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Summary
Maternal immune activation is associated with adverse offspring neurodevelopmental

outcomes, many of which are mediated by in utero microglial programming. Microglia
remain inaccessible at birth and throughout development, thus identification of
noninvasive biomarkers that can reflect fetal brain microglial programming may permit
screening and intervention during critical developmental windows. Here we used lineage
tracing to demonstrate the shared ontogeny between fetal brain macrophages (microglia)
and fetal placental macrophages (Hofbauer cells). Single-cell RNA sequencing of murine
fetal brain and placental macrophages demonstrated shared transcriptional programs.
Comparison with human datasets demonstrated that placental resident macrophage
signatures are highly conserved between mice and humans. Single-cell RNA-seq
identified sex differences in fetal microglial and Hofbauer cell programs, and robust
differences between placenta-associated maternal macrophage/monocyte (PAMM)
populations in the context of a male versus a female fetus. We propose that Hofbauer
cells, which are easily accessible at birth, provide novel insights into fetal brain microglial
programs, potentially facilitating the early identification of offspring most vulnerable to
neurodevelopmental disorders.

Keywords: Single-cell RNA sequencing; Hofbauer cells; microglia; sex differences; fetal
brain; placenta; development; neuroimmune
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Introduction

Microglia, the resident macrophages of the brain, play a key role in
neurodevelopment by modulating synaptic pruning, neurogenesis, phagocytosis of
apoptotic cells, and regulation of synaptic plasticity (Bilimoria and Stevens, 2015;
Paolicelli et al., 2011; Schafer et al., 2012; Sierra et al., 2010). Aberrant programming of
fetal microglia in the setting of maternal immune activation has been identified as a key
mechanism underlying abnormal brain development (Fernandez de Cossio et al., 2017;
Nakai et al., 2003; Nufiez et al., 2003; Smolders et al., 2018; Zhao et al., 2019), and likely
contributes to the pathogenesis of neurodevelopmental and psychiatric disorders such as
autism spectrum disorder, attention deficit hyperactivity disorder, bipolar disorder,
obsessive compulsive disorder and schizophrenia, among others (Bachiller et al., 2018;
Frick and Pittenger, 2016; Tay et al., 2018; Williamson et al., 2011). In part because
microglia remain inaccessible in fetal life and postnatally, there is currently no way to
identify which offspring may be most at risk for adverse neurodevelopmental and
psychiatric morbidity after in utero exposures. Methods of determining whether or how in
utero exposures may have primed fetal microglia are urgently needed, to facilitate
intervention during critical developmental windows when outcomes can potentially be
modified.

Precursors of many tissue-resident macrophages, including microglia, originate in
the fetal yolk sac (Ginhoux et al., 2010; Gomez Perdiguero et al., 2015; Pinhal-Enfield et
al.,, 2012; Stremmel et al.,, 2018). As a pre-placental structure, yolk-sac-derived
macrophages likely also colonize the placenta where they are called Hofbauer cells, but
prior lineage-tracing has not explicitly focused on the placenta as a resident tissue of
interest. Hofbauer cells share exposure to the same intrauterine environment as
microglia, and their connection to the developing brain has been posited in their role in
the maternal-to-fetal transmission of neurotropic viruses such as Zika, cytomegalovirus,
and HIV (Johnson et al., 2018; Jurado et al.; Maciejewski et al., 1993; Noronha et al.,
2016; Quicke et al., 2016; Rosenberg et al., 2017; Semmes and Coyne, 2022; Simoni et
al., 2017; Zulu et al., 2019). Prior work by our groups has demonstrated that maternal
immune activation in the setting of high-fat diet primes placental macrophages and fetal
brain microglia in parallel toward a highly-correlated, pro-inflammatory phenotype
(Ceasrine et al., 2021; Edlow et al., 2018). Still, whether Hofbauer cells reflect the same
transcriptional programs as fetal microglia has not yet been investigated.

To address these gaps in understanding, we sought to definitively trace Hofbauer
cells from the fetal yolk sac to the placenta, and to evaluate whether Hofbauer cell
programs mirror fetal brain microglial programs, using single-cell RNA-sequencing
(scRNA-Seq). Using an inducible macrophage reporter mouse model, we demonstrate
that yolk sac-derived macrophages comprise the maijority of tissue resident macrophages
in both placenta and brain in late embryonic development (embryonic day 17.5; e17.5).
Further, we isolated macrophages from wild-type (C57BL/6J) placental and fetal forebrain
tissues at e17.5 and performed scRNA-Seq, identifying subpopulations of fetal placental
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macrophages that transcriptionally mirror fetal brain macrophages. While placental
macrophage programs mirrored fetal brain microglial programs in both sexes, fetal sex
was associated with differential expression of 401 autosomal genes across brain and
placental macrophage transcriptomes. Functional analyses of differentially expressed
genes provided new insights into sex differences in immune function of both placental and
fetal brain macrophages. Taken together, these data suggest that late-term placental
macrophages reflect the programs of fetal brain microglia. Hofbauer cells therefore have
the potential to provide novel insights into the relationship between placental and brain
immune activity and may help identify those offspring most vulnerable to
neurodevelopmental morbidity after specific in utero exposures.

Results
Tissue-resident placental macrophages are yolk sac derived

In both mice and humans, the maternal-fetal interface is comprised of the
maternally-derived decidua and the fetally-derived placenta. Fetal placental macrophages
have been identified as early as 18 days post conception in humans, and 10 days post
conception in mice (e10) prior to the full vascularization of the placenta (Takahashi et al.,
1991). This suggests that extra-embryonic placental macrophages (Hofbauer cells), likely
derive from the yolk sac, as do many other tissue-resident macrophages, including
microglia (Ginhoux et al., 2010).

To determine whether fetal placental macrophages are yolk sac derived, we
crossed transgenic mice carrying a floxed Rosa-tdTomato allele (Madisen et al., 2010)
with inducible transgenic Csf1R-CrefR mice to permanently label yolk sac progenitors.
Csf1r is active in yolk sac progenitor cells at gestational day 8-9 (gd8-9), thus a
4hydroxytamoxifen (4-OHT) pulse at gd8.5 will label yolk sac-derived macrophages prior
to their migration out of the yolk sac (Sasmono et al., 2003). Migration of macrophages
out of the yolk sac to colonize the fetal brain and other tissues begins around €9 (Ginhoux
et al., 2010), and Csf1r+ placental macrophages are detectable beginning at e10
(Takahashi et al., 1991). Thus, we delivered 4-OHT to Cre®R negative dams (tdTomf/+ or
tdTomf/f), crossed with CreER positive sires, so that 4-OHT only induced Csf1R-CrefR
activity in fetal cells within the embryos (Figure 1A). We then assessed tdTomato+ cells
at e17.5 in placenta and brain from CrefR-negative and CreFR-positive embryos in
conjunction with immunohistochemistry for ionized calcium binding adaptor molecule
(Iba1), a marker for macrophages. We saw robust colocalization of tdTomato and Iba1 at
e17.5 in both the placenta labyrinth (Figure 1B, C’), and fetal brain (Figure 1B, D’,
hippocampus shown. We did not see any tdTomato signal in CreER-negative placenta
or hippocampus (Figure 1 C, D). Together, these data suggest that resident placental
macrophages are primarily derived from yolk sac progenitor cells, similar to fetal microglia.
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Figure 1. Placental macrophages are yolk sac derived

A. Schematic of fetal macrophage labeling. Briefly, male Csf1R-CrefR;tdTomato” mice were timed-mated
to female tdTomato” mice. Pregnant females were injected with 4-hydroxytamoxifen (4-OHT) at gestational
day 8.5. Embryos were collected at embryonic day 17.5. B. Percent of macrophages (Iba1+ cells) labeled
with tdTomato in embryonic placenta and hippocampus following 4-OHT administration at €8.5. Open
circles represent individual female embryos and closed diamonds represent individual male embryos (n=4
litters). Pl = placenta; Br = brain (hippocampus) C-C’. Representative images of Iba1 and tdTomato in
control (C) and reporter (C’) placenta from e17.5 embryos. D-D’. Representative images of Iba1 and
tdTomato in control (D) and reporter (D’) hippocampus from e17.5 embryos. Arrowheads indicate
doublepositive (Iba1+ tdTomato+) macrophages/microglia in reporter tissue. Scale 50um, inset scale 10um.

Fetal placental and brain macrophages are heterogeneous populations with
shared cluster-specific signatures

To precisely identify subpopulations of fetal placental and brain macrophages, we
performed 10X Genomics single-cell RNA-sequencing on macrophage-enriched
singlecell suspensions from matched placenta and fetal forebrain tissue from both male
and female embryos at e17.5 (Figure S1A). 105,000 cells were sequenced to an average
depth of 22,500 reads/cell. These cells represented macrophages and monocytes from
matched fetal brains and placentas of 5 females and 4 males from different litters (3 sibling
pairs), with an average of 5,886 cells/sample. In order to identify cell types present in our
data, we used graph-based clustering followed by identification of cluster-specific marker
genes and comparison of marker gene expression and average-expression profiles of all
clusters with published placental (Liu et al., 2018; Lu-Culligan et al., 2021; Suryawanshi
et al., 2018; Vento-Tormo et al., 2018; Zhou et al., 2021) and fetal brain
(Hammond et al., 2019; Kracht et al., 2020; Matcovitch-Natan et al., 2016) datasets (see
Methods, Supplemental Figure 1B/C). We selected clusters of macrophage and
monocyte cells based on similarity to previously identified gene expression profiles and
marker genes, and merged clusters as described in Methods. We included monocyte-like
cells in our clustering given recent evidence of potential monocyte-to-macrophage
transitional populations at the maternal-fetal interface (Thomas et al., 2020). The final
clusters identified are visualized as uniform manifold approximation and projection
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(UMAP) plots for brain (Figure 2A) and placenta (Figure 2B) along with expression dot
plots demonstrating the top three marker genes per cluster. Unless otherwise specified,
cluster names begin with the cell type (Mg: microglia, HBC: Hofbauer cell, Mono_FBr:
fetal brain monocytes; Mono_FPI: fetal placental monocytes; PAMM: placenta-associated
maternal macrophages and monocytes) and end with _top/most significant marker gene
in the cluster. Clusters primarily engaged in cell cycle functions (e.g. processes integral
to DNA replication) end in _cell cycle. A complete list of cluster marker genes can be
found in Supplemental Table 1.

Interrogation of the transcriptional signatures of brain clusters revealed a strong
yolk sac signature in three clusters (defined based on the signature of yolk-sac derived
myeloid-biased progenitors detailed in Thomas et al., 2020 and Bian et al., 2020; Figure
2C). The clusters with a strong “yolk sac imprint” or YSI signature are named
Mg_YSI_cellcycle, Mg_YSI_Pf4, and Mg_Spp1. After distinguishing fetally- from
maternally-derived clusters (using Y- and X-chromosome specific gene expression as
described below), we identified three fetal placental macrophage clusters with
transcriptional profiles most closely related to microglia, including HBC_C1qa, HBC_Pf4,
and HBC_cellcycle (Figure 2B-2D). These clusters had marker genes similar to Hofbauer
cell clusters described in recent data sets (Lu-Culligan et al., 2021; Suryawanshi et al.,
2018; Thomas et al.,, 2020; Vento-Tormo et al., 2018). We also identified one fetal
placental monocyte cluster (Mono_FPI).

Macrophages at the maternal-fetal interface are known to be a heterogenous
population consisting of both maternally and fetally-derived cells. While maternallyderived
macrophages at the maternal-fetal interface have classically been referred to as decidual
macrophages (Mezouar et al., 2021; Mor and Abrahams, 2003; Vento-Tormo et al., 2018),
more granular characterization of heterogenous maternally-derived macrophage and
monocyte populations has recently been performed (Thomas et al., 2020), with new
nomenclature proposed and adopted: placenta-associated maternal
monocyte/macrophages (PAMMs) (Semmes and Coyne, 2022; Thomas et al., 2020).
Distinct subsets of PAMMs have been identified, including a population of what were
previously considered decidual macrophages, and the new identification of separate
subtypes of maternally-derived resident placental macrophages distinct from circulating
maternal cells (Thomas et al., 2020).

To delineate fetal from maternal macrophages, we evaluated expression of
malespecific markers DEAD-Box Helicase 3 Y-Linked (Ddx3y) and Eukaryotic translation
initiation factor 2 subunit 3, Y-linked (Eif2s3y) and female-specific marker X-inactive
specific transcript (Xist) in brain and placenta clusters from male embryos. Ddx3y,
Eif2s3y, and Xist were selected for their representative expression after interrogation of a
broad X- and Y-chromosome-specific gene expression panel, including the antisense Xist
transcript X (inactive)-specific transcript, opposite strand (Tsix), Ubiquitously Transcribed
Tetratricopeptide Repeat Containing, Y-Linked (Uty), and lysine demethylase 5D (Kdmbd)
(Supplemental Figure 1D/E). Maternally-derived placental macrophage/monocyte
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clusters were confirmed via high expression of Xist and low/no expression of Ddx3y and
Eif2s3y (Supplemental Figure 1D/E), based on expression in cells isolated from placentas
of a male fetus. The same approach was used to ensure isolated brain microglia were
fetally-derived (Supplemental Figure 1D/E). Using this approach, we retained 6 PAMM
(maternally-derived macrophage) clusters, whose expression profile was similar to
recently identified PAMMs from human placenta (Thomas et al., 2020). Via a correlation
analysis of overall gene expression across all clusters (see Methods), we identified close
relationships between subsets of brain and placental macrophages (Figure 2D). Two
major groupings of clusters are noted, one containing Hofbauer cells, microglia, and
PAMM_Spp1, and the other containing the rest of the PAMM and monocyte clusters. Not
surprisingly given the demonstrated common yolk sac origin, the Hofbauer cell clusters
had transcriptional profiles most similar to the “yolk-sac imprint” macrophages
Mg_YSI_cellcycle and Mg_YSI_Pf4 (Figure 2D dendrogram and Spearman’s correlation
heatmap), and all fetal brain microglial clusters were more closely related to Hofbauer
cells than they were to PAMMSs, with the exception of PAMM_Spp1. PAMM_Spp1 closely
clustered with the largest HBC cluster, HBC_C1qga, suggesting that some immune
functions at the maternal-fetal interface may be shared between, or involve close crosstalk
between, maternal and fetal cells. In sum, both interrogation of the top marker genes by
cluster and correlation analysis of average expression of cluster marker genes
demonstrated the closest relationships between Hofbauer cells and fetal brain microglia,
particularly a subset of fetal brain microglia with a strong yolk sac-like signature.
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Figure 2. Fetal placental and brain macrophages are heterogeneous populations with shared
cluster-specific signatures

A (left). Uniform Manifold Approximation and Projection (UMAP) visualization of Cd11b+
macrophageenriched fetal brain microglia/monocyte cells reveals 8 distinct clusters. Unless otherwise
specified, clusters are named as “cell type prefix_top marker gene”. Mg: microglia; Mono_FBr: fetal brain
monocytes; YSI: yolk sac imprint.

A (right). Dot plot displaying expression of the top 3 marker genes for each cluster (right), circle size
indicates the percent of cells expressing the given gene, color intensity represents the scaled average gene
expression.

B (left). UMAP visualization of Cd11b+ macrophage-enriched placenta macrophage/monocyte
populations reveals 4 fetal and 6 maternal clusters. Of note, PAMM_BC100530 was designated a PAMM
cluster due to significantly higher expression of Xist in a majority of cells compared to Eif2s3y and Ddx3y,
but the presence of Y chromosome marker expression does indicate that this PAMM cluster likely contains
some fetally-derived cells (Supplemental Figure 1D). Unless otherwise specified, clusters are named as
“cell type prefix_top marker gene”. HBC: Hofbauer cell; PAMM: placenta-associated maternal
monocyte/macrophages; Mono_FPI: fetal placental monocytes. Color scheme indicates cell origin
(purple=fetal; red=maternal; gray=fetal monocytes).

B (right). Dot plot displaying expression of the top 3 marker genes for each cluster. Circle size indicates
the percent of cells expressing the given gene, color intensity represents the average gene expression.

C. Heatmap displaying signature enrichment score for yolk sac and monocyte signatures described
by Bian and colleagues (Bian et al., 2020; Thomas et al., 2020)
D. Spearman correlation coefficients between brain and placenta clusters using cluster-average

expression of all significant marker genes. Similarity of correlation coefficients across all clusters is
displayed as a hierarchical clustering dendrogram.

E/F. UMAP and Violin plots depicting expression levels of canonical microglia and Hofbauer cell marker
genes.

G. Gene Ontology (GO) Biological Process enrichment analysis for select Microglia, HBC and PAMM
clusters. The GO terms displayed here were curated from among the top 25 most significant GO terms,
selecting the processes most relevant to macrophage function, and reducing redundancy. Gene Ratio gives
the ratio of the number of genes in the query set that are annotated by the relevant GO category and  the
number of genes in the query set that are annotated in the database of all GO categories. GO terms with
an adjusted p-value < 0.05 were considered significantly enriched.

Both microglia and Hofbauer cells expressed high levels of canonical
microglia/resident tissue macrophage markers Cx3cr1, Csfir, Fcrls, and C1qa (Figure
2E/F) among others (Supplemental Figure 1F). The violin plots (Figure 2F) depict
expression level of canonical microglial markers in both microglial and placental
macrophage clusters depicted. Gene Ontology (GO) Biological Process enrichment
analyses of cluster marker genes (Figure 2G) suggest highly conserved biological
processes between Hofbauer cells and microglia, and also between Hofbauer cells and
PAMM cluster PAMM_Spp1, the PAMM cluster with the strongest yolk-sac signature.
While there is some overlap in the processes enriched in all three Hofbauer cell clusters,
the largest HBC cluster C1qa is primarily engaged in immune and inflammatory functions
(response to interferon gamma, leukocyte activation, positive regulation of cytokine
production, and defense response to viruses and bacteria), processes mirrored by
microglial clusters Mg_Sparc, Mg_Spp1, and Mg_YSI_Pf4. These same three microglial
clusters (Mg_Sparc, Mg_Spp1, and Mg_YSI_Pf4) also share processes in common with
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the HBC_Pf4 cluster, related to regulation of cell adhesion, angiogenesis and vascular
development. HBC_cellcycle cluster is enriched for cell cycle processes such as DNA
replication and mMRNA processing, functions mirrored by Mg_cellcycle and
Mg_YSI_cellcycle. Of note, HBC_cellcycle and Mg_YSI_cellcycle transcriptional
signatures may reflect the local proliferation of yolk sac-derived progenitors after
trafficking to their final tissue-specific location, as has been previously demonstrated
(Thomas et al., 2020). A complete list of enriched GO biological processes in cluster
marker genes may be found in Supplemental Table 2.

Shared functions across populations of Hofbauer cells and microglia can be
conceptually grouped into five broad categories (Supplemental Figure 2A-E): (1) Cell
cycle regulatory functions, including chromosome segregation, mitotic nuclear division,
RNA splicing, and mRNA processing (Fig S2A); (2) Immune responses and inflammatory
functions, with response to non-self entities a theme repeated across numerous GO terms
in both microglia and Hofbauer cell clusters (Fig S2B); (3) Mitochondrial ATP metabolism
and energy utilization functions, such as ATP metabolism, mitochondrion organization,
and oxidative phosphorylation (Fig S2C); (4) cell migration and cell-cell signaling
functions, such as myeloid, leukocyte or macrophage chemotaxis and/or migration (Fig
S2D); and (5) lipid transport and localization functions (Fig S2E). In sum, these analyses
demonstrate that Hofbauer cells mirror microglia in both gene expression and putative
function, supporting the ability of Hofbauer cells to serve as a proxy cell type for microglia
at the end of gestation.

Similarities between murine and human placental immune single cell gene
expression

While mouse microglia are widely accepted as an excellent model for human
microglia (Abels et al., 2021; Masuda et al., 2019; Stremmel et al., 2018), less is known
about how well mouse placental macrophages model those in humans. Mice and humans
are known to share key similarities in immune system development, including the yolk sac
as the initial site of hematopoiesis and origin for granulo-macrophage progenitors (such
as the CX3CR1+ cells that give rise to microglia and Hofbauer cells) (CindrovaDavies et
al., 2017; Godin and Cumano, 2002; Migliaccio et al., 1986; Palis and Yoder, 2001;
Takashina, 1987), and conserved cell surface antigen expression in yolk sacderived
macrophages (Cindrova-Davies et al., 2017; Stremmel et al., 2018). In addition, the
presence of resident fetal macrophages in the mouse placenta is well-documented by our
group and others (Chang et al., 1993; Edlow et al., 2018; Gekas et al., 2010; Khalili et al.,
1997; Rhodes et al.,, 2008; Takahashi et al., 1991; Yellon et al., 2019). Despite this
knowledge, mouse Hofbauer cells have never been profiled using scRNA-seq, and these
data have never been compared to those from human placentas. We therefore compared
our mouse data to several human datasets that contained high representation of Hofbauer
cells, representing human placentas obtained from 6 weeks through 40 weeks (full term)
(Lu-Culligan et al., 2021; Suryawanshi et al., 2018; Vento-Tormo et al., 2018).
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Comparison of our scRNA-seq data to scRNA-seq data from human placenta datasets
demonstrated strong similarities of mouse Hofbauer cells to Hofbauer cell clusters in
human placentas at 6-11 weeks (Suryawanshi et al., 2018; Figure 3A/B), 6-14 weeks
(Vento-Tormo et al., 2018) Supplemental Figure 3A/B), and full-term (Lu-Culligan et al.,
2021) Supplemental Figure 3C/D).

Our murine Hofbauer cell and PAMM clusters mapped closely to human clusters
identified as Hofbauer cells (villous Hofbauer cells, vil.LHC, HB or vil.Hofb) in these human
single cell datasets. Spearman rank correlation demonstrated significant correlation
between the transcriptional signature of our murine Hofbauer cell cluster that most closely
resembles microglial clusters, HBC_Pf4 (Figure 2D) and human Hofbauer cell signatures
in the aforementioned datasets (Figure 3A/B, Spearman’s R = 0.72-0.74, p<2.2e-16,
Supplemental Figure 3B,D). In addition to HBC_Pf4, all our murine Hofbauer cell clusters
were highly and significantly correlated with human Hofbauer cell clusters, with
HBC_C1qa R = 0.75-0.76, p<2.2e-16 (Supplemental Figure 3E) and HBC_cell cycle R =
0.71-0.76, p<2.2e-16 (Supplemental Figure 3F) Taken together, these data demonstrate
that placental resident macrophage and monocyte single-cell gene expression signatures
are highly conserved across mice and humans.
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Figure 3. Murine placental macrophages are highly correlated with human placental macrophages
A. Heatmap displaying Spearman correlation coefficient R between our murine single-cell placental clusters
and previously published human placental clusters (Suryawanshi et al., 2018). Black box outlines
correlations between human villous Hofbauer cells (vil. HC, Suryawanshi et al., 2018) and our mouse HBC
clusters (HBC_cell cycle, HBC_C1ga and HBC_Pf4). Abbreviations along X-axis of correlation heatmap
correspond to single-cell clusters from whole placenta without enrichment for placental macrophages (thus
only one Hofbauer cell cluster), and predating PAMM nomenclature. From L to R: Vil: villous, EB:
erythroblasts, EVT: extravillous trophoblast, VCT: villous cytotrophoblast, SCT: syncytiotrophoblast, Dec:
decidual, EEC: endometrial epithelial cells, LEC: lymphatic endothelial cells, VEC: vascular endothelial
cells, FB1-3: fibroblast-like cell clusters 1-3, SMC: smooth muscle cells, DSC: decidualized stromal cells,
TC: T cells, NK: natural killer cells, DC: dendritic cells, MAC: macrophages.

B. Scatter plot demonstrating the significant correlation between our Hofbauer cell cluster most closely
related to microglia (HBC_Pf4), and the Hofbauer cell cluster identified by Suryawanshi and colleagues.
HBC_Pf4 depicted as representative, but all murine HBC clusters were highly correlated with the human
HBC clusters (data in text and Supplemental Figure 3 E/F).
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Sex differences in fetal brain and placental macrophage gene expression

Fetal sex is increasingly recognized as a critical factor influencing placental, fetal
and neonatal immune responses (Ceasrine et al., 2021; Bordt et al., 2021; Clifton and
Murphy, 2004; Edlow et al., 2018; Scott et al., 2009). Sex differences in the incidence and
prevalence of many neurodevelopmental and psychiatric disorders are well established,
yet the mechanisms underlying sex differences in these disorders are relatively unknown.
Given the critical role of microglia in neurodevelopment, sex differences in microglial
development and priming are an attractive candidate mechanism underlying sex biases
in neurodevelopmental and psychiatric disorders (Lenz and McCarthy, 2015).
Understanding how sex contributes to disease development, susceptibility, and severity
is of critical importance when considering clinical implications such as treatment efficacy.

To investigate potential baseline sex differences in fetal macrophages, we
evaluated differentially expressed genes (DEGs) between males and females by
aggregating cells in each individual cluster into a pseudo-bulk count matrix, using DESeq2
to identify DEGs (Methods). Fetal sex did not influence cluster identification or the
proportion of cells within clusters (Supplemental Figure 4A/B). Despite the fact that cells
were isolated on e17.5, prior to the hormonal surge commonly associated with brain
masculinization (Lenz et al.,, 2013), there were 201 autosomal genes that were
differentially regulated in female versus male microglia (Figure 4A/B). This suggests that
the local microenvironment or other non-hormonal factors are likely driving differences
between male and female microglia in late gestation. There were 27 autosomal genes
differentially expressed in female versus male Hofbauer cells and 228 autosomal genes
differentially expressed in female versus male PAMMs (Figure 4A/B). Importantly, 17 of
the 27 genes that were differentially regulated by fetal sex in Hofbauer cell clusters were
also significantly differentially regulated in microglia (Figure 4B), suggesting conserved
functionality between the cell types and tissues. Supplemental Table 3 depicts the 17
genes differentially regulated by fetal sex shared between Hofbauer cell clusters and
microglia. The direction of dysregulation (e.g. up- versus downregulated) was the same
in Hofbauer cells and microglia for all 17 genes.
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Figure 4. Sex differences in fetal brain and placental macrophage signatures

A. The number of differentially-expressed genes (DEGs) between females and males, stratified for
genes located on autosomal versus sex chromosomes.

B. Venn diagram depicting overlap of DEGs by sex grouped by cell type for Mg, HBCs and PAMMs.
Note that table values sum to more than the specified number of DEGs between microglia (Mg), Hofbauer
cells (HBC) and placenta-associated maternal macrophage/monocytes (PAMM) due to overlap in DEGs
across some clusters.

C. Gene Ontology (GO) Biological Process enrichment analysis for DEGs between males and females
grouped by cell type (HBC, Mg, PAMM). The most significant GO terms were curated to select processes
most relevant to macrophage function and to reduce redundancy. Gene Ratio gives the ratio of the number
of genes in the query set that are annotated by the relevant GO category to the number of genes in the
query set that are annotated in the database of all GO categories. GO terms were considered enriched with
an adjusted p-value < 0.1.
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D-F. Heat map depicting genes that produce the enrichment for GO terms displayed in E, along with their
fold change values. Positive fold change (red) indicated upregulation in females with respect to males in
placenta-associated maternal macrophage/monocytes (PAMM) (D), Microglia (E) and Hofbauer cells
(HBCs, F).

G. Significantly up- and downregulated pathways (absolute Z-score > 2, Benjamini Hochberg p-value <
0.05) identified by Ingenuity Pathways Analysis in female versus male microglia. Terms in italics identify
similar pathways implicated in HBCs (IPA could not predict directionality in Hofbauer cells given n=27
DEGs).

Functional enrichment analyses of differentially expressed genes by sex

Functional analyses of differentially expressed genes between females and males
by cluster was performed using GO Biological Process enrichment in R and Ingenuity
Pathways Analysis (IPA). Only differentially expressed autosomal genes were included in
the functional analyses. All comparisons are expressed as female versus male, such that
“activated” or “inhibited” pathways refers to activated or inhibited in female macrophages
relative to male. These analyses suggested significant functional differences in female
versus male microglia, Hofbauer cells, and PAMMs in late gestation. Figure 4C depicts
differentially regulated biological functions of interest from among the top GO enrichment
terms in female versus male microglia, Hofbauer cells, and PAMMs (functional analyses
detailed below). Working files for the IPA analyses (Qiagen, Redwood, CA, United States,
content version 65367011) may be found in Supplemental Table 4. Significance
thresholds within IPA are defined in Methods. Figure 4D-F contain heat maps
demonstrating the component genes that produce enrichment for the GO terms displayed
in 4C.

Shared sex differences in fetal microglial and Hofbauer cell function

Reinforcing the brain-placenta connection, one of the top sex-biased GO biological
processes in female versus male microglia was “placenta development”, with this finding
primarily driven by the significant upregulation of genes previously implicated in placental
extracellular matrix formation, cell migration, RNA repair, cytokine-mediated signaling,
monocyte-macrophage differentiation, and angiogenesis (Chen et al., 2015a, 2015b;
Imakawa et al., 2016; Ji et al., 2011; Kipkeew et al., 2016; Stumpo et al., 2004) (Ccn1,
Cited2, Epor, Jun, Pdgfb, Rtcb, and Zfp361/1) in female versus male microglia (Figure 4C).
Hofbauer cells have been demonstrated to secrete factors that impact placental
angiogenesis and remodeling, including IL-8, osteopontin, and matrix metalloproteinase
9 (MMP-9) (Thomas et al., 2020). Our observed pattern of differentially expressed genes
in females versus males suggests that female microglia may be more engaged in
regulating angiogenesis and vascular remodeling than male microglia (GO analyses
suggest that these cells are in clusters Mg_Sparc, Mg_Spp1, and Mg_YSI_Pf4, Figure
2G).

Overall, the GO and IPA analyses suggest a relative upregulation of
proinflammatory signaling in female microglia and Hofbauer cells, or a relative repression
of proinflammatory signaling in male macrophages. IPA canonical pathway analysis
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suggested significant activation of multiple pathways related to inflammatory, antiviral and
antibacterial signaling in female microglia relative to male, including upregulation of the
High Mobility Group-B1 (Z-score 2.0, BH p-value<0.001), IL-1 (Z-score 2.0, BH p-value
0.008), Corticotropin-Releasing Hormone (Z-score 2.0, BH p-value 0.03), Pf3K Signaling
in B Lymphocytes (Z-score 1.6, BH p-value 0.003), IL-8 (Z-score 1.3, BH p-value 0.03),
and Role of PKR in Interferon Induction and Antiviral Response (Z-score 1.3 BH p-value
0.03) canonical signaling pathways, among others. A complete list of significantly
dysregulated canonical pathways in female vs. male microglia may be found in
Supplemental Table 5, Tab 1.

Upstream regulator analyses (inferred from DEGs) within IPA also demonstrated
significant (BH-p<0.01) upregulation of proinflammatory signaling cascades in female
microglia relative to male, including activation of: platelet derived growth factor subunit A
and B (Pdgfa/b) which regulates IL-6, ERK1/2, FOS, MAPK, and STAT3 signaling;
Epidermal growth factor (Egf), which regulates ERK 1/2, Akt, MAPK1, STAT3, FOS, PF3K
signaling; Fibroblast growth factor 2 (Fgf2), regulator of ERK1/2, Akt, MAPK1, FOS,
VEGFA, MMP13 signaling; Mitogen activated protein kinase 1 (Mapk1) itself; Cd40 ligand
(Cd40lg), which regulates TNF, IL-1B, IL12B, IL-6, NFKB1 and HLA-DR signaling; and
regulators of T-cell gene expression and T-cell receptor signaling such as Nuclear factor
of activated T cells 3 (Nfatc3). Also activated in female microglia relative to male were
upstream regulators involved in regulation of DNA transcription including myocyte
enhancer factor 2C and 2D (Mef2C, Mef2D), both of which bind multiple histone
deacetylases. In addition, numerous apoptosis regulators in the Forkhead family were
activated in female versus male microglia, including forkhead box L2 (FOXLZ2), implicated
in female sexual differentiation and estrogen receptor binding; forkhead box O1 (FOXO17),
implicated in cellular glucose homeostasis and response to oxidative stress; and forkhead
box O3 (FOX03), a FAS-ligand regulator implicated in apoptosis and autophagy.

Significantly inhibited upstream regulators in female versus male microglia
included several genes implicated in epigenetic regulation and transcriptional repression,
such as members of the histone deacetylase family (HDACs) and RB transcriptional
corepressor 1 (RB17), a tumor suppressor implicated in negative regulation of the cell
cycle. Additionally, FOS like 1, AP-1 transcription factor subunit (FOSL7) signaling,
implicated in oxidative stress response was inhibited in female microglia relative to male.
These findings suggest that epigenetic regulatory differences may play a role in
sexspecific microglial phenotypes. Supplemental Table 5, Tab 2 contains a complete list
of significantly activated and inhibited upstream regulators in female versus male
microglia.

Supplemental Table 5, Tab 3 describes results of the Downstream Effects analysis within
IPA, which evaluates significantly dysregulated cellular and molecular functions and
physiological systems in female microglia relative to male, including gene expression
patterns consistent with reduced apoptosis, increased cell viability, increased phagocyte
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differentiation, and increased binding of AP-1 transcription factor to DNA promoter site
(Figure 4G).

Sex differences in proinflammatory and immune signaling were also apparent in
functional analyses of Hofbauer cell DEGs. GO analyses demonstrated differential
responses to interferon-B (IFNB), defense response to virus, and response to
LPS/bacteria, as well as differential signaling through the JAK-STAT pathway in female
versus male Hofbauer cells. The top upstream regulators identified by IPA also implicated
differential regulation of immune signaling in female versus male Hofbauer cells— pointing
to sex differences in Type 1 IFN signaling (IFNa- and IFNB-mediated signaling),
consistent with recently described increased baseline expression of IFN stimulated genes
in the Type 1 pathway in female compared to male placentas (Bordt et al., 2021). Other
dysregulated upstream regulators in female versus male Hofbauer cells included TANK
binding kinase 1 (Tbk1), a regulator of interferon regulatory factors IRF3 and 7, and IFNa
and -B; pro-inflammatory cytokines including interleukin-4 (/L-4), interleukin-6 (/L-6),
Tumor Necrosis Factor (Tnf) and Interferon gamma (/fny); regulators of TLR3- and
TLR4mediated signaling such as Rho GTPAse activating protein 21 (Arhgap21) and SAM
and SH3 domain containing 1 (Sash1); and regulators of T-cell receptor signaling and T-
cell migration (Dedicator of cytokinesis 8 or Dock8, and nuclear factor of activated T cells
2 or Nfatc2). This is consistent with prior work on HIV in pregnancy, demonstrating that
Hofbauer cells have the ability to engage the T-cell receptor, and can alter T-cell
responses and T-cell anergy (Johnson and Chakraborty, 2012). Significantly dysregulated
Upstream Regulators, and dysregulated molecular and cellular functions and
physiological systems identified by the Downstream Effects analysis in female versus
male HBCs are described in Supplemental Table 6, Tabs 1 and 2. In sum, these functional
analyses demonstrate significant sex differences in immune function in both microglia and
Hofbauer cells, with gene expression patterns suggesting upregulation of inflammatory
and immune functions in female cells relative to male, and significant sex differences in
apoptosis and autophagy regulation, epigenetic regulation, and vascular remodeling.

Fetal sex differences are associated with altered maternal placental macrophage
(PAMM) functions

Functional analyses of DEGs in female versus male PAMMs demonstrated
significant differences in the maternal immune response to a male versus a female fetus.
In the GO Biological Process enrichment analyses, differentially regulated processes in
female versus male PAMMs included phagocytosis, bacterial defense response, and
proinflammatory cytokine production, including IL-1B (Figure 4C). Although similar
upregulation of Type | interferon and other innate immune and pro-inflammatory signaling
pathways in female relative to male macrophages were observed in both Hofbauer cells
and PAMMSs, the number of dysregulated genes by fetal sex and the strength of functional
associations were greater for PAMMSs than for Hofbauer cells. This suggests that perhaps
both fetal and maternal placental resident macrophages have dampened proinflammatory
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responses in a male pregnancy, with maternal macrophages more significantly impacted,
highlighting a potential role for maternal more than fetal placental macrophages in sex-
specific immune tolerance of a male versus female fetus.

IPA analyses of sex differences in PAMM functions echoed many of the same
themes identified by GO enrichment. Canonical pathways analyses identified significant
activation of the “Role of Hypercytokinemia/Hyperchemokinemia in the Pathogenesis of
Influenza” canonical pathway (Z-score 2.5, BH p-value 0.03) in female versus male
macrophages. This pathway is implicated in antiviral/innate immune response, and
involves signaling through the Type [, Il and Il Interferon pathways, with upregulation of
TNF-a, IL-1, IL-6, MIP-1a, MCP-1/CCL, IP-10, and RANTES/CCLS. Upstream regulator
analyses (inferred from DEGs) also suggested significant upregulation of Type I, Il and Il
IFN signaling in female relative to male PAMMs, with predicted activation of IFN-a, IFN-
B, interferon alpha and beta receptor subunit 1 (/fnar7), IFN lambda 1 (/fn/1), IFN gamma
(Ifny), Tnf superfamily (Tnf), nuclear factor kappa B subunit 1 or Nfke1, several interferon
regulatory factors including [Irf7, Irf1, Irf3, Irf5, and pro-inflammatory toll-like
receptormediated signaling, including activation of Myeloid differentiation primary
response gene 88 (Myd88), and toll-like receptor 9 (TIr9), among other activated upstream
regulators. Inhibited upstream regulators in female relative to male PAMMs included
regulators implicated in ATPase binding and NRF2-mediated oxidative stress response
(caseinolytic mitochondrial matrix peptidase proteolytic subunit or Clpp), in C-C
chemokine signaling (atypical chemokine receptor 2 or Ackr2), regulation of autophagy
and cell death (immunity-related GTPAse family M member 1 Irgm1), and epigenetic
regulation via chromatin binding (Cbp/p300 interacting transactivator with Glu/Asp rich
carboxy-terminal domain 2 or Cited2). A complete description of significantly
dysregulated Upstream Regulators in female versus male PAMMs can be found in
Supplemental Table 7, Tab 1. In the Downstream Effects analysis, numerous molecular
and cellular functions were predicted to be significantly increased (activation Z-score =2,
BH p-value < 0.05) in female relative to male PAMMs, including innate immune
responses, phagocytosis, immune cell recruitment, carbohydrate metabolism, and
apoptosis and cell death (Supplemental Figure 4C; Supplemental Table 7, Tab 2).
Functions predicted to be decreased included multiple terms related to proliferation of
lymphocytes and lymphoid cells. Taken together, these functional analyses demonstrate
significant sex differences in maternal placental macrophage programs, with relatively
reduced immune and inflammatory signaling and reduced phagocytic functions in male
PAMMSs, suggesting an important role for maternal placental-associated macrophages in
immune tolerance of a male fetus.

Discussion

Microglia, brain resident macrophages, are particularly vulnerable to the in utero
environment, and diverse maternal immune-activating exposures—including bacterial/
viral infection, metabolic inflammation (e.g. obesity, diabetes), environmental toxicants,
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and maternal stress—can impact critical microglial functions, including alterations in
synaptic pruning or pro-inflammatory cytokine release in response to local stimuli. This
programming in turn may contribute to adverse neurodevelopmental and psychiatric
outcomes in offspring ranging from autism spectrum disorder/social behavioral deficits, to
attention deficit hyperactivity disorder, cognitive deficits, schizophrenia, obsessive
compulsive disorder, anxiety, and depression (Bachiller et al., 2018; Bilbo and Tsang,
2010; Bilbo et al., 2005; Chen et al., 2021; Edlow, 2017; Frick and Pittenger, 2016;
Hanamsagar and Bilbo, 2017; Nogueira Avelar E Silva et al., 2021; Shook et al., 2020;
Tay et al., 2018; Van Lieshout and Voruganti, 2008; Williamson et al., 2011). However,
the mechanisms that dictate susceptibility are unclear, and there is a critical need to
identify offspring most vulnerable to neurodevelopmental morbidity after potentially
harmful in utero exposures. We therefore sought to evaluate whether extra-embryonic
placental macrophages—Hofbauer cells—could serve as a proxy cell type for fetal brain
microglia. Here, we demonstrate (1) a common yolk sac origin for microglia and Hofbauer
cells, (2) mirrored transcriptional and functional programs between subsets of microglia
and Hofbauer cells, providing strong evidence that late-term Hofbauer cells have the
potential to inform on the programs of fetal microglia, (3) significant correlations between
murine and human placental macrophage populations, and (4) significant sex differences
between female and male microglial and placental macrophage programs, consistent with
increased inflammatory and immune tone and phagocytic functions (upregulated baseline
state) in female microglia and placental macrophages relative to male.

Fate-mapping studies demonstrate that primitive yolk sac-derived macrophages
colonize the developing brain as early as embryonic day 9.5 (€9.5) in rodents, entering
the parenchyma via the blood stream and ventricles (Ginhoux and Prinz, 2015; Ginhoux
et al., 2010; Gomez Perdiguero et al., 2015; Stremmel et al., 2018; Takahashi et al.,
1991). Microglia continue to proliferate throughout the first postnatal weeks in humans
and rodents, forming a self-renewing pool that lasts throughout the lifespan, without
contribution from peripheral hematopoietic cells under normal conditions (Ajami et al.,
2007; Bruttger et al., 2015; Ginhoux and Prinz, 2015; Ginhoux et al., 2010; Gomez
Perdiguero et al., 2015; Greter et al., 2015; Salter and Stevens, 2017). Because fetal yolk
sac-derived macrophages are the progenitors for the pool of microglia throughout an
individual’s lifetime (Ginhoux and Prinz, 2015; Ginhoux et al., 2010; Gomez Perdiguero
et al., 2013, 2015), inappropriate fetal macrophage priming (“trained immunity” (Haley et
al., 2019; Li et al.,, 2018)) due to in utero immune activation may have lifelong
neurodevelopmental consequences. It is therefore critical to identify a non-invasive
readout for microglial state at birth, to identify the most vulnerable offspring and facilitate
screening and possibly intervention during key developmental windows.

While limited data suggest that Hofbauer cells have strong immune functional
correlation with microglia (Edlow et al., 2018; Na et al., 2021), no previous studies have
investigated whether murine Hofbauer cells transcriptionally reflect microglia, and
whether they can be used to model human Hofbauer cells. Parallels between human and
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murine placentation are apparent in both gross morphology and function as well as
molecular pathways. Although the mouse placenta does have certain fundamental
differences from human, such as the degree of contact between fetal tissues and maternal
blood, or variability in tissue structure between human placental villi and mouse fetal
placental labyrinth, both species share important functions in nutrient transport, blood
filtration, and immunocompetency (Hemberger et al., 2020; Moffett and Loke, 2006;
PrabhuDas et al., 2015). Key similarities between mouse and human immune system
development relevant to these experiments include the yolk sac as the initial site of
hematopoiesis and origin for both microglia and Hofbauer cells (Cindrova-Davies et al.,
2017; Godin and Cumano, 2002; Migliaccio et al., 1986; Palis and Yoder, 2001;
Takashina, 1987), but certainly differences remain between human and mouse immune
development (Mestas and Hughes, 2004). To establish the extent to which murine
placental macrophages can be used to model human Hofbauer cells and PAMMs, we
interrogated the transcriptional relationships between our Hofbauer cell and PAMM
clusters and those of three independent published human data sets (Lu-Culligan et al.,
2021; Suryawanshi et al., 2018; Vento-Tormo et al., 2018). In all comparisons, the
signatures of murine Hofbauer cells and PAMMSs from our dataset were closely correlated
with human Hofbauer cell and PAMM signatures, suggesting a highly conserved
evolutionary relationship. Taken together, these findings provide strong evidence that the
mouse placenta can be used to understand immune interactions at the maternal-fetal
interface.

Despite their recognized importance in immune signaling at the maternal-fetal
interface (Reyes and Golos, 2018), Hofbauer cells remain under-characterized due to
challenges in cell isolation and maintenance of viability (Megli and Coyne, 2020). Thus,
while microglia have been demonstrated to be a highly heterogeneous cell type with
subsets of cells performing specialized functions (Hammond et al., 2019; Kracht et al.,
2020), there is a relative lack of knowledge regarding Hofbauer cell subsets and their
functions. By enriching for macrophages and monocytes with a Percoll gradient followed
by sub-selection for CD11b+ cells, our experiments were able to provide uniquely targeted
sequencing and greater resolution on placental macrophage populations than has been
previously achieved. This increased resolution led to new transcriptional and functional
insights on the under-characterized heterogeneity of Hofbauer cells and PAMMs.
Consistent with other groups (Thomas et al., 2020; Tsang et al., 2017; VentoTormo et al.,
2018), we found that maternal cells contribute significantly to placental macrophage
populations. Our use of male placentas and a panel of X- and Ychromosome markers to
identify fetal versus maternal placental macrophages represents an advance in
understanding, permitting more precise characterization of the transcriptional profile and
function of fetal versus maternal placental macrophages.

Our findings also confirm and expand upon the recent discovery of PAMMs
(Thomas et al., 2020), identifying further resolution on subclusters of PAMMs (six versus
three clusters), which in turn permitted new insights into their function. Examination of the
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hierarchical clustering and GO enrichment analyses of the PAMM_Spp1 cluster, a cluster
similar to the PAMM1a cluster identified by Thomas and colleagues, provides additional
insights into function. Cells in the previously-described PAMM1a cluster were noted to be
in direct contact with the (fetal) syncytiotrophoblast layer of the placenta, with these
PAMM cells enriched in lipid droplets (Thomas et al., 2020). It was therefore hypothesized
that these cells might be important in facilitating the survival, integrity, and repair of the
syncytiotrophoblast layer of the placenta. Consistent with this observation of close
crosstalk and engagement of these maternal macrophages with fetal placental cells, our
PAMM_Spp1 cluster, unlike other PAMM clusters, had substantial overlap in its
transcriptional and functional profile with both fetal brain microglia and Hofbauer cells
(Figure 2D and G). Also consistent with the finding that PAMMs implicated in repair and
regeneration of the fetal cells were localizing to lipid droplets adherent to the
syncytiotrophoblasts (Thomas et al., 2020), we found that GO terms related to regulation
of lipid localization and cellular response to lipid, and response to wounding also mapped
to PAMM_Spp1 (Figure 2G and Supplemental Figure 2E), as well as to two HBC
(HBC_C1qga and HBC_Pf4) and three microglial clusters (Mg_Sparc, Mg_Spp1, and
Mg_YSI_Pf4). Interrogating the function of microglia in these clusters will be an interesting
direction for future work. It has been demonstrated that microglia can accumulate lipid
droplets, in some cases leading to impaired phagocytosis and inflammation
(Marschallinger et al., 2020). Taken together, these findings demonstrate the potential for
scRNA-seq signatures to generate insights into function of subpopulations of Hofbauer
cells, microglia, and maternally-derived placental macrophages, as well as the potential
for Hofbauer cells to mirror microglia in both gene expression profile and function.

Prior work has demonstrated sex-specific fetal brain gene expression signatures
using whole fetal forebrain in a murine model, without subselection for any specific cell or
immune cell subtype (Edlow et al., 2016b). Given a strong sex bias in many microglial
mediated neurodevelopmental disorders, with autism spectrum disorder, attention deficit
hyperactivity disorder, and cognitive delay/learning disabilities all more common in males
than females (Bordeleau et al., 2019; Hanamsagar and Bilbo, 2016; Lenz and McCarthy,
2015; Shook et al., 2020), and the fact that male fetal macrophages (both brain and
placental) may be more vulnerable to pro-inflammatory intrauterine priming compared to
female macrophages (Edlow et al., 2018; Na et al., 2021), we sought to investigate
potential baseline sex differences in fetal macrophage populations. Immune responses at
the maternal-fetal interface are influenced by both maternally- and fetally-derived
macrophages. By excluding X and Y-chromosome genes from our sex differential gene
expression analyses, we were able to gain greater resolution on autosomal genes and
functions that differ by sex, compared to prior studies (Cvitic et al., 2013; Gonzalez et al.,
2018; Sun et al., 2020). Our finding that female placental and brain macrophages have
relatively increased immune/inflammatory “tone” relative to male are consistent with other
groups who have demonstrated upregulation of innate-immune-regulating genes in
female versus male placental cells at baseline (Bordt et al., 2021; Kieffer et al., 2018;
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Rosenfeld, 2015; Sun et al., 2020); taken together, these findings suggest that female
fetuses may be better equipped to respond to immune challenge during key
developmental windows. Fetal sex exerted a greater influence on gene expression in
maternally-derived macrophage clusters (PAMMs) compared to fetal Hofbauer cells, with
nearly 10 times more DEGs identified in PAMM versus Hofbauer cell clusters. GO
analysis revealed a striking fetal sex-dependent response in immune-related PAMM
functions such as phagocytosis, response to bacterial and viral origin, and interleukin
production, suggesting that maternally-derived placental macrophage populations play an
important role in immune tolerance of a male versus female fetus. In sum, our analyses
of sex differences in PAMMs suggest that the maternal immune system is finely-tuned to
locally respond to a male or female fetus, with crosstalk between subsets of fetal and
maternal placental macrophages.

Our study has potential limitations. Methods used to digest brain tissue and isolate
microglia vary widely but can substantially alter the transcriptomic and functional
capabilities of these cells. Some have asserted that positive cell selection with microbeads
may be associated with cell activation (Bhattacharjee et al., 2018), but other methods
necessary for cell isolation, such as Fluorescence activated cell sorting or FACS,
demonstrate similar induction of markers associated with microglial activation (e.q. CD86
and TLR4) (Ayata et al., 2018; Haimon et al., 2018). In addition, while other studies have
utilized different methods for both microglial and placental macrophage cell isolation
(Hammond et al.,, 2019; Thomas et al., 2020), many groups have reported similar
nonspecificity of their “Hofbauer cell” isolation protocols that also result in the isolation of
maternal macrophages. CD11b+ bead isolation following a 70/30 Percoll gradient was
selected due to its ability to permit isolation of fetal brain and placenta macrophages in
parallel, in a timely fashion to optimize cell viability for sequencing. Fortunately, singlecell
RNA-seq coupled with the use of Y-chromosome specific markers in male embryos
permitted resolution of maternal from fetal macrophages. ScCRNA-seq also provided the
advantage, compared to pre-sorting with FACS followed by bulk RNA-seq, of permitting
post-sequencing resolution of contaminating cell types, such as fibroblasts, vascular
endothelial cells, and natural killer cell populations. While these investigations were
designed to answer the question of whether Hofbauer cell subsets transcriptionally reflect
fetal brain microglial signatures, confirmation of the biological functions of highly
correlated placental and brain clusters is beyond the scope of this investigation. Further
investigation of the putative biological functions of clusters of interest and evaluation of
alterations to these baseline signatures in specific maternal exposure and disease states
will be important directions for future work.

In summary, these data provide a precedent for using placental Hofbauer cells as
a noninvasive surrogate for fetal brain microglial programming. Given the shared
transcriptional programs of healthy fetal brain microglia and Hofbauer cells in both males
and females, we hypothesize that Hofbauer cells and microglia will respond similarly to
maternal exposures. This is supported by previous work from our groups and others
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demonstrating that Hofbauer cells and fetal brain microglia respond similarly to bacterial
infection and to the bacterial endotoxin LPS after priming by maternal obesity (Edlow et
al., 2018; Na et al., 2021). This work paves the way for longer-term translational studies
in humans correlating Hofbauer cell immune profiles with offspring neurological
outcomes. Such studies will lend critical evidence to whether Hofbauer cells can serve as
an early indicator of neurodevelopmental risk, with the ultimate goal of identifying
vulnerable offspring at birth and facilitating interventions during key developmental
windows of plasticity. Exploring how Hofbauer cells respond to a variety of maternal
influences will provide further insight into the biology of microglial priming and can inform
potential targeted therapeutics.

Methods

Resource Availability

Lead contact

Further information and requests for resources/reagents should be directed to and will
be fulfilled by the lead contact, Andrea Edlow (aedlow@mgh.harvard.edu)

Materials availability

This study did not generate new unique reagents

Data and code availability

Single-cell RNA-seq data will be deposited in GEO prior to publication. Accession
numbers will be listed in the key resources table. Any additional information required to
reanalyze the data reported in this paper will be available from the lead contact upon
request.

Experimental Model and Subject Details

Animals

Strains and husbandry conditions

All procedures relating to animal care and treatment conformed to Massachusetts
General Hospital Center for Comparative Medicine Program, Duke University Animal
Care and Use Program, and NIH guidelines. Animals were group housed in a standard
12:12 light-dark cycle. The following mouse lines were used in this study: FVB-
Tg(Csf1rcre/Esr1*)1Jwp/d (Jackson Laboratory, stock no. 019098, referred to as Csf1r-
CrefR hereafter), B6.Cg-Gt(ROSA)26Sorim4(CAG-tdTomato)Hize/ | ( Jackson Laboratory, stock
no. 007914, referred to as tdTomato” hereafter), and C57BL/6J (Jackson Laboratory,
stock no. 000664). Csf1r-CrefR animals were backcrossed to C57BL/6J mice for one
generation prior to breeding with TdTomato” animals. Csf1r-CrefR was maintained in the
males for all experimental studies, and genotyping was performed per Jackson
Laboratory published protocols for each strain.
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Transgenic Breeding/Maintenance

Male Csf1r-CrefR; TdTomato” mice were crossed with TdTomato” or Tdtomato™ females
to generate control TdTomato™” or Tdtomato” and experimental Csf1r-CrefR; TdTomato™
or Csf1r-CrefR;TdTomato”™ animals within the same litters. We did not see any
spontaneous recombination (e.g. tdTomato fluorescence or RFP immunoreactivity) in
control animals. Pregnancy was determined by the presence of a copulation plug
(gestational day 0.5 (gd0.5)), and maternal weight was measured at gd0.5 and gd8.5 (to
confirm pregnancy weight gain). Pregnant females were injected intraperitoneally (i.p.)
with 10 mg/kg 4-hydroxytamoxifen (4-OHT, Millipore-Sigma cat #H46278) dissolved in corn
oil (Sigma) at gd8.5 and euthanized at gd17.5 with CO2 followed by rapid decapitation.
Sex was recorded and is clearly noted throughout the manuscript.

Method Details

Tissue collection for immunohistochemistry

Uterine horns containing embryos were rapidly dissected and placed on ice in sterile 1X
PBS. Individual embryos were separated, and placenta, brain, and tail tissue (for
genotyping) were collected. Placenta and brain tissue were fixed in 4% paraformaldehyde
in PBS (PFA, Sigma) overnight at 4°C, cryoprotected in 30% sucrose + 0.1% sodium
azide in PBS (Sigma), and embedded in OCT (Sakura Finetek, Torrance, CA) before
being cryo-sectioned. Sections were frozen at -80°C for storage. 40um cryosections were
collected directly onto Superfrost slides (Fisher), permeabilized in 1% Triton X-100 in
PBS, and blocked for 1 hr at room temperature using 5% goat serum (GS) in PBS + 0.1%
Tween-20. Sections were then incubated for 2 nights at 4°C with chicken anti-lba1
(Synaptic Systems, 234 006) and rabbit anti-RFP (Rockland, 600-401-379). Following
PBS washes, sections were then incubated with anti-rabbit Alexa-594 (placenta and
brain), anti-chicken Alexa-647 (placenta) or anti-chicken Alexa-488 (brain) (1:200;
ThermoFisher), and DAPI (100pg/mL). Ten z-stacks of 0.5um optical thickness were
taken using a Zeiss Axiolmager.M2 (with ApoTome.2) from at least 5 sections (each
400um apart) from the fetal compartment of each placenta. Ten z-stacks of 0.5um optical
thickness were also taken from at least 3 hippocampal sections (each section being
200um apart).

Tissue collection for sequencing

Pregnant C57BL/6J dams were euthanized at gd17.5. Uterine horns containing embryos
were rapidly dissected and embryos were placed on ice in sterile PBS. Brains and
placentas were isolated, and fetal forebrain and placenta were diced finely with sterile
blade and placed into collagenase A digestion solution (Millipore-Sigma; 11088793001)
on ice. Cd11b-positive cells were isolated from both placenta and brain tissue as
previously described (Bordt, 2020; Edlow et al., 2018). Briefly, samples were serially
dissociated into a single cell suspension using hand-flamed Pasteur pipettes, and the
resultant suspension was enriched for macrophages and monocytes using a 70%/30%
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Percoll gradient (Millipore-Sigma; GE17-0891-01). This enriched macrophage/monocyte
solution was incubated with human and mouse CD11b microbeads (Miltenyi Biotec;
130093-634), and cells were further enriched for  Cd11b-positive
macrophages/monocytes using Miltenyi MACS Separation Columns (LS; 130-042-401)
and a Miltenyi QuadroMACS Separator (130-090-976). Fresh CD11b+ cells from 4-5
biological replicates per group (4 male brains and matched placentas, 5 female brains
and matched placentas) were then prepared for single-cell RNA sequencing (10X
Genomics v3.0 chip). Approximately 5,900 cells/sample were sequenced, with a total of
105,000 sequenced cells analyzed across 18 samples. Data from pilot and full-depth
batches were integrated for final analysis (pilot runs averaged 5,810 reads/cell and full-
depth 22,563 reads/cell).

Quantification and Statistical Analysis

Immunohistochemistry quantification

Maximum intensity projections were generated with FIJI (FIJI Is Just ImageJ(Schindelin
et al., 2012)), and the Cell Counter plugin was used to aid in manual counting of Iba1+
and tdTomato/RFP+ cells. Counts were done by an individual blinded to the age, sex, and
genotype of the tissue. Sample sizes can be found in the legend for Figure 1.

Single cell RNA-sequencing analysis

10x Data analysis and clustering: 10x scRNA-seq data was aligned with 10x Genomics
Cell Ranger (v3.0) (Zheng et al., 2017) against the mm10 Mouse reference genome.
Downstream analysis was performed with R (v.4.0.0) package Seurat (v4.0.3) (Butler et
al.,, 2018; Hao et al., 2021; Satija et al., 2015; Stuart et al., 2019). Initial filtering was
performed on each sample as follows: cells with UMI count <500, gene count <250, or
fraction of reads aligning to mitochondrial genes > 0.2 were removed; genes detected in
< 10 cells were also removed. All samples were normalized and putative doublet cells
were removed using predictions generated from DoubletFinder (v2.0.3) (McGinnis et al.,
2019). All samples were integrated to remove batch effects from individual animals using
the Seurat Single Cell Transform workflow (Hafemeister and Satija, 2019) using the top
3000 variable features, followed by clustering using the Leiden algorithm on the shared
nearest neighbor graph, as implemented in the Seurat function FindClusters function with
resolution 0.4, and visualization by UMAP using the first 50 principal components. Cluster
marker genes were identified using Seurat function FindAllMarkers. Markers were
considered significant with adjusted p-value < 0.05, expression in >25% of cells in the
cluster under consideration, and average log fold-change between cells in and out of the
cluster under consideration >0.25. To compare the cluster signatures identified in brain
and placenta, starting with the total set of significant marker genes in all clusters (1651
genes), we calculated the average expression profiles of these genes for each cluster,
and visualized the correlation of marker-gene average expression profiles between all
clusters.
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Cluster annotation:

Identification of UMAP cell clusters with cell types was done in three steps: (1) First,
clusters were annotated using R package SingleR (v1.2.4) with celldex (v.0.99.1) (Aran
et al., 2019) packages built-in MouseRNAseq reference; (2) annotation was confirmed
using the top Spearman correlation coefficient between cluster-averaged gene
expression in our clusters and cluster-averaged gene expression cell types from
reference datasets for mouse microglia (Hammond et al., 2019; Kracht et al., 2020) and
human placenta (Lu-Culligan et al., 2021; Suryawanshi et al., 2018; Vento-Tormo et al.,
2018) using the cluster correlation method recently described (Lu-Culligan et al., 2021)
(results shown in Figure 3 and Supplemental Figure 3). Scatterplots and heatmaps were
produced using the tidyverse 1.31 R library collection (Wickham et al., 2019); (3) celltype
assignment was refined using manual examination of marker genes. Clusters identified
as Monocyte- or Macrophage-like were selected and re-clustered (the full set of identified
clusters is shown in Figure S1B). When comparing the correlation between cluster-
averaged gene expression between brain and placenta samples (Figure 1D), we
restricted the expression matrix to significant marker genes from brain and placenta
clusters. Single-cell gene signature enrichment scores were calculated using the
AddModuleScore function in Seurat using gene signatures described by Thomas et al
(Thomas et al., 2020).

Differential gene expression analysis:

Differentially expressed genes (DEGs) between males and females were calculated by
aggregating counts by cluster and by individual into a pseudobulk count matrix (as
implemented by the Libra R package (Squair et al., 2021)), and using the Wald test for
differential expression in DESeq2 (Love et al., 2014). Recent benchmarking studies have
demonstrated that bulk RNAseq methods perform equally well to those developed for
scRNAseq while also controlling false discovery rates (Soneson and Robinson, 2018;
Squair et al., 2021). For our hypothesis-generating analyses (e.g. sex differences in
microglia, hofbauer cells, and PAMMs), we considered genes with adjusted p-value < 0.1
to be differentially expressed. Genes whose significance was driven by a single sample
were eliminated.

Functional gene analyses (GO and IPA):

Gene ontology enrichment analysis was performed on both cluster marker genes and
sex-differentially expressed genes using R package clusterProfiler (v. 4.0.5) (Wu et al.,
2021) enrichGO function and underlying database AnnotationDb org.Mm.eg.db (v3.13.0).
For marker genes, enrichment analysis was performed per cluster and GO terms were
considered significant for marker gene enrichment with an adjusted p-value < 0.05. For
sex-differentially expressed genes, we grouped DEG by cell type for HBC, Mg and PAMM
clusters prior to enrichment analysis and considered GO terms significant with an
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adjusted p-value less than 0.1. GO terms shown for marker genes in Figure 2G and DEG
in Figure 4C were curated to show the most significant terms in selected clusters that
were relevant to macrophage function, and to remove redundancy.

For the Downstream Effects analyses, IPA pathways (cellular and molecular
functions and physiological systems) were defined as significantly dysregulated if their
Zscores were > 2 (activated) or < 2 (inhibited), if they had Benjamini Hochberg-corrected
p-values < 0.05, and contained 3 or more genes from our differentially-expressed gene
set, consistent with prior work and IPA’s recommended thresholds for significance (Edlow
et al., 2016a, 2015, 2016b, 2019; Ingenuity Systems, 2021a). Only Canonical Pathways
and Upstream Regulators with predicted activation or inhibition (Z-scores > 2 being
activated and < 2 inhibited) and/or Benjamini-Hochberg p-value < 0.01, reflecting 3 or
more genes in our differentially-expressed set were considered significant, consistent with
IPA’s recommended thresholds for causal pathway analyses (Ingenuity Systems, 2021b;
Kramer et al., 2014).

Supplemental Files

Supplemental Figures may be found in Supplemental Figures pdf Supplemental
Tables:

Supplemental Table 1. Significant Cluster Marker Genes

Footer: Tab 1, Brain. Tab 2, Placenta. The following filtering thresholds were applied:
adjusted p-value < 0.05, expression in >25% of cells in the cluster under consideration
(pct.1>0.25), and average log fold-change between cell inside and outside of the cluster
under consideration > 0.25 (avg_Log2FC>0.25). Cluster: name of the cluster under
consideration; p_val: p-value unadjusted; avg_log2FC: Log2 fold-change of the average
expression between the two groups (inside and outside the cluster under consideration)-
positive values indicate that the gene is more highly expressed in the first group; pct.1:
The percentage of cells where the gene is detected in the cluster under consideration;
pct.2: The percentage of cells where the gene is detected in clusters outside the cluster
under consideration; p_val_adj: Adjusted p-value, based on Bonferroni correction using
all genes in the dataset.

Supplemental Table 2. GO Biological Processes Enriched in Cluster Marker Genes
Footer: GeneRatio: The ratio of the number of genes in the query set that are annotated
by the GO ID and the number of genes in the query set that are annotated in the database
of all GO IDs; BgRatio: The ratio of the number of genes in the GO database annotated
by the GO ID and the number of genes in the GO database annotated by any GO ID;
pvalue: Unadjusted p-value; p.adjust: FDR p-value using the Benjamini-Hochberg
method; qvalue: Alternative method of FDR correction; genelD - List of genes in the query
set that are annotated by the GO ID; count: Number of genes in the query set that are
annotated by the GO ID

Supplemental Table 3. Genes Differentially Expressed in Both Female versus Male
Hofbauer Cells and Microglia
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Footer: Mg: microglia; HBC: Hofbauer cell; padj: Benjamini Hochberg adjusted p-values.
Direction of dysregulation is in females relative to males, so negative log2fold change
values indicate a downregulation in females relative to males, and positive log2fold
change upregulation.

Supplemental Table 4. Working files for the Ingenuity Pathways (IPA) analyses
Supplemental Table 5. IPA Analyses for Female versus Male Microglia (Tab 1,
Canonical Pathways; Tab 2, Upstream Regulators; Tab 3, Downstream Effects)

Tab 1 Footer: Significantly Dysregulated Canonical Pathways in Female versus Male
Microglia. Significantly dysregulated pathways defined as those with BH p-value < 0.05
and/or absolute Z-score > 2; -log (BH p-value) > 1.3 corresponds to BH p-value < 0.05;
Ratio: number of dysregulated genes in the gene set in the canonical pathway/total
genes in the canonical pathway; Differentially-expressed genes in this pathway: genes
in our DEG gene set that are component genes of the pathway. Directionality is for
female versus male, so upregulated/activated is activated in females.

Tab 2 Footer: Significantly Dysregulated Upstream Regulators in Female versus Male
Microglia. Significant dysregulation of Upstream Regulators defined as BH p-value <
0.01 (given large number of upstream regulators with BH p-value < 0.05) and/or
absolute Z-score > 2, and involving at least 3 genes in the dataset. Activation is
predicted by IPA if Z-score > 2, Inhibition predicted if Z-score < -2.0. Directionality
is for female versus male, so upregulated/activated is activated in females. Tab 3
Footer: Significantly Dysregulated Molecular and Cellular Functions and Physiological
Systems in Female versus Male Microglia. Significantly dysregulated functions defined
by BH p-value < 0.05 and/or absolute Z-score 2 2, and involving at least 3 genes in the
dataset. Predicted activation is “increased” if Z-score > 2, “decreased” if Z-score
< -2.0. Directionality is for female versus male, so increased activation is increased in
females.

Supplemental Table 6. IPA Analyses for Female versus Male Hofbauer Cells (Tab 1,
Upstream Regulators; Tab 2 Downstream Effects)

Tab 1 Footer: Significantly Dysregulated Upstream Regulators in Female versus Male
Hofbauer Cells. Significance defined as BH-p < 0.01 and/or absolute Z-score >2, and
involving at least 3 genes in the dataset. Directionality is for female versus male, so
upregulated/activated is activated in females.

Tab 2 Footer: Significantly Dysregulated Molecular and Cellular Functions and
Physiological Systems in Female versus Male Hofbauer Cells. Significantly
dysregulated functions defined by BH p-value < 0.05 and/or absolute Z-score =2, and
involving at least 3 genes in the dataset. Directionality is for female versus male, so
upregulated/activated is activated in females.

Supplemental Table 7. IPA Analyses for PAMMs from Female versus Male
Pregnancies (Tab 1, Upstream Regulators; Tab 2, Downstream Effects)

Tab 1 Footer: Significantly Dysregulated Upstream Regulators in Female vs Male
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PAMMs. Significant dysregulation of Upstream Regulators defined as BH p-value < 0.01
(given large number of upstream regulators with BH p-value < 0.05) and/or absolute
Zscore>2, and involving at least 3 genes in the dataset. Activation is predicted by IPA if
Z-score=>2, Inhibition predicted if Z-score<-2.0. Directionality is for female versus male,
so upregulated is upregulated in females.

Tab 2 Footer: Significantly Dysregulated Molecular and Cellular Functions and
Physiological Systems in Female versus Male PAMMs. Significantly dysregulated
functions defined by BH p-value < 0.05 and/or absolute Z-score 22, and involving at
least 3 genes in the dataset.
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