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Intrauterine fetal demise (IUFD) — fetal loss after 20 weeks — affects 6
pregnancies per 1,000 live births in the United States, and the majority are of
unknown etiology. Maternal systemic regulatory T cell (Treg) deficits have been
implicated in fetal loss, but whether mucosal immune cells at the maternal-fetal
interface contribute to fetal loss is under-explored. We hypothesized that the
immune cell composition and function of the uterine mucosa would contribute
to the pathogenesis of IUFD. To investigate local immune mechanisms of IUFD,
we used the CBA mouse strain, which naturally has mid-late gestation fetal loss.
We performed a Treg adoptive transfer and interrogated both pregnancy
outcomes and the impact of systemic maternal Tregs on mucosal immune
populations at the maternal-fetal interface. Treg transfer prevented fetal loss and
increased an MHC-1I'°" population of uterine macrophages. Single-cell RNA-
sequencing was utilized to precisely evaluate the impact of systemic Tregs on
uterine myeloid populations. A population of Clg+, Trem2+, MHC-1I'"" uterine
macrophages were increased in Treg-recipient mice. The transcriptional
signature of this novel uterine macrophage subtype is enriched in multiple
studies of human healthy decidual macrophages, suggesting a conserved role
for these macrophages in preventing fetal loss.
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Introduction

Human fetal loss after 20 weeks of gestation is known as an
intrauterine fetal demise (IUFD), commonly referred to as stillbirth.
In the United States, IUFD affects 6 pregnancies for every 1,000 live
births (1, 2), and the cause of death in IUFD is unknown in nearly
two-thirds of cases (3). The continued high rate of TUFD and lack of
data led to a congressional mandate for the formation of a “Stillbirth
Task Force” in 2022 (4). These initiatives have improved data
collection on IUFD without elucidating the underlying biology
(4). Certain features are frequently present in cases of IUFD of
unknown etiology — abnormal placentation, intrauterine growth
restriction, histological chorioamnionitis, and elevated maternal
white blood cell counts (5). Placental lesions and fetal growth
restriction are associated with immune abnormalities (6, 7);
collectively these features point toward an immune basis for a
subset of IUFD. While the precise systemic and uterine mucosal
immune pathways mechanistically responsible for IUFD remain
elusive, current research has focused on a role for regulatory T cells
(Tregs) in fetal loss.

Tregs are necessary for successful allogeneic mammalian
pregnancy (8-13). Evolutionarily, the advent of the placenta
coincides with CNS1, the FoxP3 enhancer required for peripheral
Treg induction (12). Progesterone acts upon T cells to increase
Tregs during implantation, demonstrating immune-hormonal
crosstalk in early pregnancy (13). Treg depletion early in
gestation or just prior to mating causes complete fetal loss but
Treg depletion in mid-late gestation only causes occasional loss (9,
14). The role of Tregs in promoting fetal health in the second half of
gestation is unclear.

Research in immune mechanisms of fetal loss has focused on
Tregs with fetal-specific T cell receptors (TCRs) and how they may
interact with other fetal-specific T cells to maintain tolerance to fetal
antigens during pregnancy (8, 11, 15). Tregs are thought to
contribute to CD8+ T cell dysfunction in pregnancy as a key
mechanism of promoting maternal-fetal tolerance and hence,
preventing fetal loss (16-20). While one mechanism of Treg
prevention of fetal loss may be inducing tolerance in anti-fetal T
cells, Treg depletion in pregnancy is also associated with uterine
artery dysfunction and shallow placentation (6, 12, 21, 22). Another
potential mechanism by which Tregs prevent fetal loss would be
through modulation of uterine mucosal immune populations.

Mucosal immune cells are critical to the protection and
homeostasis of barrier sites and are integral to both mucosal
disease and their treatment (23-26). In the non-pregnant uterus,
mucosal immune cells are implicated in pelvic inflammatory
disease, endometriosis, and endometrial cancer. Emphasizing
their role in disease pathogenesis, new immune modulatory
therapies target these uterine cells (27-31). Most studies on the
pregnant uterus have focused on NK cells, which are the most
dominant uterine immune population in early pregnancy (32-34).
Uterine NK cells defend against congenital infections, are
implicated in early pregnancy loss and implantation failure, and
have been modulated to treat infertility — demonstrating their
multifactorial roles in pregnancy outcomes (35-39). By the
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second half of gestation, macrophages are more numerous than
NK cells in the decidua, but fewer studies have focused the role of
decidual macrophages (40).

Human decidual immune cells have also been explored in the
setting of pregnancy loss. Multiple studies have compared tissue
from first trimester spontaneous abortions and presumed healthy
tissue from elective abortions (34, 41-43). While such research is
invaluable, human research on fetal loss is limited by when tissue
can be ethically obtained: after the loss has occurred and generally
early in gestation. We therefore seek to address this knowledge gap
utilizing an existing mouse model of fetal loss, allowing us to
examine decidual immunity across a gestational time course. We
hypothesize that the pathophysiology leading to IUFD involves
uterine immune cell interactions and that understanding
these local cellular dynamics is critical for developing novel
therapeutic strategies.

The CBA mouse strain has a reproductive phenotype that is
currently characterized as fetal “resorption,” describing a fetal loss
pathology with a dark necrotic fetal tissue mass at an implantation
site (44, 45). Many studies have demonstrated that immune
interventions, such as maternal injections of cytokines, adjuvants,
or blocking antibodies alter the rates of fetal loss in CBA mice (46—
51). Prior studies have also performed adoptive transfers of Tregs
from a variety of sources to decrease rates of CBA fetal loss (21, 44,
52-55). While these studies demonstrate that a systemic immune
intervention can impact pregnancy outcomes, they do not identify
the cellular immune mechanisms, at the level of the uterus,
responsible for fetal loss.

To understand local immune interactions at the maternal-fetal
interface contributing to the pathogenesis of IUFD, we utilize the
CBA mouse strain. First, we rigorously characterize the
reproductive phenotype, interrogate the parental or fetal origin of
CBA fetal loss, and examine tissue-specific immune compositions
over multiple gestational time points. Second, we queried not only
whether Treg adoptive transfer would rescue the fetal loss
phenotype, but also how a systemic transfer alters local uterine
mucosal immunity. We comprehensively explore uterine tissue
immune populations through single-cell RNA-sequencing
(scRNA-seq) of uterine myeloid cells from pregnant CBA mice,
comparing Treg-recipients to saline control mice. We demonstrate
that systemic Treg transfer alters uterine myeloid populations and
identify a Trem2+, Clq+, MHC-II'"" uterine macrophage
population, found in both mouse and human data, that may be
critical for pregnancy maintenance and reproductive health.

Results

CBA mice have multiple aberrant
reproductive phenotypes

We first characterized CBA reproductive phenotypes by
comparing CBA pregnancies to C3H/HeN (C3H) pregnancies.
C3H females were used as a control mouse strain because they
are close genetic relatives of CBA mice. Both strains were derived
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from mating a Bagg albino female and DBA male and both have the
MHC haplotype H-2% (56). CBA and C3H females were all mated to
DBA/2 males. DBA/2 males were selected as a mate because they are
the most frequently studied mate of CBA females (45) and are
allogeneic from CBA and C3H mice, expressing the MHC
haplotype H-29. To determine the timing of fetal loss, CBA and
C3H female mice were mated to DBA/2 males and sacrificed every
two days from E8 - E14. No evidence of fetal loss was visible at E8 or
E10, but was observed from E12 and later gestational ages,
indicating a mid-late gestation fetal loss phenotype (Figure 1A).
Pregnancies carried by CBA compared to C3H females had higher
rates of fetal loss (Figure 1B), fewer viable fetuses (Figure 1C), and

10.3389/fimmu.2023.1256453

ultimately smaller litter sizes at term (Figure 1D). By near term, at E18
— despite a smaller litter size, which usually confers an increase in fetal
weight — fetuses from CBA dams weigh less than fetuses from C3H
pregnancies (Figure 1E). Fetuses from CBA dams also have larger
placentae (Figure 1F) and a smaller fetal:placental weight ratio
(Figure 1G) than fetuses from C3H dams, suggesting placental
insufficiency. Monochorionic diamniotic twins were also observed in
CBA pregnancies but are rarely present in C3H pregnancies (Figure
S1A). At E14, these twins may both appear normal (Figure S1B) or one
twin may have demised (Figure S1C). These data demonstrate aberrant
pregnancy outcomes in CBA mice beyond simply fetal loss, with
varying placental phenotypes.
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Adverse phenotypes in CBA pregnancy are evident in the second half of gestation. C3H and CBA dams were timed-mated to DBA/2 sires to
compare pregnancy phenotypes. (A) Pregnant females were sacrificed every two days from E8 — E14 (N = minimum of 4 mice/strain/age) and fetal
loss was recorded. In subsequent experiments, (B) the rate of fetal loss was reported at E14, (C) the number of viable fetuses was counted at E18,
and (D) the number of live pups was counted on postnatal day 1. (E) Fetal and (F) placental weights were also recorded on E14 and E18 and the

(Q) fetal-to-placental weight ratio was calculated. For all datasets, normality was assessed by Shapiro-Wilk test. Differences in the rate of fetal loss
and fetal and placental weights over multiple gestational ages were assessed by two-way ANOVA, followed by Sidak’'s multiple comparison test
comparing differences between strains at each gestational age. Differences between two matings at a single gestational age were analyzed by
unpaired t-test if normally distributed, or Mann-Whitney test if non-normally distributed. *:p<0.05, **:p<0.01, ***:p<0.001, ****:p<0.0001
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CBA fetal loss is maternal in origin

To determine the mechanism of CBA fetal loss, we first establish
whether pregnancy loss is of maternal, paternal, and/or fetal origin.
We characterized the pregnancy phenotype by mating both male
and female CBA mice to other strains of mice (N = 12 different
mating pairs) and comparing the rates of fetal loss to core reference
strains, such as C57BL/6 and Balb/c (Figure 2A). When CBA male
mice sired pregnancies, the rates of fetal loss were the same as seen
in more common strains (median rate: 0%) (Figure 2A).
Conversely, when pregnancies were carried by CBA female mice,
the rates of fetal loss were elevated (median rate: 25%) (Figure 2A)
regardless of paternal strain. As fetal genotype could influence
pregnancy outcome, we controlled for this by mating CBA
females to C3H males and compared rates of fetal loss to C3H
females mated to CBA males. In these pregnancies, the fetal
genotypes are the same (CBA x C3H), but the parentage is
reversed. In CBA x C3H pregnancies, carried by CBA females,
fetal loss was greater than in C3H x CBA pregnancies, carried by
C3H females, whether measured as a rate per pregnancy (Figure 2B)
or as a total count of healthy versus demised fetuses (Figure 2C).
These data demonstrate that the reproductive phenotype of fetal
loss is dependent on the maternal genetic/immune status.

Pregnant CBA mice have both systemic
and local immunologic differences from
C3H mice

We comprehensively surveyed CBA and C3H immune cell
composition in both local and systemic compartments to
elucidate CBA immune abnormalities in an unbiased manner.
Immune cell composition was first compared in the spleen and
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uterus of virgin female CBA and C3H mice by flow cytometry using
a consistent gating scheme (Figure S2). CBA mice have fewer
splenic Tregs and macrophages than C3H mice (Figures 3A, B).
No differences in immune cell composition were detected in the
uteri of virgin CBA and C3H female mice (Figures 3C, D; S3).

To determine if there were local immune differences during
pregnancy, CBA and C3H female mice were mated to DBA/2 males
and sacrificed every two days from E8 — E14. While some local
immune populations followed similar trends over gestation between
the strains (Figures 3C, D; S4), by E14 significant differences were
noted in the Treg and macrophage compartments. Spleen and
uterine-draining lymph nodes (uLN) of E14 pregnant CBA mice
had fewer Tregs than C3H mice (Figure 3E). Pregnant CBA mice
also had fewer macrophages in the spleen, decidua and placenta,
and the CBA macrophages expressed higher levels of MHC-II than
C3H macrophages (Figures 3F, G). The elevated MHC-II
expression on CBA macrophages was notably significant in local
uterine and decidual macrophages (Figures 3G, H). While no
quantitative differences in uterine immune cells were noted
between CBA and C3H virgin mice (Figure S3), the immune
composition of the uterine and decidual environments during
pregnancy differ between CBA and C3H mice (Figures 3B, D-H),
supporting a role for uterine immune cells in the observed
reproductive loss in CBA dams.

Regulatory T cell adoptive transfer
prevents fetal loss and decreases MHC-II
expression on decidual macrophages

Given the systemic deficit of Tregs in both virgin and pregnant
CBA female mice and the known importance of Tregs in pregnancy
(8-12), we performed a Treg adoptive transfer. Tregs were isolated
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Fetal loss in CBA pregnancy is dependent on maternal strain. Timed-matings were conducted between 5 strains of mice in different mating pairs:
C57BL/6, Balb/c, DBA/2, CBA, and C3H/HeN. (A) Pregnant dams were sacrificed on E14-15 and healthy versus demised fetuses were counted and
reported as a rate of fetal loss. N = minimum of 4 pregnancies/pair. CBA dams were mated with C3H/HeN sires and C3H/HeN dams were mated
with CBA sires, side by side. Dams were sacrificed at E14 and healthy versus demised fetuses were counted and (B) reported as a rate of fetal loss
and (C) as a total count of fetuses. Rates of fetal loss among more than two matings were compared by Kruskal-Wallis test followed by a post-hoc
Dunn'’s multiple comparison test comparing fetal loss in C57BL/6 female x Balb/c male pregnancies to all others. Rates of fetal loss between two
matings were compared by Mann-Whitney test. Fetal counts were compared by Fisher’s exact test. *:p<0.05, **:p<0.01, ***:p<0.001.
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Gestational time course reveals that CBA mice have fewer systemic Tregs and fewer splenic and uterine macrophages. Timed-matings were
conducted with CBA and C3H/HeN dams mated to DBA/2 sires. Mice were sacrificed every two days from E8 — E14 and the immune composition of
the maternal spleen, uterine-draining lymph nodes (uLN), uterus, decidua, and placentae were analyzed by flow cytometry. Spleen and uterus from
virgin CBA and C3H/HeN females were also analyzed. Immune cells in virgin mice (left) and over E8-E14 of gestation (right) are shown for (A) splenic
Tregs, (B) splenic macrophages, (C) uterine Tregs, and (D) uterine macrophages. At E14, (E) Treg and (F) macrophage levels, as well as (G) MHC-II
expression on macrophages are reported in multiple tissues. (H) Representative flow plots of decidual macrophages at E14 of C3H/HeN (left) and
CBA (right) pregnancy gated on non-debris, singlets, live, CD45+, CD19-, Ly6G-, CD11b+, F4/80+ cells. Immune cell differences in virgin mice were
analyzed by unpaired t-test. Gestational time course and comparisons between different organs were analyzed by two-way ANOVA followed by
Sidak’s multiple comparison test comparing differences between strain. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001

from spleens of E14 pregnant C3H mice by fluorescence-activated
cell sorting (FACS) and 2x10° Tregs in 100l of PBS were injected
into E2 CBA dams. Control CBA mice received 100ul PBS alone.
The quantity and timing of Treg transfer is based prior studies of
Tregs in CBA mice (44, 53, 54). Maternal Treg transfer increased
the numbers of viable fetuses and decreased the rate of fetal loss at
E14 and E18 (Figures 4A-C). Treg transfer did not increase fetal
weight, decrease placental weight, or improve the fetal:placental
weight ratio (Figures 4D-F). These findings suggest that systemic
(maternal) Treg administration modulates a key pathway driving
the fetal loss phenotype but appear insufficient to completely
reverse the totality of the phenotype.

Frontiers in Immunology

To assess how systemic administration of immune cells might
alter immune composition in the reproductive tissues, we analyzed
both systemic and local tissues to determine if the systemic injection
of Tregs was able to alter local immune populations in the uterus,
decidua, and placenta. We hypothesized that Treg transfer may
specifically alter uterine macrophages, given that the primary
difference we found between CBA and C3H uterine immune cells
was in macrophage expression of MHC-II (Figure 3G), and Tregs
are known to decrease MHC-II on macrophage cell membranes
(57). Pregnant CBA mice, having received Tregs or saline (controls)
on E2, were sacrificed on E14, 12 days after the initial injection.
Tregs were increased in the uLNs of Treg-recipients over controls
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Regulatory T cell adoptive transfer prevents fetal loss. Timed-matings were conducted between CBA dams and DBA/2 sires. At E2-E3, pregnant CBA
dams received retroorbital injections of either 2x105 Tregs isolated from the spleen of pregnant C3H/HeN dams or PBS. Mice were sacrificed at E14
and (A) healthy versus demised fetuses were counted and (B) reported as a rate of fetal loss. In subsequent experiments mice were sacrificed at E18
and (C) viable fetuses were counted. The weights of (D) healthy fetuses and (E) their placentae were measured at E14 and E18 and reported as a

(F) ratio of fetal weight to placental weight. Count data (A) was assessed by fisher's exact test, fetal loss (B) was assessed by Mann-Whitney test, and
viability (C) was assessed by unpaired t test. Weights (D—F) were assessed by two-way ANOVA. *p<0.05, **p<0.01.

(Figure 5A). Macrophages were increased in Treg-recipients over
controls in maternal blood, but not in the uterus or decidua
(Figure 5B). Given the lack of quantitative changes in broad
immune cell types local to the maternal-fetal interface, we then
evaluated macrophage subsets and expression of markers that
impact macrophage function. Decidual macrophages from Treg-
recipients had reduced expression of MHC-II, similar to decidual
macrophages from healthy C3H mice (Figures 5C, 3G). We
hypothesized that Treg transfer would induce an ‘M2’-like
macrophage phenotype, as has been reported in mice with
healthy pregnancy (58), so we analyzed CD206+ MHC-IT'"
macrophages, but did not identify a difference (Figure 5D). We
then investigated macrophage activation, specifically looking at
CD80 and CD86 expression. Treg-recipient mice had more
CD86- MHC-II- macrophages in their blood, uterus, and decidua
than controls (Figure 5E). Decidual macrophage expression of
CD86 and MHC-II is visualized in representative flow plots
(Figure 5F). These results support our hypothesis that a systemic
Treg transfer can alter local uterine and decidual macrophages -
changing the macrophage phenotype to be more like those from
healthy C3H mice.
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Single-cell RNA-sequencing of
uterine CD11b+ cells identifies an
increase in an uterine macrophage
subset following Treg transfer

Our initial Treg transfer demonstrated that a single systemic
injection early in pregnancy (E2) could change uterine myeloid
populations and sustain those changes for at least 12 days. To
investigate specific changes in the uterine myeloid cells induced by
a maternal Treg injection, we performed single-cell RNA-sequencing
(scRNA-seq) on CD11b+ cells isolated from the uteri of 3 Treg-
recipient mice and 3 PBS-injected control mice. The combined
sequenced cells were visualized in 2D space by UMAP and 15
clusters were identified (Figure 6A). Cluster identities were
determined by expression of cell type defining genes (Figure 6B).
We focused our analysis on macrophages due to our findings by flow
cytometry. We identified seven macrophage clusters, expressing
Adgrel but not Ly6c2, indicating they are in the macrophage/
monocyte lineage but not classical monocytes: clusters 0, 1, 4, 9, 10,
11, and 12 (Figure 6B). Those macrophage clusters were further
analyzed for differentially expressed genes (Figure 6C). Within the
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Regulatory T cell adoptive transfer alters the phenotype of uterine macrophages. At E14 following Treg transfer, maternal blood, uterine draining
lymph nodes (ULN), uterus, and decidua were collected and analyzed for immune cell composition by flow cytometry including for (A) regulatory T
cells, (B) total macrophages (C) macrophage expression of MHC-II, (D) M2 macrophages, and (E) CD86- MHC-II- macrophages. (F) Representative
flow plots of CBA decidual macrophages at E14 after Treg transfer (right) and control PBS (left) gated on non-debris, singlets, live, CD45+, CD19-,
CD4-, Ly6G-, CD11b+, F4/80+ cells. Two-way ANOVA followed by Sidak's multiple comparison test was used to compare mice treated with PBS
versus Tregs in different organs. *:p<0.05, **:p<0.01, ***:p<0.001. N= min. 6 mice/group.

same cell type cluster, there was little differential gene expression
between the cells from Treg-recipient or PBS-injected control mice
(Figure S5; Table S1). However, Treg transfer influenced the
proportions of each cell type present in the uterus, specifically
increasing cluster 0 Trem2+ macrophages (p=2.2e-12) and
decreasing cluster 3 neutrophils (p=3.6e-12) (Figure 6D).

Furthermore, Treg transfer shifted the ratio of the two largest
groups of uterine macrophages: cluster 0 and cluster 1. Treg
recipients had a 55.2% higher ratio of clusters 0:1 than PBS-
injected control mice (Figure 7A). Cluster 1 has increased
differential expression of MHC-II and related genes (i.e. H2-Aa,
H2-Abl, H2-Ebl, Cd74, H2-DMa, H2-DMb1) when compared to
cluster 0, which are visible in the top left corner of the volcano plot
(Figure 7B). This contrast in MHC-II expression between cluster 0
and cluster 1 can be visualized by examining expression of the class
II gene H2-Aa between cluster 0 and cluster 1 (Figures 7C, D).

Frontiers in Immunology

07

Analyses of uterine macrophages enriched
by Treg transfer implicate C1lq complex
and Trem2 as functionally important genes
and proteins

To investigate potential functions of the cluster 0 uterine
macrophages, we conducted pathway analysis on the top 50 cluster
defining genes (Table S2) (59). Cluster 0 macrophages are enriched for
gene pathways including immune effector processes, regulation of
response to external stimuli, and synapse organization (Figure 8A).
The top 50 cluster 0-defining genes encode proteins with many
potential interactions, including the Clq complex, transmembrane
signaling proteins, and regulation of MHC-II expression (Figure 8B).
To further analyze potential functions of cluster 0 macrophages, we
compared their gene set to known mouse myeloid gene signatures.
Gene lists were compiled from scRNA-seq experiments on mouse
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Single cell RNA sequencing of uterine CD11b+ cells identified an increase in Trem2+ macrophages and a decrease in CCL3+ neutrophils following
Treg transfer. (A) Seurat UMAP clustering of uterine CD11b+ cells combined from all 6 mice identified 15 cell subsets. (B) Cell type of each cluster
was identified by expression of cell type-defining genes: Adgrel for macrophages and monocytes, Ly6c2 for monocytes, S100a9 for neutrophils,
Cd209a for dendritic cells, Nkg7 for NK cells, and Epcam for epithelial cells. (C) Clusters that were Adgrel+ but Ly6c2-(0, 1, 4, 9, 10, 11, 12) were
further identified by their individual gene signatures. The top 5 differentially expressed genes for each of those clusters are shown in a heatmap.
(D) The cellular make up was differentiated between mice that received Tregs versus control mice that received PBS and analyzed by Fisher's Exact
Test. Cluster 0 and cluster 3 had significantly different proportions in the Treg transfer recipient mice. MP, macrophage; NP, neutrophil; AA,
alternatively activated; Mono, monocyte; DC, dendritic cell; CK, cytokine. Mo, monocyte; NK, natural killer cell; Epi, decidual epithelial cell.

myeloid cells into a single gene matrix of 123 gene lists (60-72). 47 of
the gene lists were upregulated in a ranked list of all genes expressed by
cluster 0 uterine macrophages. The normalized enrichment score
(NES) of each of these 47 gene lists was plotted against the nominal
p-value of the enrichment (Figure S6A). Of those upregulated gene
lists, 10 had significant nominal p-values of <0.01 (Figure S6B). The
gene set with the highest NES and lowest false discovery rate (FDR) g-
value was one for tumor-associated macrophage 2 (TAM2) from a
mouse model of glioblastoma multiforme (GBM) (Figure S6B, purple
circle). The similarity between the TAM2 gene set and our cluster 0
macrophages can be visualized by an enrichment plot (NES = 1.62,
FDR g-value = 0.001) (Figure S6C). Leading edge analysis was
performed on the 10 gene lists enriched in cluster 0 macrophages

with a p-value <0.01 to search for a conserved core gene signature
among these macrophage subtypes. Of these leading-edge genes, seven
were present in 9 out of 10 gene lists: CIqa, Clgb, Clqc, Grn, Itgb5,
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Lgmn, and Trem2. This analysis suggests an important conserved role
for those 7 genes in this macrophage subset.

Given the repeated identification of Cl1q complex and Trem2 in
our scRNA-seq analyses, we asked whether these proteins were
enriched in healthy pregnancies, in addition to the RNA transcripts.
As Clq is a soluble protein, we investigated whether the Treg-induced
transcriptional elevation in Clq genes corresponded to an increase in
soluble protein. Uterine implantation sites of pregnant CBA mice that
received a Treg adoptive transfer had 44.7% more Clq protein than
control mice as measured by ELISA (Figure 8C). Uterine macrophages
from pregnant C3H mice, without any known reproductive pathology,
expressed 1.7-fold more Trem?2 than those in CBA mice (Figure 8D). A
clear population of Trem2+ MHC-II'""/"*8 macrophages was identified
by flow cytometry (Figure 8E) and healthy C3H mice had 44.8% more
uterine Trem2+ MHC-II'™ macrophages compared to the TUFD-
prone CBA mice (Figure 8F).
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An MHC-II low macrophage cluster is enriched in the uteri of Treg-recipient mice. (A) Treg recipient mice have an increased ratio of cluster O to
cluster 1 cells compared to control mice. (B) Volcano plot compares differential gene expression of cluster 0 and cluster 1. (C) Feature plot show
expression of H2-Aa in clusters 1 and 2. (D) Violin Plots enumerate H2-Aa expression in clusters 1 and 2. Differences in cell counts were analyzed by

unpaired t-test. *:p<0.05. N = 3 mice/treatment group

The gene signature of Clg+ Trem2+
mouse uterine macrophages is present in
human decidual macrophages

Given the biologic differences between mice and humans, we
assessed whether the identified myeloid subtypes in the uteri of
CBA pregnancies were present in normal human decidua. To our
knowledge, three groups have published scRNA-seq data on
immune cells from early pregnancy maternal-fetal interface
tissues, including decidua from elective terminations and
spontaneous abortions (34, 41, 73). A fourth group has
published scRNA-seq data from postpartum term decidua (74).
Using gene set enrichment analysis, the macrophage and
monocyte populations from our murine gene set were
compared to those in the published human gene sets
(Figure 9A). The myeloid populations from the mouse scRNA-
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seq gene sets matched nearly 1:1 with a myeloid population in a
human decidual scRNA-seq gene set (Figure 9A). Cluster 0
mouse macrophages were most enriched in a human decidual
macrophage from Pan, et al. (NES=1.53, FWER p-value=0.009)
(Figures 9A, B) (34). The core enriched genes between the two
macrophage populations include CIQA, CIQB, CIQC, and
TREM?2 in the top 7 genes (Table S3).

Of note, there was minimal overlap between the mouse clusters
and cell types from Bao, et al. or Sureshchandra, et al. (Figure 9A)
(41, 74). Bao et al. used cell isolation methods to enrich for stromal
cells in their scRNA-Seq experiment, while the other three groups
intentionally enriched for immune cells with methods akin to ours.
Sureshchandra et al. is the only group to analyze postpartum
decidual tissue, demonstrating the immunological difference in
tissue collected after the relatively inflammatory process that
is labor.
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Nonetheless, Cluster 0 macrophages shared statistically
significant (nominal p-value <0.05) transcriptional overlap with
three human decidual macrophage populations: MP1 and MP2
from Pan et al. and MP2 from Vento-Tormo, et al. (Figure 9A) (34,
73). Leading edge analysis of those three human gene sets was
performed to identify a core gene signature for this cell type
(Figure 9C). CIQA, CIQB, CIQC, and TREM2 were 4 of 13 genes
positively enriched in at least two gene lists, redemonstrating the
likely functional importance of those genes in both human and
mouse uterine macrophages (Figure 9C). Many of the leading-edge
genes encode for interacting proteins, including those for the Clq
complex and peptidase-related genes (Figure 9D). Thus, the
enriched genes between cluster 0 mouse uterine macrophages and
human decidual macrophages resemble a conserved gene signature,
further supporting that this group of genes are critical to the
function of these uterine macrophages and suggesting interspecies
conservation of this cell type in pregnancy.
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Discussion

We have identified a maternal-derived mechanism of fetal loss
associated with both a deficit in maternal systemic Tregs and
aberrant uterine myeloid cells. These data confirm our hypothesis
that systemic Tregs alter local immune cells at the maternal-fetal
interface as one mechanism to prevent fetal loss. Furthermore, for
potential translational impact, these data demonstrate that a
systemic intervention to the mother can alter tissue-specific
uterine immune populations. Using scRNA-seq, we discovered a
novel Trem2+ Clq+ MHC-II" uterine macrophage population,
present in mouse and human decidua, that may be necessary for
optimal reproductive health. Collectively, these data demonstrate a
novel mechanism by which Tregs influence pregnancy outcomes
through modulation of the uterine immune composition,
particularly macrophages, which impacts pregnancy viability and
fetal health.
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The CBA strain has been utilized to study recurrent pregnancy
loss (RPL) (51, 75-79). However, there have been concerns that the
reproductive phenotype of CBA pregnancy loss does not sufficiently
recapitulate human RPL (45). Our rigorous approach enabled us to
characterize the reproductive phenotype of CBA pregnancy more
comprehensively. In performing a detailed analysis over gestation,
we demonstrate that fetal loss in the CBA model is post-
implantation and is specific to the second half of pregnancy
(Figure 1A). As such, the reproductive phenotype in CBA
pregnancy is most consistent with the clinical scenario of IUFD
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than early spontaneous abortion. This conclusion is consistent with
findings of uterine and placental vasculature abnormalities in mid-
gestation CBA mice, showing that the uterine arteries have small
lumen-to-wall ratios and placentae have evidence of thrombosis
and fibrin deposition (76, 78). Placentae from human IUFDs often
have similar findings and placental pathology is considered the
most useful test to help determine causes of IUFD (80). Therefore,
our data on the timing of fetal loss (Figure 1A) and placental
abnormalities (Figures 1E-G; S1) in the CBA strain is consistent
with human IUFD.
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Treg adoptive transfers have been previously performed on
CBA mice with a focus on the impact of Tregs on early
implantation, Treg antigen-specificity, or in vitro Treg induction
strategies (21, 44, 53, 54). Although we use Tregs from C3H mice
rather than CBA mice, our findings reproduce the existing data that
Tregs reduce the rate of fetal loss in CBA mice. These prior studies
have primarily focused on the function of Tregs themselves:
cytokine production, response to paternal alloantigen, suppressive
activity, or epigenetic modifications (44, 53, 54); or Treg impact on
implantation (14, 21). In contrast, we interrogated how an increase
in maternal Treg number would affect reproductive tissues by
examining tissue resident immune cells at the time of fetal loss.
Decidual macrophage polarization has been shown to impact
pregnancy outcomes, with more immunosuppressive or “M2-like”
macrophages associated with healthy pregnancy (58, 81-83). Tregs
are known to induce a pro-phagocytic, anti-inflammatory
phenotype in macrophages (57, 84). Our data provides a
mechanistic link between systemic Tregs and uterine
macrophage polarization.

The cluster 0, MHC-II'®" uterine macrophages increased by
Treg transfer highly transcribe the TGFp receptor gene (Tgfbrl) and
“signaling by TGF-beta receptor complex” is one of the key
pathways identified in their gene signature (Figure 8A). These
findings suggest that Tregs may communicate to MHC-II""
uterine macrophages via TGFf. Communication between Tregs
and macrophages via cytokines, rather than MHC-II : TCR
interactions, induces a macrophage phenotype with reduced
MHC-II and increased scavenger receptor expression (57, 84, 85).
Low expression of MHC-II implies that cluster 0 uterine
macrophages are not presenting fetal antigen to the Tregs.
Moreover, the mechanism of CBA fetal loss is likely to be
independent of fetal antigen, given that CBA syngeneic
pregnancies still have elevated rates of fetal loss (Figure 2A).
These data support antigen-independent manner of Treg
manipulation of macrophage phenotype, leading to improved
pregnancy outcomes.

An antigen independent mechanism of fetal loss does not
suggest that MHC-II plays no role in CBA fetal loss. To the
contrary - our data demonstrate that a low ratio of cluster 0
(MHC-IT'") to cluster 1 (MHC-II"8?) macrophages in the uterus
is associated with fetal loss (Figure 2A). The top five cluster-defining
genes for cluster 1 macrophages are all MHC-II related genes (Table
S2). This is consistent with data showing that macrophages at the
maternal-fetal interface in healthy pregnancy often have more
MHC-II surface expression later in pregnancy (40).

One potential role of MHC-II"" uterine macrophages is to clear
cellular debris, which accumulates during trophoblast invasion and
placentation (86, 87). Tregs induce efferocytosis in macrophages
(57, 84) and increased efferocytosis of apoptotic trophoblasts by
MHC-II"" macrophages may decrease recognition of trophoblasts
by MHC-I1"¢" macrophages. Twelve of the top 20 cluster-defining
genes for cluster 0 macrophages are associated with phagocytosis
and breaking down molecules in the endosomal and lysosomal
systems, consistent with efferocytosis and other phagocytic
processes as key functions (Table S2). Within those twelve,
Trem2 and Clq genes were enriched in every analysis of the
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cluster 0 gene signature (Figures 6C, 8B, 9C, D; S6B, C). Both
Trem?2 and C1q have roles in phagocytosis and removal of aberrant
cellular material, which may be necessary for maternal-fetal
tolerance. Trem2 in microglia prunes synapses and clears dying
neurons (88, 89). Clq has been studied more specifically in
pregnancy and Clq-deficient mice have pathologic pregnancies
with fetal loss, insufficient trophoblast invasion, and kidney
damage (90-93).

In human pregnancy, endovascular trophoblasts express Clq-
receptor and bind to Clq expressed on the surface of decidual
endothelial cells (91, 94). Human decidual dendritic cells and
macrophages also express Clq (87). Patients with preeclampsia
have reduced serum levels of C1q (95), which supports our finding
of reduced Clq in entire implantation sites of IUFD-prone mice as
indicative of poor pregnancy outcomes (Figure 8C). The
interactions between endovascular trophoblasts expressing Clg-
receptor and decidual cells expressing C1q are thought to be critical
for spiral artery remodeling, which when defective can lead to IUFD
and preeclampsia (92, 93).

While Clq may be critical for decidual vascular remodeling,
Trem2 may support tissue invasion. Trem2+ uterine macrophages
contribute to the migration of endometriotic epithelial cells in
endometriosis (96). Furthermore, the cluster 0 MHC-II'¥ uterine
macrophages identified in this study transcriptionally resemble
tumor-associated macrophages (TAMs) (Figures S6B, C). Trem2+
MHC-II' TAMs are immunosuppressive and promote tumor
survival and growth (70), and likewise Trem2+ MHC-I1'*%
uterine macrophages may also be immunosuppressive and
promote fetal survival and growth. The process of placentation, of
trophoblast invasion into the uterine vasculature, has been fittingly
described as akin to tumor invasion into tissue vasculature (97), and
therefore MHC-II'" uterine macrophages may be necessary for
successful placentation.

Both Trem2 and Clq are drug targets in preclinical trials. Gene
therapies promoting overexpression of Trem2 are being
investigated for treatment of Alzheimer’s Disease and other
neuroinflammatory disease, while Trem2 neutralizing antibodies
are being studied as a potential adjuvant to immunotherapy for
solid tumors (98-101). Clq inhibitors are in clinical trials for
complement-mediated autoimmune disease and recombinant Clq
is in preclinical investigation for decreasing inflammatory responses
to influenza and reprogramming macrophages ex-vivo in
autoimmunity (102-105). Given that both proteins are already
targets of drug development, they may be feasibly modulated to
impact obstetric complications. Based on this study, therapeutic
strategies that increase Trem2 and Clq levels are likely to be
effective for prevention of TUFD.

In addition to therapies promoting Trem2 and Clq, many
clinical trials are investigating methods to increase systemic Tregs
to treat autoimmune disorders and prevent rejection of
transplanted organs (106-109). These trials have studied both
cellular therapy of autologous in vitro expanded Tregs and
immunotherapies such as teplizumab and aldesleukin to expand
patient Tregs in vivo (106-109). In obstetrics, direct intrauterine
infusion of Tregs has been studied for treatment of RPL (110).
Other studies have suggested Treg-directed therapies could prevent
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the inflammation causing preeclampsia and preterm labor, but
these have not yet been clinically tested (111, 112). Our model
suggests that expansion of systemic maternal Treg protects from
fetal loss, indicating Treg-targeted therapies may be beneficial for
patients at risk for ITUFD.

Because of biological differences between murine and human
pregnancy (e.g. multifetal pregnancy, short gestation), there are
some limitations to the use of the CBA mouse strain in investigating
reproductive outcomes. However, noting these limitations, mouse
models have provided critical insight into mechanisms of
reproduction and parturition (11, 19, 113, 114). Additionally,
mechanistic studies on reproductive tissues over gestation are not
feasible in humans and collection of fetal and maternal tissues from
mid-late gestation human pregnancies is not ethical. While tissues
may occasionally be available after diagnosis of an IUFD, these
tissues cannot be informative as to the tissue or immune dynamics
that occurred prior to the loss. Notably, many mouse decidual
myeloid cells from our data shared gene signatures with early
gestation human decidual myeloid cells identified by Pan, et al.
and Vento-Tormo, et al. (Figure 9A), suggesting a conserved cell
functions across species (34, 73).

An additional limitation to the CBA mouse is that the
phenotype is complex and likely mediated by multiple factors,
including those that are environmental or microbial. For example,
in other studies CBA females mated to Balb/c sires have less fetal
demise than with DBA/2 sires (44, 47, 115). However, we found no
difference in the resorption rate between CBA females mated to
Balb/c (22.8% resorption rate) or DBA/2 (25.1% resorption rate)
sires (N=14 matings of each parentage; p=0.719). Additionally, Treg
transfer had no effect on placental and fetal size abnormalities
(Figures 4D-F), indicating that Tregs are not fully reversing the
CBA reproductive phenotype.

A limitation of our scRNA-seq experiment is that we only
examined one time point during gestation and compared a Treg
transfer to saline control without using an additional effector T cell
control. While this gestational age was carefully chosen based on
our time course experiments and the occurrence of the reproductive
phenotype in the CBA strain, other key differences induced by Tregs
prior to E15 might have been missed. For this study, we prioritized
having three mice per group and comparing the Treg intervention
to a non-intervened control. Future research could elucidate more
precise timing as to how rapidly Treg injection can alter uterine
immune cells and the potential immunological impact of effector T
cell injection.

To our knowledge, this is the first study to report findings from
scRNA-seq on the myeloid populations of a pregnant mouse uterus,
and thus contributes to the growing field of reproductive
immunology. These results build upon research that has
characterized specific immune cells present at the maternal fetal
interface using flow cytometry, immunohistochemistry, and cell
type-deficient mice (32, 97), by adding unbiased and thorough
transcriptomic information. Single-cell experiments have been
conducted on human tissue from the maternal-fetal interface (34,
41, 73, 74, 116), and these studies have provided valuable insight
into the normal immune composition of the decidua and placenta.
However, human studies are limited to postpartum or aborted
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tissues, limiting their application to IUFD and other events in mid-
late gestation.

While there have been large cohort studies performed to
address IUFD, there remains little mechanistic data on human
IUFD (117). This study leveraged scRNA-seq technology to identify
a key cell type and targetable pathways for therapeutics for
preventing TUFD. Future studies can leverage these findings to
explore how identification and treatment of these aberrant immune
responses in human pregnancy may be a possible new avenue to
predict and prevent ITUFDs. Our data most suggest that a systemic
cell-based therapy can have a lasting functional impact on tissue
resident immune cells. This discovery has implications not only for
treating reproductive pathologies but also to all disease caused by
tissue-specific immune populations.

Materials and methods
Animals

Timed-pregnant mice were mated in our mouse colony and
vaginal plugs were checked to confirm copulation. Plugged females
were removed from male cages. Mice were euthanized by CO, at the
indicated gestational age. All animal care and use procedures are
approved by the University of Pennsylvania IACUC.

Tissue collection

At the indicated gestational age, mice were euthanized, and
tissues were collected into and washed with 10% charcoal-stripped
fetal bovine serum (FBS; Gemini Bio, Sacramento, CA) in Hank’s
balanced salt solution (HBSS) on ice. Maternal spleen and uterine-
draining para-aortic lymph nodes (uLN) were collected. The uterus
was bisected and gestational sacs with fetal membranes and
placentae were removed. The decidua was then scraped from
uterus with a glass microscope slide into HBSS + 10% FBS on ice.
Membranes were removed from the placenta and the placenta and
uterus were washed in HBSS + 10% FBS on ice. Tissues were
immediately processed into a single cell suspension for
flow cytometry.

Single cell suspension

Preparation of tissues for flow cytometry follows a protocol
established with the placenta (118). Placentae and uterus were
minced into 2mm pieces, suspended in 5ml of digest solution
(HBSS + 10% FBS + Img/ml Collagenase IV, Gibco, Gaithersburg,
MD), and incubated in a 37°C water bath for 30 minutes. Placentae
and uterus (post-digest treatment), maternal spleens, uLN, and
decidua were mechanically pressed through a 70um cell strainer.
The strainer was rinsed with 10ml of HBSS and strained cells were
passed through a 40pm cell strainer into a 50ml conical tube. Cells
were centrifuged at 1500rpm, 4°C for 10 minutes. Red blood cells
were eliminated from tissues by suspension in 3ml of ACK lysing
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buffer (Gibco, Gaithersburg, MD) and incubation at room
temperature for 10 minutes. ACK-treated cells were rinsed in 10ml
of HBSS and centrifuged at 1500rpm, 4°C for 5 minutes. Single cell
suspensions from maternal spleen, uLN, decidua, uterus, and
placenta were suspended in 1ml of FACS buffer (PBS + 2% FBS +
20uM EDTA) and transferred into 5ml round-bottom tubes through
35um filter caps. Cells were stored on ice until ready for staining.

Flow cytometry staining

Cells were transferred to a 96-well round-bottom plate for
staining, washed with PBS, and the plate was centrifuged at
1500rpm, 4°C for 5 minutes. Cells were resuspended in Live/
Dead Fixable Aqua (Invitrogen, Waltham, MA) diluted 1:1000 in
PBS and incubated for 30 minutes at 4°C in the dark. Cells were
washed twice with FACS buffer, centrifuging the plate between
washes at 1500rpm, 4°C for 5 minutes. Cells were then
resuspended in an extracellular antibody mix and incubated for
30 minutes at 4°C in the dark. Extracellular antibody mixes
included: anti-CD3e-APC-Cy7, anti-CD3e-BV785, anti-CD4-
BV605, anti-CD4-PE-Cy7, anti-CD11b-PE, anti-CD11b-PerCP-
Cy5.5, anti-CD11c-PE-Cy7, anti-CD19-APC, anti-CD19-APC-
Cy7, anti-CD45-BV711, anti-CD49b-PacificBlue, anti-CD64-PE,
anti-CD86-AF700, anti-CD122-FITC, anti-F4/80-FITC, anti-
Ly6C-APC-Cy7, anti-Ly6G-PerCP-Cy5.5, anti-MHC-II-BV785,
anti-TCRy-PerCP-Cy5.5, anti-Tim3-APC, (BioLegend, San
Diego, CA); anti-CD8a-APC.efluor780, anti-CD80-SB436, anti-
CD206-PE-Cy7, anti-SiglecF-SB600 (eBioscience, San Diego, CA);
anti-CD49a-BV605, anti-CD74-BV605 (BD Biosciences, San Jose,
CA); anti-Trem2-APC (R&D Systems, Minneapolis, MN). Cells
were washed twice with FACS buffer, centrifuging between washes
at 1500rpm, 4°C for 5 minutes. Cells were resuspended in fixation/
permeabilization reagent (Transcription Factor Staining Buffer
Set, eBioscience, San Diego, CA) and incubated for 30 minutes at
4°C in the dark. Cells were washed twice with permeabilization
buffer (Transcription Factor Staining Buffer Set, eBioscience, San
Diego, CA), centrifuging at 2000rpm, 4°C for 5 minutes between
washes. Cells were resuspended in anti-FoxP3-PE (eBioscience,
San Diego, CA) diluted 1:300 in permeabilization buffer and
incubated for 30 minutes at room temperature in the dark. Cells
were washed twice with permeabilization buffer, centrifuging at
2000rpm, 4°C for 5 minutes between washes. Cells were then
resuspended in FACS buffer and transferred into 5ml round-
bottom tubes through 35um filter caps and stored at 4°C in dark
until analyzed by an LSR-II flow cytometer (BD Biosciences, San
Jose, CA).

Treg adoptive transfer

Spleens were harvested from E13-15 pregnant C3H/HeN mice
mated to DBA/2 male mice and processed into a single cell
suspension as noted above. CD4+ cells were isolated from splenic
cells using a CD4+ T Cell Isolation Kit, mouse (Miltenyi Biotec,
Bergisch Gladbach, Germany) following the manufacturer’s
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instructions. Cells were transferred into 5ml round-bottom tubes
through 35um filter caps, and centrifuged at 300xg, 4°C for 10
minutes. Cells were washed with FACS buffer and centrifuged
again. Cells were then stained with extracellular antibody mix:
anti-CD8-APC (1:400), anti-CD4-PacificBlue (1:400), and anti-
CD25-PE/Dazzle (1:200) (BioLegend, San Diego, CA) in FACS
buffer for 30 minutes, 4°C, dark. Cells were washed twice with
FACS buffer, centrifuging at 300xg, 4°C for 10 minutes between
washes. Cells were resuspended to 2 x 107 cells/ml of FACS buffer.
Cells were then sorted by the Penn Flow Cytometry Core staff on a
BD FACSAria cell sorter (BD Biosciences, San Jose, CA). Collected
Tregs were gated on lymphocytes, single cells, CD8-, CD4+,
CD25"¢", These cells were sorted into RPMI media with 50%
EBS, centrifuged at 400xg, at 4°C for 10 minutes and washed with
PBS. Tregs were resuspended to 2x10° cells/ml in sterile PBS.
Timed-pregnant E2 CBA mice mated with DBA/2 males were
anesthetized by isoflurane and then received 100ul of the
Treg suspension (2x10° Tregs) or 100l of sterile PBS by retro-
orbital injection. CBA mice receiving Tregs or PBS injections were
co-housed until sacrifice on E14 or E18. Results are combined
from 2-3 experiments at each time point with N=3-5 dams/
group/experiment.

Isolating CD11b+ uterine cells

Uteri were harvested from E15 timed-pregnant CBA mice that
had received a Treg adoptive transfer or PBS injection on E2 (N=3/
group) and processed into a single cell suspension as noted above.
Uterine cells were then resuspended in 1ml of MACS buffer and
CD11b+ cells were isolated with CD11b+ microbeads (Miltenyi
Biotec, Bergisch Gladbach, Germany) following the manufacturer
instructions. Eluted CD11b+ cells were centrifuged at 300xg, at 4°C
for 10 minutes. Cells were then resuspended in Live/Dead Fixable
Aqua (Invitrogen, Waltham, MA) diluted 1:1000 in PBS and
incubated for 30 minutes at 4°C in the dark. Cells were rinsed
twice with FACS buffer, centrifuging at 300xg, 4°C for 5 minutes
between washes. Cells were then stained with the following
extracellular antibody mix, all diluted 1:400 in FACS buffer: anti-
CD45-SB702 (eBioscience, San Diego, CA); anti-CD11b-PE, anti-
CD3e-APC-Cy7, and anti-CD19-APC.Cy7 (BioLegend, San Diego,
CA). Cells were incubated for 30 minutes at 4°C in the dark, washed
twice with FACS buffer, centrifuging between washes at 300xg, 4°C
for 5 minutes. Cells were resuspended to 1x10° cells/ml in FACS
buffer. Cells were then sorted by the Penn Flow Cytometry Core
staff on a BD FACSAria cell sorter (BD Biosciences, San Jose, CA).
Collected cells were gated on live, singlet, CD45+, CD11b+ cells and
sorted into 50% FBS + 50% PBS. 15,000 collected cells/sample were
spun down and resuspended in 15ul sterile PBS and brought to the
University of Pennsylvania Next Generation Sequencing Core.

Single-cell RNA-sequencing

Library preparation and sequencing was performed by the
University of Pennsylvania Next Generation Sequencing Core.
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Cell libraries were prepared using 10X Genomics Single Cell
Controller and libraries were sequenced on an Illumina HiSeq
2500. Transcriptomic matrices were created with 10X Genomics’
Cell Ranger Single Cell Software Suite 3.1.0. Raw base call files from
the HiSeq 2500 sequencer were demultiplexed with the Cell Ranger
“mkfastq” pipeline into library-specific FASTQ files. All library-
related FASTQ files were subsequently transformed into count
matrices with Cell Ranger’s “count” pipeline vs genome reference
mm10-3.0.0 (Ensembl 93). The retained reads were quantified and
used to generate feature-barcode matrices.

Seurat analysis

Resulting matrices for each sample (N=3/group) were merged
into a single object with the merge function in Seurat version 3.1.5
(119). Within this dataset, cells with more than 200 genes and less
than 2500 genes were retained, provided the cell did not express more
than 10% of genes derived from the mitochondria. The reduced
dataset was then normalized and scaled using Seurat default methods.
UMAP clustering was performed using Seurat with a clustering
resolution of 0.5 and 75 principal components. Gene lists for each
cluster were created using “FindConservedMarkers” (Supplementary
Table 2). Seurat was also used to identify differentially expressed
genes in each cluster between PBS and Treg-recipient mice using the
“FindMarkers” command (Supplementary Table 1).

Gene set analysis

Gene signatures for each UMAP cluster were analyzed by the
Gene Set Enrichment Analysis (GSEA) application from the Broad
Institute (120). Gene signatures were compared to gene matrices
from the Molecular Signatures Database, including hallmark gene
sets, ontology gene sets, and immunologic signature gene sets. Very
few of these gene sets were enriched in the clusters of interest, so a
gene matrix was created. Gene lists were compiled from papers
using scRNA-sequencing on mouse myeloid cells published in the
last 5 years, where full gene lists were published in Supplementary
materials (rather than raw sequencing data). A single gene matrix
was created with these 123 gene lists and was compared to the gene
signatures from UMAP defined clusters with the Broad GSEA
application (version 4.1.0). Metascape pathway analysis was also
used to identify cellular pathways for each cluster, specifically by
searching the top 50 cluster defining genes (59).

Clq ELISA

Implantation sites from CBA mice post-adoptive transfer to be
used for ELISA were flash frozen in liquid nitrogen at the time of
tissue harvest and were stored at -80°C. Protein extracts were made
implantation site tissue by submerging 50mg of frozen tissue in 1ml
of RIPA buffer with cOmplete mini protease inhibitor cocktail
(Roche, Basel, Switzerland) in a 2ml round bottom tube with a
5mm steel bead. Tissue was homogenized on Tissue Lyser II
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(Qiagen, Venlo, Netherlands) for 10 minutes at 30/second.
Homogenate was rested on ice for 40 minutes and then
centrifuged at 14000xg for 10 minutes. Total protein in
supernatant was quantified by the BCA protein assay kit (Pierce,
Rockford, IL) following the manufacturer’s protocol. Mouse Clq
ELISA kit (Abcam, Cambridge, UK) was used to measure Clq
protein levels, following the manufacturer’s protocol. Clq levels
were normalized to total protein.

Analysis of human dataset

Droplet-based single-cell data from Vento-Tormo, et al. was
downloaded from the EMBL-EBI ArrayExpress database (E-
MTAB-6701) (73). Feature-barcode matrices and annotation level
data was read into the R computing environment. The R package,
Seurat, was used for secondary analysis of the external dataset (119).
Briefly, cell type annotations were used for grouping/differential
expression analysis using dM1, dM2, and dM3 cell types.
Differentially expressed gene lists were generated using a
Wilcoxon rank sum test. Adjusted p-values were based on a
Bonferroni correction using all features in the dataset.

Statistics

Prism (GraphPad, San Diego, CA) was used for statistical
analyses. All datasets were analyzed for normality by Shapiro-
Wilk test. Non-normally distributed data with two groups was
analyzed by Mann-Whitney test. Normally distributed data with
two groups was analyzed by unpaired student’s t-test, with Welch’s
correction applied if the two groups differed in variance by F test.
Time course data was analyzed by two-way ANOVA, followed by
post-hoc Sidak’s multiple comparison test comparing CBA to C3H
immune cells at each gestational age. Proportion data was analyzed
by Fisher’s Exact test.

Study approval

All animal care and use procedures are approved by the
University of Pennsylvania TACUC.
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