histograms representing CD11b, CD11c, and F4/80 expression on male and female AGMs. Data are representative of at least 4 independent experiments.
(C and D) Representative images of R26TdTomato expression in adrenal glands from 10- to 12-week-old female Lyz2cre (C) and CD115creERT2 (D) mice 24 h after
TAM administration. Scale bars: 100 mm. Data are from one experiment.
(E) Flow-cytometry analysis of CX3CR1GFP expression in male and female AGMs. _ n = 12 and \ n = 12. Data are pooled from 3 independent experiments.
(F) Microscopy analysis of CX3CR1+ cells localization in 8-week-old male and female (nulliparous) CX3CR1GFP/+ mice. Scale bar: 100 mm. Data are representative
of at least 4 independent experiments. Two-tailed Mann-Whitney tests were used for statistical analysis.
See also Figure S1 and Table S1.

(Figure S2E). We identified two major macrophage clusters that
were characterized by high or low MHC class II expression
(clusters 2 and 3, respectively). Importantly, the proportion of
macrophage subsets was different between female and male
mice, with a specific enrichment of MHC class IIlow macrophages
in females, while MHC class IIhigh macrophages were more

abundant in males (Figure 2B). Two additional macrophage populations expressing Lyve1 (cluster 4) or Aldh1a2 (cluster 5) were
present in both female and male mice (Figure 2A). We observed
that myeloid cells presented a highly conserved signature
between females and males, with only a few genes being
differentially expressed between sexes (Table S1). Among those,
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Ly6A (Sca1) and ApoC2 mRNAs were highly expressed in
female macrophages compared with their male counterparts
(Figure S2F). Flow-cytometry analysis of surface Sca1 protein
distribution confirmed a higher expression on AGMs isolated
from female mice when compared with males (Figure S2G).
Among the four macrophage clusters, we found a transcriptional
diversity, suggesting a particular developmental origin, localization, or function for each cluster (Figure 2C; Data S1 and S2). The
macrophage clusters 2 and 3 expressed Cx3cr1 mRNA, while
clusters 4 and 5 appeared to have lower Cx3cr1 expression
(Figure 2D). Of interest, Lyve1 and Timd4 mRNA expression
were restricted to macrophage cluster 4 (Figure 2D).
Tissue-resident macrophage numbers are regulated by monocyte recruitment from the blood circulation or local self-proliferation (Ginhoux and Guilliams, 2016). Thus, we next sought to
determine the contribution of monocytes to AGM pool size. For
this purpose, we took advantage of CCR2gfp-reporter mice.
CCR2 is a chemokine receptor highly expressed on monocytes
and involved both in their export from bone marrow to blood
and in their recruitment to tissues. We found that the population
of adrenal gland CD11b+CD64+ cells, containing both monocytes and macrophages, comprised numerous CCR2+ cells in
both sexes (Figure 2E). These cells were detected both in the
monocyte (Ly6Chigh) and the macrophage (Ly6Clow) populations
(Figure 2E). This observation was further supported by our
scRNA-seq data, where Ccr2 mRNA expression was detected
both in monocyte and macrophage clusters (Figure S2H). This
result suggested that monocytes might be constantly recruited
into adrenal glands, in which they differentiate into macrophages. To evaluate monocyte contribution to the AGM pool
size, we performed a short-term fate-mapping experiment. For
this purpose, CCR2creERT2 x R26TdTomato mice were administered with tamoxifen (TAM), and we analyzed adrenal glands
48 h later. We detected a large fraction of R26TdTomato+ cells in
adrenal glands, demonstrating that monocyte recruitment plays
a central role to maintain macrophage pool homeostasis

OPEN ACCESS

(Figure 2F). Importantly, monocyte recruitment was decreased
in CCR2-deficient female mice (Figure 2G). Furthermore, we
found that monocyte recruitment to adrenal glands was more
robust in females when compared with age-matched males
(Figures 2F and 2G). To determine monocyte fate in adrenal
glands, we next performed time course pulse-chase experiments where CCR2creERT2 x R26TdTomato mice were administered
with TAM and analyzed 2, 7, and 14 days later. Two days post
TAM injection, around 10% of AGMs were R26TdTomato+
(Figures 2H and 2I). At days 7 and 14, the percentage of
R26TdTomato+ macrophages slowly and progressively increased
to nearly 20% of the total macrophage population (Figures 2H
and 2I). To confirm the contribution of monocytes to AGM pool
size, we took advantage of Ms4a3cre x R26TdTomato mice (Liu
et al., 2019). Ms4a3 is specifically and transiently expressed by
monocyte precursors in the bone marrow and absent from tissue
macrophages. It therefore could cope with potential direct
labeling of tissue macrophages in CCR2 fate mapping. In this
genetic model, monocyte-derived cells are labeled, and their
numbers can be estimated in tissues. The relative abundance
of TdTomato+ macrophages was similar in 8-week-old male
and female mice (Figure 2J). However, in older 16-week-old
animals, the percentage of TdTomato+ macrophages was
significantly increased in female mice compared with in males
(Figure 2J). This result further supports our observation that
monocyte recruitment to adrenal glands is more robust in females than males. Finally, in order to determine whether monocyte recruitment is mandatory to sustain AGM populations, we
quantified macrophages in CCR2-deficient mice, which have
severely reduced blood monocyte counts (Serbina and Pamer,
2006). We observed that macrophage counts remained similar
in CCR2-sufficient and -deficient mice (Figure 2K). This suggests
that a compensatory mechanism occurs to ensure the maintenance of tissue macrophage density in the absence of optimal
monocyte recruitment. These data suggest that monocyte
recruitment plays an important role in the maintenance of AGM

Figure 2. scRNA-seq analysis reveals adrenal gland leukocyte diversity and monocyte contribution to the macrophage pool
(A) scRNA-seq analysis of adrenal gland CD45+ cells from 7-week-old male and female wild-type mice.
(B) Proportion of each cluster identified in scRNA-seq analysis.
(C) Heatmap showing normalized expression levels of cluster-specific genes.
(D) Violin plots showing Cx3cr1, Timd4, and Lyve1 expression by cells from clusters 1–6.
(E) Flow-cytometry plot showing Ly6C and CCR2GFP expression among adrenal gland CD45+CD11b+CD64+ cells in male and female CCR2GFP/+ mice. Data are
representative of three independent experiments.
(F) Flow-cytometry plot showing Ly6C and TdTomato expression among adrenal gland CD45+CD11b+CD64+ cells from male and female CCR2creERT2 x
R26TdTomato mice 48 h after TAM gavage. Data are representative of two independent experiments.
(G) Quantification of TdTomato+ macrophages in 16- to 20-week-old male and female heterozygous (CCR2+/-, _ n = 6 and \ n = 6) or double knockin (CCR2-/-, _
n = 4 and \ n = 3) CCR2creERT2 x R26TdTomato mice 48 h after TAM gavage. Data are pooled from two independent experiments.
(H) Histograms representing R26TdTomato expression in AGMs from 10-week-old female CCR2creERT2/+ x R26TdTomato mice 2, 7, and 14 days after TAM gavage.
Data are representative of one (days 7 and 14) or two (day 2) experiments.
(I) Proportions of TdTomato+ macrophages from 10-week-old female CCR2creERT2/+ x R26TdTomato mice 2 (n = 8), 7 (n = 4), and 14 (n = 3) days after TAM gavage.
Data from one (days 7 and 14) or two (day 2) experiments.
(J) Proportions of TdTomato+ macrophages from 8 (_ n = 2, \ n = 6) or 16 (_ n = 5, \ n = 5)-week-old male and female Ms4a3cre/+ x R26TdTomato mice. Data are from
one experiment.
(K) Quantification of AGMs in male and female CCR2+/- (_ n = 18, \ n = 21) and CCR2-/- (_ n = 10, \ n = 10) mice. Data are pooled from four independent
experiments.
(L) Proportions of Ki67+ AGMs in male and female CCR2+/- (_ n = 11, \ n = 11) and CCR2-/- (_ n = 6, \ n = 5) mice. Data are pooled from two independent
experiments.
Statistical analysis was performed using two-way ANOVA with Bonferroni’s post-test.
See also Figure S2.
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pool size but also sheds light on the existence of alternative
mechanism(s) that actively contribute to this process. Embryonically seeded macrophages are renewing through self-proliferation in adults. Our scRNA-seq data indicated that few
macrophages were proliferating in adrenal glands as reflected
by low Mki67, Ccna2, and Top2a mRNA expression (Figure S2I;
data not shown). A recent study reported that peritoneal macrophages show a sex-specific proliferation rate (Bain et al., 2020).
Therefore, we assessed the macrophage proliferating rate in
male and female CCR2-sufficient and -deficient mice using intracellular Ki67 staining. Flow-cytometry analysis revealed a similar
proliferation rate between male and female CCR2-sufficient mice
(Figure 2L). However, loss of CCR2 led to increased macrophage
proliferation in female mice, while this was not the case in CCR2deficient males (Figure 2L). Together, these results show that
both monocyte recruitment and self-proliferation contribute to
the maintenance of AGM pool size in a sex-specific manner.
Embryonic and monocyte-derived AGMs co-exist at
homeostasis
Our flow-cytometry data demonstrated that most (around 90%) of
AGMs expressed CX3CR1 (Figure 1E). Macrophage Cx3cr1
expression appeared restricted to clusters 2 and 3 in our scRNAseq data (Figure 2D). To address the mechanisms governing
AGM maintenance, we analyzed CCR2creERT2 x R26TdTomato
x CX3CR1GFP mice 48 h post TAM administration. CCR2+ cells
were found to preferentially give rise to CX3CR1+ macrophages
upon their entry into adrenal glands (Figure 3A). Indeed, 48 h
post TAM injection, 80% of R26TdTomato+ macrophages
were CX3CR1GFP positive (Figure 3A). To determine whether
CX3CR1+ monocyte-derived macrophages could give rise to
CX3CR1- macrophages, we took advantage of double reporter
CX3CR1creERT2/GFPR26TdTomato mice, allowing us to assess present and past CX3CR1 expression. We found that more than
80% of AGMs were TdTomato+GFP+ 2 days after TAM administration (Figure 3B). GFP+R26TdTomato- and GFPR26TdTomato+ cells
were virtually absent at this time point (Figure 3B). This set of
data indicated that 48 h after TAM administration, CX3CR1+ cells
were not giving rise to CX3CR1low macrophages (Figure 3B).
Furthermore, even 7 days after TAM injection, we still detected
approximately 80% of R26TdTomato+ GFP+ macrophages (Figure 3C). Yet, a population of newly recruited monocyte-derived
cells (GFP+ R26TdTomato-) was observed (Figure 3C). However,
we did not observe the appearance and accumulation of
GFP-R26TdTomato+ cells (Figure 3C). We therefore concluded that
CX3CR1+ cells are not precursors of CX3CR1- macrophages in
adults. We next characterized the phenotype and origin of
CXC3R1- AGMs. Our scRNA-seq data pointed out that cells
from cluster 4, which are a part of CX3CR1- macrophages, expressed Timd4 and Lyve1 mRNA (Figure 2D). We confirmed the
presence of Lyve1+Timd4+ macrophages in female and male
mice using flow cytometry, even though these cells represented
a minor subpopulation (Figure S3A). Timd4 expression was higher
on Lyve1+ macrophages compared with Lyve1- cells in both female and male mice (Figure S3B). Moreover, we confirmed that
Timd4+ macrophages were CX3CR1- (Figure 3D). Lyve1 and
Timd4 are markers associated with an embryonic macrophage
origin (Dick et al., 2019). We therefore hypothesized that
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embryonic and monocyte-derived macrophages could co-exist
in adrenal glands.
A previous report showed that populations of embryonically
seeded macrophages express CX3CR1 during development
but lose this expression in adulthood (Yona et al., 2013). To
investigate the developmental origin of AGMs, we performed
embryonic pulse-chase experiments. Pregnant CX3CR1creERT2
x R26TdTomato mice were injected with TAM at embryonic day
14.5, and their progeny was analyzed at the adult stage (8 weeks
old) (Figure 3E). Approximatively 15% of AGMs were labeled,
suggesting an embryonic seeding for these cells (Figure 3E).
The percentage of R26TdTomato+ cells was similar in male and female mice, suggesting that embryonic seeding was not following
a sex-specific pattern (Figure 3E). In a similar set of experiments,
we observed by fluorescence microscopy R26TdTomato+ cells in
adult adrenal glands, further demonstrating the presence of
embryonically seeded macrophages (Figure 3F). Flow-cytometry analysis identified the presence of macrophages in embryos,
and many of these cells were Timd4+ (Figure 3G). These data are
consistent with recent reports demonstrating that Timd4 is a
marker of embryonically derived macrophages (Bain et al.,
2020; Dick et al., 2019; Sakai et al., 2019). Interestingly, Lyve1+
macrophages from cluster 4 showed high expression of Mrc1
(CD206), a marker associated with macrophage alternative polarization (Figure S3C). Consistent with our observations using
Timd4 staining, Lyve1+CD206+ cells represented the major
macrophage subset in juvenile animals but only a minor population in adults (Figure S3C). We next performed a separate embryonic labeling experiment where mice were sacrificed at postnatal day 7 (P7) following embryonic labeling at embryonic day
14.5 (E14.5) to determine whether embryonic TdTomato+ macrophages expressed Lyve1 and Timd4. We observed that >80% of
TdTomato+ cells expressed both Lyve1 and Timd4, confirming
the embryonic origin of cells from cluster 4 (Figure 3H). Importantly, at this early stage, more than 60% of macrophages
were TdTomato+ (Figure 3H) compared with 15% in 7-weekold mice, suggesting that embryonically seeded AGMs may be
replaced by monocyte-derived cells over time.
Low MHC class II expression defines a female-specific
AGM subset with restricted sub-tissular distribution
A major difference in macrophage subsets was related to their
expression of genes related to the MHC class II. This allowed
the identification of MHC class IIhigh and class IIlow macrophages
(clusters 2 and 3, respectively) (Figure 2A). MHC class IIlow macrophages were characterized by low expression of H2-Aa, CD74,
and Ciita mRNA (Figure 4A). Expression of the KEGG ‘‘Antigen
processing and presentation’’ pathway appeared higher on
MHC class IIhigh macrophages (Figure 4A). The cluster of MHC
class IIlow macrophages was enriched in females when
compared with males (Figure 2A). Flow-cytometry analysis
confirmed that MHC class II expression on AGMs displayed a
well-defined sex-specific pattern. We observed that the MHC
class IIhigh population represented about 90% of AGMs in adult
males but only 70% of macrophages in females (Figure 4B).
While the number of MHC class IIhigh macrophages was comparable between male and female mice, the number of MHC class
IIlow macrophages was about 5-fold higher in females when
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Figure 3. Embryonic and monocyte-derived adrenal gland macrophages are distinct subsets identified through CX3CR1 expression
(A) (Left) Representative plot of macrophage CX3CR1-GFP and R26TdTomato expression and (right) proportions of CX3CR1-GFP+ and CX3CR1-GFP- cells among
R26TdTomato+ AGMs from (n = 3) female CX3CR1GFP/+ CCR2CreERT2/+ R26TdTomato mice 48 h post TAM gavage. Data are from one experiment.
(B) Representative plot of macrophage CX3CR1 and R26TdTomato expression in double reporter CX3CR1creERT2/GFP R26TdTomato mice 48 h post TAM administration. Data are from one experiment.
(C) Representative plot of macrophage CX3CR1 and R26TdTomato expression in double reporter CX3CR1creERT2/GFP R26TdTomato mice 7 days post tamoxifen
administration. Data are from one experiment.
(D) Flow-cytometry plot showing Timd4 and CX3CR1 expression by AGMs. Data are representative of at least 4 independent experiments.
(E) Embryonic labeling of CX3CR1creERT2 R26TdTomato mice was performed at E14.5. R26TdTomato+ cells were identified in 8-week-old male (n = 4) and female (n = 2)
offspring. Data are representative of 2 independent experiments.
(F) Embryonic labeling of CX3CR1creERT2 R26TdTomato mice was performed at E18.5. R26TdTomato+ cells were identified in 10-week-old female offspring. Scale bar:
200 mm. Data are representative of 2 independent experiments.
(G) Flow-cytometry analysis of Timd4 and MHC class II expression in AGMs from E18–E20 embryos and male adult (9-week-old) mice. Data are from one
experiment.
(H) Embryonic labeling of CX3CR1creERT2 R26TdTomato mice was performed at E14.5. R26TdTomato+ cells were identified in 1-week-old male offspring (left panel),
which comprised mainly Tidm4+ Lyve1+ cells (right panel). Data are representative of n = 2 mice. Data are from one experiment. Two-tailed Mann-Whitney tests
were used for statistical analysis.
See also Figure S3.
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compared with age-matched males (Figure 4B). Thus, we next
investigated how MHC class IIhigh and class IIlow macrophages
were related to the CX3CR1+ and CX3CR1- macrophage subsets. CX3CR1+ macrophages were enriched among MHC class
IIhigh macrophages compared with the MHC class IIlow subset
(Figure S3D). Moreover, CX3CR1+ cells were more frequent
among female MHC class IIlow macrophages compared
with their male counterparts (Figure S3D). Timd4 and Lyve1
expressions were higher on MHC class IIlow macrophages, suggesting that this subset may be enriched in embryonically
derived macrophages (Figure S3E). However, MHC class IIlow
macrophages were more numerous in females compared with
males, and this was independently of their Timd4 and Lyve1
expression (Figure S3F). Flow-cytometry analysis revealed that
CD11c expression was higher in MHC class IIhigh macrophages
compared with the MHC class IIlow subset in both males and females (Figure S3G). Similar to CX3CR1, CD11c expression was
higher in female MHC class IIlow macrophages compared with
their male counterparts, further supporting the sex-dimorphic
nature of the MHC class IIlow subset (Figure S3G). Unsupervised
spectral flow-cytometry analysis confirmed that AGMs display
a sex-specific expression of MHC class II and CX3CR1
(Figures S3H and S3I). Because we observed that the pathway
‘‘Antigen processing and presentation’’ appeared specific for
MHC class IIhigh macrophages (Figure 4A), we measured the
expression of proteins involved in antigen presentation. CD86
expression was higher on MHC class IIhigh macrophages
compared with their MHC class IIlow counterparts, and CD40
expression tended to follow the same pattern (Figure S3J). However, the markers CD80 and ICOSL appeared highly expressed
in female MHC class IIlow macrophages (Figure S3J). These results suggest that AGM subsets may have a singular antigen presentation potential. Importantly, sexually dimorphic features
appear restrained to MHC class IIlow macrophages, which stand
out as a female-enriched population.
To determine whether macrophage subsets displayed a sexspecific distribution across the cortex and medulla, we performed fluorescence microscopy analysis. Pan-macrophage
CD68 staining revealed that most macrophages are nested in
the cortex rather than the medulla both in female and male
mice (Figure 4C). Additionally, we found an enrichment of
CD68+ cells in the cortex of females compared with in males (Figure 4D). MHC class II staining demonstrated that most cortical

macrophages are MHC class IIhigh in male animals (Figure 4E).
This percentage was significantly lower in female mice, which
had increased proportion of MHC class IIlow cells in their adrenal
gland cortex (Figure 4E). Interestingly, MHC class IIlow CD68+
cells were enriched at the border between the cortex and the
medulla in female mice (Figure 4C). This phenotype was also
observed using F4/80 staining, further indicating that these cells
are macrophages (Figure S3K). Our data did not reveal a sexual
dimorphism in the distribution of MHC class IIhigh and class IIlow
macrophages in the adrenal gland medulla (Figure 4E). Thus, the
sex dimorphism in macrophage MHC class II expression identified by flow cytometry and fluorescence microscopy appears
restricted to the adrenal gland cortex and, in particular, to a
zone between the cortex and the medulla. Finally, we assessed
the metabolic configuration of adrenal gland MHC class IIhigh and
class IIlow macrophages using the recently described SCENITH
method (Arguello et al., 2020). MHC class IIhigh macrophages appeared to have more active metabolism as illustrated by
increased puromycin integration when compared with MHC
class IIlow macrophages (Figure 4F). The glucose dependence
was similar between both macrophage subsets (Figure 4G).
However, MHC class IIlow macrophages displayed higher mitochondrial dependence, while MHC class IIhigh macrophages
were characterized by increased glycolytic capacity (Figure 4G).
Thus, MHC class IIhigh and class IIlow AGMs relied on different
metabolic pathways at steady state.
MHC class IIlow macrophages locate within the X-zone
and are tied to its maintenance
Since MHC class IIlow macrophages appeared to be specifically
located at the border between the cortex and the medulla, we
asked whether this population may be associated with the Xzone, a cortical zone that regresses along organ maturation in
males (Gannon et al., 2019). To address this question, we
compared young mice, in which the X-zone is intact, and adults
in which the sex-specific organ structure is already established.
Flow-cytometry analysis demonstrated that the majority (around
75%) of AGMs in juvenile 1-week-old mice stained positive for
Lyve1 but not for MHC class II (Figure 5A). MHC class IIhigh
macrophages became the predominant subset in adulthood
(Figure 5A). Importantly, we did not observe sex dimorphism in
1- and 3-week-old animals, while it was clearly established in
7-week-old mice (Figure 5B). These results suggested that sex

Figure 4. MHC class IIlow macrophages are a female-specific subset with restricted localization
(A) scRNA-seq analysis of CD74, H2-Aa, Ciita, and the KEGG pathway ‘‘Antigen processing and presentation’’ expression among myeloid cells.
(B) (Top) Flow-cytometry plots showing F4/80 and MHC class II expression among AGMs from 7-week-old male and female mice. (Bottom) Proportions and
numbers of MHC class IIhigh and class IIlow AGMs from 7-week-old male and female wild-type mice. _ n = 16 and \ n = 15. Data are pooled from 3 independent
experiments.
(C) Fluorescence-microscopy analysis of CD68 and MHC class II expression in adrenal glands from 7-week-old male and female mice. Scale bar: 200 mm. M,
medulla; C, cortex. Data are representative of at least 3 independent experiments.
(D) Distribution of CD68+ cells between cortex and medulla from adrenal glands of 7-week-old male and female mice. Data are represented as proportion of
CD68+ cells from each zone among total cells. _ n = 4 and \ n = 6. Quantification from one experiment.
(E) Proportion of MHC-IIhigh and MHC-IIlow CD68+ cells in the cortex and medulla of adrenal glands from 7-week-old male and female mice. _ n = 4 and \ n = 6.
Quantification from one experiment.
(F) Analysis of macrophage metabolic activity using SCENITH, represented by Puromycin MFI (n = 14). Data pooled from 4 independent experiments.
(G) Measure of glycolytic and mitochondrial metabolism in macrophages using SCENITH (n = 10–11). Data pooled from 3 independent experiments.
Statistical analysis was performed using two-tailed Mann-Whitney tests (panel B, quantifications), two-way ANOVA with Bonferroni’s post-test (proportions in
panel B, panel D and panel E), or paired Wilcoxon t-tests (panels F and G). See also Figure S4.
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dimorphism appears before 7 weeks of age, likely together with
puberty onset and X-zone disappearance in males. The high proportions of MHC class IIlow macrophages in juvenile mice was
mirrored by very low numbers of MHC class IIhigh macrophages,
while this subset was enriched in 7-week-old mice (Figure 5C).
Concomitantly, we measured lower CCL2 levels in adrenal gland
homogenates from 3-week-old mice compared with 6- to
7-week-old mice, while their serum CCL2 levels remained similar
(Figure S4A). This suggests that adrenal gland maturation is
mirrored by increased local CCL2 production, which could
trigger accelerated monocyte recruitment.
A recent report demonstrated that sexual hormones, and
particularly estrogens, affected the phenotype and functions of
peritoneal macrophages (Bain et al., 2020). To determine
whether estrogens were responsible for the accumulation of
MHC class IIlow macrophages, 6-week-old female mice were
ovariectomized or received a control surgery (sham). As expected, uteri weights were decreased in ovariectomized (OVX)
mice compared with sham-operated animals (Figure S4B). We
analyzed their adrenal glands 6 weeks post-surgery and found
no differences in the numbers of adrenal gland monocytes or
macrophages between sham-operated and OVX mice (Figure S4C). The numbers of MHC class IIhigh and class IIlow macrophages were also unchanged between sham-operated and OVX
animals (Figure S4D). Taken together, these data demonstrated
that ovaries-derived hormones are unlikely regulators of AGM
sex dimorphism.
X-zone regression occurs between P28 and P35 in male mice
(Huang and Kang, 2019). Microscopy analysis revealed that the
X-zone was present in 4-week-old females but absent in males in
our experimental conditions (Figure S4E). We observed that the
percentage of MHC class IIlow macrophages was similar in
4-week-old females and males (Figure 5D). Strikingly, in
5-week-old males, the percentage of MHC class IIlow macrophages decreased to 5%, while it remained around 20% in
females (Figure 5D). These data suggest that X-zone disappearance precedes macrophage sex-dimorphism establishment and
correlated with the loss of MHC class IIlow macrophages in
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males. To further establish a causal link between X-zone presence and AGM sex dimorphism, males were castrated at 3 weeks
of age to prevent X-zone degradation. We analyzed their adrenal
glands when the mice were 7-week-old. MHC class II staining
demonstrated an increase in the population of MHC class IIlow
macrophages in castrated mice when compared with shamoperated animals (Figure 5E). Interestingly, when we analyzed
the localization of AGM, we found that MHC class IIhigh macrophages had a very particular distribution at the border with the
X-zone in castrated mice (Figure 5F). In this same location, we
found an increased number of MHC class IIlow macrophages in
castrated mice compared with sham-operated controls (Figure 5F). These data demonstrated that X-zone maintenance is
sufficient to maintain MHC class IIlow macrophages in castrated
males.
Next, we analyzed adrenal glands from female retired
breeders, in which the X-zone was degraded during pregnancy,
and age-matched nulliparous controls. MHC class IIlow macrophage proportions dropped to 10% in retired breeders, similar
to what we observed in males, while it was close to 20% in
age-matched nulliparous mice (Figure 5G). The distribution
pattern of MHC class II+ cells in female retired breeders resembled the pattern observed in males (Figure 5H). No sex dimorphism was observed between male and female retired breeders
(Figure S4F). Thus, we concluded that X-zone disappearance
drives the establishment of sex dimorphism in AGM phenotype
and tissue distribution.
We then analyzed the molecular mechanisms controlling MHC
class II expression in AGMs. While MHC class II regulation in DCs
is well established, relatively little is known about the mechanisms occurring in monocytes and macrophages (Unanue
et al., 2016). Interleukin-10 (IL-10) signaling was previously
shown to modulate MHC class II expression in monocytederived cells (Koppelman et al., 1997). Thus, we injected IL10R-blocking antibodies (Abs) and analyzed macrophage MHC
class II expression 72 h later. Preventing IL-10 receptor signaling
in females led to increased proportions of MHC class IIlow macrophages (Figure 5I). This result suggests that local IL-10

Figure 5. Adrenal gland macrophage sex-dimorphism is established with organ maturation and depends on X-zone presence
(A) Representative plots showing AGM MHC-II and Lyve1 expression in male 1- or 7-week-old mice. Data representative of 2 independent experiments.
(B) Proportions of MHC-IIlow Lyve1+ macrophages in male and female 1-(_ n = 8, \ n = 8), 3-(_ n = 3, \ n = 3) or 7 to 9-week-old (_ n = 13, \ n = 13) mice. Data
pooled from 2 independent experiments.
(C) Quantification of MHC-IIhigh AGMs in male and female 1- (_ n = 9, \ n = 7) or 7-week-old (_ n = 5, \ n = 5) mice. Data are pooled from 2 independent experiments.
(D) (Left) Representative plots showing MHC class II expression and (right) proportions of MHC class IIlow macrophages in male and female 4- (_ n = 4, \ n = 3) and
5-week-old (_ n = 7, \ n = 10) wild-type mice. Data are pooled from 2 independent experiments.
(E) (Left) Representative plots showing MHC class II expression and (right) proportions of MHC class IIlow AGMs in 7-week-old castrated (n = 6) and shamoperated (n = 6) wild-type male mice. Data are pooled from 2 independent experiments.
(F) Confocal-microscopy analysis of MHC class II and CD68 expression in 7-week-old castrated and sham-operated wild-type mice. The X-zone is comprised
between white and orange dots. Scale bar: 200 mm. M, medulla; C, cortex; ZX, X- zone. Data are representative of 2 independent experiments.
(G) (Left) Representative plots showing MHC class II expression and (right) proportions of MHC class IIlow AGMs in female retired breeders (n = 7) and agematched nulliparous (n = 6) mice. Data are pooled from 2 independent experiments.
(H) Fluorescence-microscopy analysis of CD68 and MHC class II expression in adrenal glands from 12-week-old female retired breeders and age-matched
nulliparous mice. The X zone is comprised between white and orange dots. Scale bar: 100 mm. M, medulla; C, cortex. Data are representative of 2 independent
experiments.
(I) Proportions of MHC class IIlow macrophages in female mice treated with anti-IL-10R-blocking antibody or isotype control. Data are pooled from 3 independent
experiments.
Statistical analysis was performed using two-way ANOVA with Bonferroni’s post-test (B–D) or two-tailed Mann-Whitney tests (E, G, and I).
See also Figure S5.
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production may drive the zone-restricted macrophage phenotype observed on MHC class II expression. Further investigation
is required to define the precise mechanisms involved in this process and whether IL-10 controls MHC class II export, recycling,
or degradation in AGMs.
AGMs impact local lipid homeostasis
Finally, we decided to inquire about the functions of AGMs. We
investigated whether AGMs could sample blood-borne particulate material, a function reported in adipose tissue, intestinal,
and lung macrophages (Silva et al., 2019). We injected intravenous (i.v.) tetramethylrhodamine (TRITC)-conjugated dextran
(65–85 kDa) and compared perigonadal white adipose tissue
(WAT) macrophages, used as a positive control, and AGMs
20 min post-injection. As expected, WAT macrophages stained
positive for dextran, confirming their access to blood-derived
particles (Figure S5A). However, AGMs remained negative for
TRITC-dextran, suggesting that these cells did not access
blood-borne particles rapidly (Figure S5A). This was the case
both in female and male mice (Figure S5A). Our data does not
exclude the possibility that AGMs might access blood material
with a slower rate when compared with WAT macrophages. To
gain further insight into AGM morphology in their native environment, we performed electron-microscopy analysis of adrenal
glands. Macrophage presence in adrenal glands was sparse.
Cells with a macrophage morphology were observed, and their
surrounding cells contained lipid droplets (Figure S5B). Electron-microscopy analysis of purified macrophages showed
that, compared with peritoneal macrophages, AGMs were enriched in structures resembling lipid droplets (Figure S5C, red arrows). This suggests that AGMs might uptake material, likely lipid
derivatives, produced and released by neighboring cells and
possibly dead cells and thus contribute to tissue lipid homeostasis. We next investigated whether AGMs might be involved in the
control of norepinephrine (NE) release, a hormone produced by
the adrenal gland medulla. Our scRNA-seq data indicated that
AGMs express enzymes involved in NE degradation, namely
monoamine oxidase (Maoa) and Comt (Figure S5D). Maoa
expression was low in adrenal gland immune cells with only
few macrophages possessing detectable Maoa mRNA (Figure S5D). Comt expression was detected in several populations
of adrenal gland immune cells (Figure S5D). In our dataset, we
did not detect the expression of enzymes involved in NE synthesis in immune cells (Th, Ddc, and Dbh) (data not shown). To
investigate whether AGMs can degrade NE, we sorted
CD64+MerTK+ cells and incubated them overnight in the presence of NE and clorgyline, a selective Maoa pharmacological inhibitor. Clorgyline addition did not impact on the concentration of
NE detected in our experimental setup (Figure S5D). Thus, we
concluded that AGMs, at least ex vivo, have a limited ability to
degrade NE through Maoa (Figure S5D). This might be due to
the sorting of the whole population of AGMs, thus diluting the
population of medulla-resident macrophages for which a
specific marker is yet to be identified and validated.
Next, we decided to investigate the growth-factor dependence of AGMs. Macrophages rely on macrophage colony-stimulating factor (M-CSF) and/or granulocyte M-CSF (GM-CSF) for
their survival in peripheral tissues (Cecchini et al., 1994; Dai et al.,
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2002; Guilliams et al., 2013; Nishinakamura et al., 1996; Pridans
et al., 2018). CSF1 is produced by several cell types including fibroblasts and mesothelial cells (Bellomo et al., 2020; Ivanov
et al., 2019). In adrenal glands, CSF1 is thought to derive from
the zona reticularis (Bellomo et al., 2020; Ryan et al., 2001). To
decipher AGM dependence on growth factors, we injected a
CD115 (CSF1R)-blocking Ab. Compared with isotype controltreated mice, anti-CD115 Ab administration completely depleted
AGMs (Figure 6A). Fluorescence-microscopy analysis in
CX3CR1GFP+ mice, administered with anti-CD115 Ab, confirmed
the complete disappearance of AGMs (Figure 6B). These data
demonstrated that AGMs depend on CSF1R for their survival.
Tissue analysis did not show a major alteration of adrenal gland
morphology in macrophage-depleted mice (Figure S5E). Serum
aldosterone and corticosterone levels remained similar between
macrophage-depleted and control mice, suggesting that macrophages are not involved in the systemic control of these hormone
levels at steady state (Figure S5F). Additionally, serum potassium concentration, a surrogate readout for aldosterone
pathway activation, remained similar in control and macrophage-depleted mice (Figure S5G).
To further investigate the contribution of AGMs to tissue
homeostasis, we performed RNA-seq analysis of adrenal glands
extracted from female and male mice treated with isotype
control or with anti-CD115 Ab. We identified a well-defined transcriptomic signature associated with macrophage depletion in
both sexes (Figure S6A). Among the top differentially regulated
genes, we observed multiple macrophage-associated genes
(CX3CR1, CSF1R, Lyz2, Adgre1), confirming the depletion efficiency in this experiment (Figure S6B). In agreement with our observations that AGMs express MHC class II, and in particular in
adult males, macrophage depletion was correlated with
decreased expression of transcripts encoding for proteins
involved in MHC class II synthesis and regulation (Figure S6C).
Macrophage depletion was associated with decreased lipidassociated metabolism in adrenal glands (Figure S6D). To determine how this prediction reflected on adrenal gland morphology
and lipid-content distribution, we performed Bodipy staining.
Microscopy analysis found that the number of small-size (up
to 5 mm2) Bodipy+ particles was increased in macrophagedepleted mice compared with isotype-injected controls
(Figures 6C and 6D). The distribution of larger Bodipy+ particles
was not affected by macrophage removal (Figures 6C and 6D).
The precise nature of lipids modulated in macrophage-depleted
mice remains to be established.
One of the most regulated genes associated with macrophage
depletion in female and male mice was Cybb (Figure S6E). Cybb
encodes for a subunit of Nox2 and subsequently impacts reactive oxygen species (ROS) generation. Nox2 was implicated in
macrophage ROS generation and microbial killing (Bedard and
Krause, 2007). Furthermore, Nox2 is also involved in Cyp11b2dependent aldosterone generation by adrenal gland cortical
cells (Rajamohan et al., 2012). Our data revelated that AGM subsets express high Cybb mRNA levels when compared with other
adrenal gland immune cells (Figure S6F). Since macrophage
depletion was correlated with a loss of adrenal Cybb mRNA
expression, we decided to investigate whether local aldosterone
levels were affected in macrophage-depleted adrenal glands.
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Figure 6. Adrenal gland macrophages control tissue lipid metabolism
(A) (Left) Representative plots and (right) quantification of AGMs in 7- to 8-week-old CX3CR1GFP/+ mice after macrophage depletion using a-CD115 (n = 5) or
isotype control (n = 5).
(B) Microscopy analysis of adrenal glands from a-CD115- or isotype-control-treated CX3CR1GFP/+ mice. One microscopy experiment was performed to confirm
depletion efficiency.
(C) Microscopy analysis of adrenal glands from a-CD115- or isotype-control-treated male mice using Bodipy staining. Data are from one experiment.
(D) Quantification of Bodipy+ particles of different sizes in adrenal glands from a-CD115- (n = 3) or isotype-control- (n = 3) treated male mice. Data are from one
experiment.
(E) Aldosterone and corticosterone levels in adrenal gland homogenates from 8-week-old a-CD115- (n = 5) or isotype-control- (n = 5) treated female mice
submitted to a 12 h cold challenge. Data are from one experiment.
(F) Quantification of Bodipy+ particles of different sizes in adrenal glands from 8-week-old a-CD115- (n = 5) or isotype-control- (n = 5) treated female mice
submitted to a 12 h cold challenge.
Statistical analysis was performed using two-way ANOVA with Bonferroni’s post-test (D and F) or two-tailed Mann-Whitney tests (A and E).
See also Figure S6.

For this purpose, we housed mice at 4 C for 12 h. Indeed, cold
exposure has been shown to trigger a stress response and
increased systemic corticosterone concentration (Williams
et al., 2017). To assess whether hormone production was modulated by macrophages in cold-challenged mice, we injected

isotype control or anti-CD115-blocking Ab, and we evaluated
local production and systemic levels of corticosterone and aldosterone. Our data revealed that while corticosterone levels were
not altered in the adrenal glands of macrophage-depleted mice,
aldosterone concentration was lessened in the absence of
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macrophages (Figure 6E). However, this did not translate into
decreased systemic aldosterone levels (Figure S6G). Corticosterone serum concentration was also comparable in both experimental groups (Figure S6G). Importantly, Cyp11b2 mRNA
expression, a key enzyme in the aldosterone synthesis pathway,
was decreased in adrenal glands following macrophage depletion (Figure S6E), further demonstrating macrophage involvement in aldosterone production. Cold challenge further amplified
the difference in lipid-particle content between control and
macrophage-depleted mice (Figure 6F). Mice treated with antiCD115 Ab had increased number of Bodipy+ lipid particles
compared with isotype-injected animals (Figure 6F). As
observed at steady state, the small-size particles were the
most affected (Figure 6F). Whether a specific cortical macrophage subset is involved in this mechanism remains to be
defined.
DISCUSSION
In the present study, we observed that monocyte recruitment
was more important in female mice compared with age-matched
male animals. The molecular mechanisms governing this differential monocyte recruitment are yet to be defined. We observed
that CCL2 adrenal gland concentration is similar between
females and males. Nevertheless, whether additional CCR2
ligands, such as CCL7, are expressed in a sex- and age-dependent manner in adrenal glands and could account for the differential monocyte recruitment remains to be established. Another
important question that the current study rose is whether
monocyte recruitment occurs in specific adrenal cortex sites
and whether these sites differ depending on the sex.
We identified a cluster of embryonically seeded macrophages
co-expressing Timd4 and Lyve1. The presence of Lyve1-expressing macrophages was previously documented around large
blood vessels (Lim et al., 2018). Perivascular Lyve1+ macrophages contribute to vessel function by interacting with the extracellular matrix (Lim et al., 2018). Lyve1+MHC-IIlow macrophages
have also been identified in lung, adipose tissue, heart, and
dermis (Chakarov et al., 2019). Importantly, Lyve1+ Timd4+ macrophages across different tissues have been associated with an
embryonic origin, similar to our conclusions in adrenal glands
(Dick et al., 2022). These cells were frequently located in close
proximity to blood vessels (Chakarov et al., 2019). The tissue
localization and precise function of Lyve1+ macrophages in adrenal glands require further investigation. These cells were previously shown to decrease fibrosis development in lung and heart
(Chakarov et al., 2019). Whether they modulate fibrosis progression during chronic inflammation or tumor development in adrenal glands is an exciting question that needs to be addressed.
The presence of MHC class IIlow macrophages was observed
in female mice. These cells depended on X-zone maintenance,
and its disappearance led to the loss of MHC class IIlow macrophages. One could speculate that adrenal gland X-zone removal
is associated with the generation of peptides that could be
loaded and presented on macrophage MHC class II. This
could trigger an auto-immune response and generate exacerbated and deleterious inflammation. Thus, a major role of adrenal
gland MHC class IIlow macrophages could be to uptake and
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degrade antigens avoiding unnecessary local and systemic
T cell activation.
AGM depletion was characterized by a dysregulation of tissue
lipid metabolism. During stress induction, macrophage depletion
resulted in lower aldosterone local production. The very same
trend was also observed for corticosterone. Increased aldosterone production leads to hypertension. Thus, controlling adrenal
gland aldosterone production and release are critical to prevent
hypertension. Our data suggest a role for macrophages in adrenal gland aldosterone generation. However, the administration of
anti-CD115 Ab leads to macrophage depletion in multiple tissues (Carrero et al., 2017). Therefore, decreased aldosterone
production in adrenal glands might not be a direct consequence
of AGM depletion. To test the causal role of AGMs in the control
of aldosterone production upon stress, one would need to
selectively deplete adrenal macrophages without affecting
macrophage populations in other organs. Such models have
been established for liver and brain macrophages following
extensive analysis of their transcriptome (Buttgereit et al.,
2016; Scott et al., 2016). Nevertheless, genetic or pharmacological approaches for selective AGM depletion are yet to be developed and validated. Aldosterone is produced by a specialized
layer in the adrenal gland cortex: zona glomerulosa (Zennaro
et al., 2020). Among the macrophage subsets present in the
adrenal gland cortex, the population involved in aldosterone
generation remains to be defined.
Together, our observations define the development and
heterogeneity of AGMs in male and female mice. These results
lay the foundation for future studies to address the interplay
between macrophages and endocrine cells in the adrenal gland
and their potential homeostatic or pathological contributions
during disease responses and stress-hormone production.
Limitations of the study
The main limitation of the current study is the lack of genetic
models allowing to selectively target AGMs for depletion or conditional expression studies. Generating such tools will provide the
opportunity to dissect the precise function of AGMs in tissue homeostasis and during stress exposure. Additionally, and due to
the very low number of AGM subsets, the analysis of their metabolic configuration in their native microenvironment is challenging.
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BD Biosciences

Cat# 553623, RRID:AB_394958

MHC-II IA/IE Brilliant Violet 510 (Clone M5/
114.15.2)

Biolegend

Cat# 107636, RRID : AB_2734168

MHC-II IA/IE Alexa Fluor 647 (Clone M5/
114.15.2)

Biolegend

Cat# 107618, RRID:AB_493525

MHC-II VioBlue (Clone REA813)

Miltenyi

Cat# 130-112-394, RRID:AB_2652908

Timd4 PE-Cy7 (Clone RMT4-54)

Biolegend

Cat# 130010, RRID:AB_2565719

Timd4 PerCP-eFluor710 (Clone RMT4-54)

Invitrogen

Cat# 46-5866-80, RRID:AB_2573780

Lyve1 eFluor660 (Clone ALY7)

Invitrogen

Cat# 50-0443-80, RRID:AB_10598060

CD206 PerCP-Cy5.5 (Clone C068C2)

Biolegend

Cat# 141716, RRID:AB_2561992
(Continued on next page)
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MerTK PE (Clone 2B10C42)

Biolegend

Cat# 151506, RRID:AB_2617037

MerTK APC (Clone 2B10C42)

Biolegend

Cat# 151508, RRID: AB_2650739

CD11c PE-Cy7 (Clone HL3)

BD Biosciences

Cat# 558079, RRID:AB_647251

CD24 BUV496 (Clone M1/69)

BD Biosciences

Cat# 612953, RRID:AB_2870229

NKp46 Brilliant Violet 421 (Clone 29A1.4)

Biolegend

Cat# 137611, RRID:AB_10915472

CCR2 APC-Fire750 (Clone SA203T11)

Biolegend

Cat# 150629, RRID :AB_2810416

CD40 BUV395 (Clone 3/23)

BD Biosciences

Cat# 745697, RRID: AB_2743179

CD40 APC-Vio770 (Clone REA965)

Miltenyi

Cat# 130-116-113, RRID:AB_2727355

CD80 BUV615 (Clone 16-10A1)

BD Biosciences

Cat# 751328, RRID:AB_2875337

CD80 PerCP-Vio770 (Clone REA983)

Miltenyi

Cat# 130-116-464, RRID:AB_2727561

CD86 BUV805 (Clone GL1)

BD Biosciences

Cat# 741946, RRID:AB_2871258

CD86 PE (Clone REA1190)

Miltenyi

Cat# 130-122-129, RRID:AB_2819412

ICOSL (CD275) PE-Vio770 (Clone REA990)

Miltenyi

Cat# 130-116-448, RRID:AB_2727549

CD68 Alexa Fluor 647 (Clone FA-11)

Biolegend

Cat# 137004, RRID:AB_2044002

InVivoMAb anti-mouse CSF1R (Clone
AFS98)

BioXCell

Cat# BE0213, RRID:AB_2687699

InVivoMAb rat IgG2a isotype control, antitrinitrophenol (Clone 2A3)

BioXCell

Cat# BE0089, RRID:AB_1107769

InVivoMAb anti-mouse IL10R (Clone
BE0050)

BioXCell

Cat# BE0050, RRID:AB_1107611

InVivoMAb anti-mouse CD16/CD32 (Clone
2.4G2)

BioXCell

Cat# BE0307, RRID:AB_2736987

Sigma

Cat# D9542

ThermoFisher

Cat# L34955

PFA 4%

VWR International

Cat# 9713.1000

Bovine serum Albumin (BSA)

Sigma

Cat# A7030

Tamoxifen

Sigma

Cat# T5648

Collagenase A

Sigma

Cat# 11088793001

IHC Antigen retrieval solution

eBiosciences

Cat# 00-4955-58

Chemicals, peptides, and recombinant Proteins
DAPI
LIVE/DEAD
Kit

TM

Fixable Violet Dead Cell Stain

Antifade mounting medium with DAPI

Vectashield

Cat# H-1500

Fetal bovine serum

Fisher Scientific

Cat# 12350273

Lysing buffer

BD Biosciences

Cat# 555899

Liberase

Roche

Cat# 05401054001

DNAse I

Roche

Cat# 10104159001

Penicillin Streptomycin

Life Technologies

Cat# 15070063

L-Glutamine

Life Technologies

Cat# 25030024

Mouse M-CSF

Miltenyi Biotec

Cat# 130-094-129

RPMI medium

Life Technologies

Cat# 21875091

Clorgyline

Abcam

Cat# ab145646

Norepinephrine

Sigma

Cat# A7257

TRITC-Dextran 65–85 kDa

Sigma

Cat# T1162

Bodipy

Thermofisher

Cat# D3922

Critical commercial assays
Mouse CCL2 DuoSet ELISA

R&D Systems

Cat# DY479-05

Norepinephrine ELISA Kit

Tebu-bio

Cat# 157KA1891

Aldosterone Parameter Assay Kit

R&D Systems

Cat# KGE016

Corticosterone Parameter Assay Kit

R&D Systems

Cat# KGE009
(Continued on next page)
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Ki67 Staining Kit PE

BD Biosciences

Cat# 51-365253

FoxP3 Staining Buffer Set

Miltenyi

Cat# 130-093-142

RNA extraction kit

QIAGEN

Cat# 74136

Prism 8

GraphPad

N/A

Chromeleon software

Thermo Scientific

N/A

FlowJo

Tree Star

N/A

Seurat package version 3.1.0

https://satijalab.org/seurat/

N/A

BD FACSDiva

BD Biosciences

N/A

ImageJ

NIH

N/A

SpectroFlo

Cytek

N/A

Phantasus

Artyomov Lab

N/A

Software and algorithms

RESOURCE AVAILABILITY
Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact Dr. Stoyan
Ivanov (Stoyan.ivanov@unice.fr).
Materials availability
This study did not generate new unique reagents.
Data and code availability
All sequencing datasets in this article are deposited in an international public repository, Gene Expression Omnibus (GEO), under
accession ID GSE203096 for bulk RNA sequencing and GSE203095 for single cell RNA sequencing data. This paper does not
report original code. Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Wild-type C57BL/6J mice were purchased from Janvier Labs. CX3CR1gfp (B6.Cg-Ptprca Cx3cr1tm1Litt/LittJ), Lyz2cre (B6.129P2Lyz2tm1(cre)Ifo/J), CD115creERT2 (FVB-Tg(Csf1r-cre/Esr1*)1Jwp/J), R26TdTomato (B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J)
and CX3CR1creERT2 (B6.129P2(C)-Cx3cr1tm2.1(cre/ERT2)Jung/J) were on B6 background. CCR2cre/ERT2 (C57BL/6NTacCcr2tm2982(T2ACre7ESR1-T2A-mKate2)) (Croxford et al., 2015) mice were kindly provided by Dr. Burkhard Becher and crossed
with R26TdTomato and CCR2GFP mice (B6(C)-Ccr2tm1.1Cln/J) provided by Dr. Marco Colonna (Satpathy et al., 2013). Ms4a3cre
(C57BL/6J-Ms4a3em2(cre)Fgnx/J) mice, initially described in (Liu et al., 2019), were kindly provided by Dr. Florent Ginhoux.
When possible, co-housed littermate controls were used. Because age appeared as a relevant parameter, mice of different
ages were used as indicated in each figure legend. Age-matched animals were used for male and female comparisons. All
mice were bred and housed in specific pathogen-free conditions maintained by animal facilities in either the Mediterranean
^ te d’Azur), the University of Minnesota Medical School Research
Center of Molecular Medicine (INSERM U1065, Université Co
Animal Resources, the University of Illinois at Chicago, or the EOPS2 facility, Lille University Hospital Campus. Facilities were
maintained at ambient temperature of 20–23 C, with 12/12-h light/dark cycle and food available ad libitum. Animal protocols
were authorized by the French Ministry of Higher Education and Research upon approval of the local ethical committees, by the
Institutional Animal Care and Use Committee (IACUC) at University of Minnesota Medical School, by the IACUC at University of
Illinois College of Medicine.
METHOD DETAILS
Tamoxifen treatments
CD115creERT2 x R26TdTomato reporter mice were treated with tamoxifen dissolved in corn oil (20 mg/mL) by oral gavage (200 mL/mouse)
on three consecutive days and were sacrificed 24 h after the last dose was administered.
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CCR2creERT2 x R26TdTomato reporter mice were treated with tamoxifen dissolved in corn oil (20 mg/mL) by a single oral gavage
(250 mL/mouse). Animals were sacrificed 2, 7, or 14 days later and assessed for labeling efficiency in blood and adrenal glands by
flow cytometry.
Pregnant CX3CR1creERT2 x R26TdTomato mice were given 4 mg of TAM dissolved in corn oil. Mice were treated by oral gavage at the
indicated embryonic day. Pups were obtained by cesarean delivery at E19.5 and taken care of by foster mothers until weaning periods. Brain microglia labeling was >97% and blood monocytes labeling was below 0.3% in all mice that received embryonic labeling.
For pulse-chase experiments in adults, CX3CR1creERT2 x R26TdTomato mice were injected intra-peritoneally with 10 mg/mL TAM
(200 mL per mouse in 10% EtOH and sunflower oil) daily for 5 days. Labelling efficiency was assessed in brain, blood and adrenal
glands for each experiment involving this strain.
Surgery procedures
Castration or control procedure (Sham) were performed on 3-week-old C57BL/6 male mice, which were sacrificed 4 weeks later
for analysis of adrenal glands. Ovariectomy (OVX) and sham surgery were performed on 6-week-old C57BL/6 female mice, in
accordance with the Institutional Ethics Committee on Laboratory Animals (CIEPAL-Azur, Nice Sophia-Antipolis, France). Mice
were sacrificed 6 weeks after surgery.
In vivo macrophage depletion
C57BL/6 mice received an intraperitoneal injection of 500 mg InVivoMAb anti-mouse CSF1R (CD115) antibody (Clone AFS98,
BioXCell cat No. BE0213) or isotype control (Clone 2A3, BioXCell cat No. BE0089). The injection was repeated 2 days later. Mice
were sacrificed 16 h after the second injection. For cold exposure, macrophage depleted, and control mice were housed for 12 h
at 4 C. Mice were single housed with identical light/dark cycle and food available ad libitum.
In vivo IL-10R blockade
5- to 12-week-old C57BL/6 mice received an intraperitoneal injection of 250 mg InVivoMAb anti-mouse IL-10R antibody (clone
1B1.3A, BioXCell cat no. BE0050) or PBS. The injection was repeated 2 days later. Mice were sacrificed 16 h after the second
injection.
Flow cytometry analysis
Tissues were harvested and washed in PBS. Adipose depots surrounding the adrenal glands were carefully removed before shredding the tissue with scissors. Then the samples were incubated for 30 min at 37 C in PBS containing 300 mg/mL Liberase and
100 mg/mL DNAse I. The resulting suspension was homogenized using a syringe and a 20G needle, passed through a 100 mm sieve
and centrifuged at 400g for 5 min. Cells were then resuspended in FACS buffer (PBS containing 0.3 mM EDTA and 0.06% BSA),
stained for 30 min at 4 C in the dark and then washed. A viability stain (DAPI or Live/Dead fixable viability dye) was used whenever
possible. Conventional cytometry data were acquired on a BD FACS Canto II or BD LSRFortessa X-20. Spectral cytometry data were
acquired on a Cytek Aurora cytometer. All analysis, including unsupervised t-SNE analysis, was performed using FlowJo software
(Tree Star).
SCENITH
The method was performed as described in (Arguello et al., 2020). SCENITH reagents kit (inhibitors, puromycin and antibodies) were
obtained from www.scenith.com/try-it and used according to the provided protocol for ex-vivo analysis of myeloid cells. Briefly,
adrenal glands were harvested, added to 50 mL DMEM (4.5g/L glucose) containing either Control, 2-Deoxy-D-Glucose (100mM),
Oligomycin (1mM), 2-Deoxy-D-Glucose + Oligomycin or Harringtonine (2mg/mL), minced and incubated at 37 C for 30 min. Puromycin (10mg/mL), Liberase (300mg/mL) and DNAse I (100mg/mL) were then added to each tube. Adrenal glands were further incubated at
37 C for 30 min, and were then washed with 1mL cold PBS and put on ice. The suspension was homogenized using a syringe and a
20G needle, passed through a 100 mm sieve and centrifuged at 400g for 5 min. Cells were first stained with Live/Dead fixable viability
dye, washed, and incubated with Fc Block (2.4G2, BioXcell) before surface staining. Cells were fixed and permeabilized using Foxp3
fixation/permeabilization buffer (Miltenyi) and then stained with anti-Puromycin (Alexa Fluor 647). Cells that were not incubated with
Puromycin were used as a negative control for anti-Puromycin signal. Cells that received surface staining but no anti-Puromycin
staining (full minus one) were used to measure subset-specific autofluorescence in the AF647 channel, and this background signal
was subtracted. Glucose dependence, Mitochondrial dependence and Glycolytic capacity were calculated as previously described
(Arguello et al., 2020).
Dextran uptake assay
Mice were injected intravenously with 100 mL TRITC-Dextran solution (65–85 kDa, 10 mg/mL diluted in PBS) and sacrificed twenty
minutes later. Adrenal glands and epididymal adipose tissue were then processed and analyzed by flow cytometry. PBS-injected
mice were used as controls to determine autofluorescence.
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Norepinephrine degradation assay
Adrenal glands were processed as previously described. CD45+CD64+MerTK+ cells were sorted using a BD FACSAria II Cell Sorter.
Macrophages were cultured overnight in RPMI medium (10% SVF, 2 mM L-Glutamine, 50 U/mL Penicillin, 50 mg/mL Streptomycin)
containing 50 ng/mL recombinant M-CSF, as well as norepinephrine (NE) (5 mM) and/or clorgyline (100 mM). Supernatants were
collected at the end of the incubation period and macrophage viability was assessed using Live/Dead staining.
ELISA assays
Blood was collected by submandibular bleeding. One adrenal gland was crushed in 200mL PBS using 0.1 mm glass beads and a
precellys homogenizer (Biospec cat No. 11079101). Corticosterone and aldosterone levels were measured in serum and adrenal
gland homogenates as instructed (R&D Systems catalog No.KGE009 and No.KGE016 respectively). Norepinephrine was measured
in AGM culture supernatant using Norepinephrine ELISA Kit (Abnova cat No.KA1891).
Bulk RNA-seq
RNA was extracted from adrenal glands using RNA extraction kit (QIAGEN cat No. 7413). Both adrenals were crushed using 0.1 mm
glass beads in a precellys homogenizer (Biospec cat No. 11079101) containing RLT buffer from the RNA extraction kit. Total RNAs
were extracted in RNase-free water from adrenals and were analyzed in DNBseqTM sequencing plateform using DNBSEQ stranded
mRNA library. Paired RNA-seq reads were aligned to the Ensembl 84 Mus musculus reference genome with hisat2 (version 2.2.1)
(Kim et al., 2019). Count matrixes for each sample were obtained by featureCounts (version 2.0.1) in reversely stranded mode
(Liao et al., 2014). Differential expression analysis was implemented by DESeq2 (version 1.30.1) (Love et al., 2014). Principal component analysis (PCA) was performed based on variance stabilized transformation output, and the heatmaps were drawn by Phantasus
based on raw counts under the regularized log transformation (https://genome.ifmo.ru/phantasus, https://artyomovlab.wustl.edu/
phantasus). Analysis of metabolic pathways was performed with Shiny GAM (Sergushichev et al., 2016).
Quantification of serum cation concentration
K+ concentrations in serum was evaluated by ion chromatography analysis. Serum samples and ion standard solutions were previously diluted (1/100), deproteinized by addition of acetonitrile (dilution 1:1 volume) mixed and centrifuged at 12,000g (10 min at 4 C).
Ion concentrations of the supernatants were determined using an ion chromatography Dionex ICS-5000 plus system (Thermo Scientific). The system included an autosampler, pumps, eluent generator and conductivity detectors. The system is equipped with an
eluent generator cartridge (Dionex EGC500MSA) and a cation column (IonPac AS-11 HC, 2 mm). Ion concentrations were determined
using Chromeleon software (Thermo Scientific) by measuring surface area of the peaks and were compared to the corresponding ion
standard profiles.
Single-cell RNA-seq data analysis
Cells were loaded on a Chromium Controller (103 Genomics) with a target output of 5000 cells per sample. Reverse transcription,
cDNA synthesis/amplification and library preparation were performed according to the 103 Genomics protocol (ChromiumTM Single
Cell 30 Reagent Kit, v3.1 Chemistry). scRNA libraries were sequenced on an Illumina NextSeq 500/550 High Output flowcell: the
forward read had a length of 28 bases that included the cell barcode and the UMI; the reverse read had a length of 55 bases that
contained the cDNA insert.
Alignment, barcode assignment and UMI counting with Cell Ranger v4.0.0 was used to perform sample demultiplexing, barcode
processing and single-cell 3ʹ counting. Cell Ranger’s mkfastq function was used to demultiplex raw base call files from the
HiSeq4000 sequencer into sample specific FASTQ files.
Barcodes in both samples that were considered to represent noise and low-quality cells were filtered out using knee-inflection
approach available in DropletUtils package (version 1.4.3). For analysis, Seurat package (version 3.1.0) was used, genes which express in less than 2 cells and cells which have non-zero counts in less than 200 genes were additionally filtered from both barcode
expression matrices, and the result matrices were used as analysis inputs (Butler et al., 2018). The fraction of mitochondrial genes
was calculated for every cell, and cells with a mitochondrial fraction >1.2% were filtered out. After all filtering procedures, 3,636 cells
were left in the scRNA-seq data of the female sample, and 2,240 cells were left in scRNA-seq of the male sample.
Both samples were normalized using SCTransform function with mitochondrial content as variable to regress out in a second nonregularized linear regression (Hafemeister and Satija, 2019). For integration purpose, variable features across the samples were
selected by SelectIntegrationFeatures function with the number of features equal to 2000. Then the object was prepared for integration (PrepSCTIntegration function), the anchors were found (FindIntegrationAnchors function) and the samples were merged into the
whole object (IntegrateData function) (Stuart et al., 2019). The dimensionality of the object was reduced by principal component analysis (PCA), and the first 20 principal components (PCs) were used further to obtain uniform manifold approximation and projection
(UMAP) dimensionality reduction by RunUMAP function. Graph-based clustering was run using FindNeighbors and FindClusters with
a resolution of 1.0 and the first 20 PCs as input, and the 21 clusters were identified. Differential expression analysis was implemented
using MAST package.
During manual cluster annotation using canonical gene markers, a cluster corresponding to doublets of NK cells and macrophages
was identified and excluded from the main figures. We provide this suggestion using DoubletFinder package (version 2.0.3) using
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doubletFinder_v3 function (with parameters PCs = 10, pN = 0.25, pK = 0.005) for each sample separately (Figure S2A) (McGinnis
et al., 2019).
For visualization purposes, the custom labels were assigned to several clusters by merging several clusters for simplification (e.g.,
clusters 1, 6, 20 were merged as T cells, clusters 2, 12 were merged as B cells and clusters 0, 3, 19 were merged as NK cells). The
gene signature heatmap was drawn using the scaled data slot of the integrated assay.
For trajectory analysis, clusters assigned as monocytes and macrophages were used, and infer_trajectory function from the dyno
package (version 0.1.2) was used with the available slingshot singularity container (version 1.0.3) (Saelens et al., 2019; Street et al.,
2018). In order to exclude the technical bias across the samples, the data slot from the integrated assay was used as an input expression for trajectory inference. Monocytes cluster was used as a root cluster in terms of given priors to slingshot algorithm. Trajectory
visualization was implemented after dimensionality reduction by UMAP using dimred_umap function.
Tissue histology
Adrenal glands were fixed in 4% paraformaldehyde containing 30% sucrose for a minimum of 24 h, and then embedded in OCT.
Sections of 16mm were cut using cryostat CM350 between 20 C and 26 C. Sections were mounted on histological slides
(Thermo, Superfrost Plus) and preserved at 20 C until further analysis. For paraffin histology analysis, adrenal glands were fixed
as aforementioned. Samples were then dehydrated in ethanol using STP120 tissue processor and included in paraffin. Sections
of 8mm were cut using Microtome Microme HM340E. Sections were mounted on histological slides and preserved at 4 C until further
analysis.
Immunostaining
Sections were blocked for 1 h with 3% BSA and 0.1% Tween 20. Antibodies were diluted in PBS with 3% BSA, 0,1%Tween 20. The
next day, sections were washed 3 times for 10 min with PBS and mounted in Antifade mounting medium with DAPI. For Bodipy staining, slides were incubated for 15 min with 400mM of Bodipy and then washed 3 times for 10 min and mounted in Antifade mounting
medium with DAPI.
Immunofluorescence quantification method
IHC analyses and quantifications were performed manually using ImageJ. For counting of DAPI-positive cells, nuclei were automatically counted after setting a threshold and counted using the plugin ‘‘analyze particles’’ with a range of 1–20mm. Bodipy analysis was
performed by cropping multiple areas in the sample and then setting a threshold. Bodipy-positive cells were counted using the plugin
‘‘analyze particles’’ with a range located between 0 and 300mm.
Fluorescence microscopy
The widefield microscope was a DM5500B upright stand (Leica, Germany). Acquisitions were performed using an Orca-ER camera
(Hamamatsu, Japan). Mosaics were realized using a widefield/TIRF DMI6000 inverted stand microscope (Leica, Germany). Acquisitions were obtained using a DFC360 FX camera (Leica, Germany). The confocal microscope was a Nikon A1R confocal. Image
acquisition was done with Leica AF suite software and analysed with image J.
Electron microscopy
The adrenal glands were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4), rinsed with the same buffer and then postfixed in osmium tetroxide (1% in cacodylate buffer). After rinsing with water, the specimens were dehydrated with acetone and
embedded in Epon resin. The 80-nm ultrathin sections were contrasted with uranyl acetate and lead citrate for observation on a
JEM 1400 JEOL Transmission Electron Microscope operating at 100 kV and equipped with an SIS Morada camera.
QUANTIFICATION AND STATISTICAL ANALYSIS
All data are represented in means ± SEM. Statistical analysis was performed with GraphPad Prism 8 as indicated in each figure
legend. Details of the specific statistical test used are described in figure legends. The number of replicates used in the experiments
are noted in figures, figure legends, or by graphs represented as dot plots, where n represents number of biological replicates. ns
p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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