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The pregnant uterus is an immunologically rich organ, with dynamic changes in the
inflammatory milieu and immune cell function underlying key stages of pregnancy.
Recent studies have implicated dysregulated expression of the interleukin-1 (IL-1)
family cytokine, IL-33, and its receptor, ST2, in poor pregnancy outcomes in women,
including recurrent pregnancy loss, preeclampsia, and preterm labor. How IL-33 sup-
ports pregnancy progression in vivo is not well understood. Here, we demonstrate that
maternal IL-33 signaling critically regulates uterine tissue remodeling and immune
cell function during early pregnancy in mice. IL-33–deficient dams exhibit defects in
implantation chamber formation and decidualization, and abnormal vascular remodel-
ing during early pregnancy. These defects coincide with delays in early embryogenesis,
increased resorptions, and impaired fetal and placental growth by late pregnancy. At a
cellular level, myometrial fibroblasts, and decidual endothelial and stromal cells, are
the main IL-33+ cell types in the uterus during decidualization and early placentation,
whereas ST2 is expressed by uterine immune populations associated with type 2
immune responses, including ILC2s, Tregs, CD4+ T cells, M2- and cDC2-like mye-
loid cells, and mast cells. Early pregnancy defects in IL-33–deficient dams are associ-
ated with impaired type 2 cytokine responses by uterine lymphocytes and fewer
Arginase-1+ macrophages in the uterine microenvironment. Collectively, our data
highlight a regulatory network, involving crosstalk between IL-33–producing non-
immune cells and ST2+ immune cells at the maternal–fetal interface, that critically
supports pregnancy progression in mice. This work has the potential to advance
our understanding of how IL-33 signaling may support optimal pregnancy out-
comes in women.
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Complex and dynamic inflammatory processes underlie the sequential progression of
mammalian pregnancy from blastocyst implantation through labor. These inflamma-
tory processes are orchestrated in part by the many subsets of maternal immune cells
that reside at or are recruited to the maternal–fetal interface throughout pregnancy.
Previous work has revealed that these immune cells produce and respond to cytokines,
growth factors, immunoregulatory molecules, and other mediators that regulate diverse
aspects of pregnancy, ranging from tissue and vascular remodeling to fetal tolerance
(1–3). Despite these advances, our understanding of how these immunological media-
tors support distinct stages of pregnancy remains poorly defined. Given that abnormal
inflammatory and immune responses are associated with many pregnancy disorders, it
is critical that we address these knowledge gaps to develop new therapeutic interven-
tions that promote successful pregnancy outcomes (1–3).
Recent studies have highlighted an intriguing, but still poorly understood, link

between the interleukin-1 (IL-1) family cytokine, interleukin-33 (IL-33), and
pregnancy-related disorders in women. Genome-wide association studies (GWAS) have
identified single-nucleotide polymorphisms (SNPs) in the IL33 gene that are associated
with recurrent or idiopathic pregnancy loss (4–6). Other groups have reported abnor-
mal levels of IL-33 or ST2 in serum or uterine tissue from women with preeclampsia
(7–11), placenta previa accreta (12), gestational diabetes mellitus (13), and recurrent or
impending pregnancy loss (14, 15). Notably, both reduced and excessive IL-33 expres-
sion have been observed in distinct pregnancy disorders, suggesting that the magnitude
and/or timing of IL-33 signaling may be a critical determinant of its specific biological
effects on pregnancy outcomes (4, 5, 7, 10–13, 15, 16). Nevertheless, few studies
have addressed the functional requirement for IL-33 during pregnancy progression
in vivo, and these have principally focused on very late gestation in lipopolysaccharide
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(LPS)-challenged mice (17, 18). Collectively, these data sug-
gest that properly regulated IL-33 signaling may be an
important feature of mammalian pregnancy and highlight
the need to better understand the contributions of IL-33 to
the physiological and cellular processes that underlie a healthy
pregnancy.
IL-33 is an unusual cytokine with pleiotropic effects on host

immunity in diverse tissues and inflammatory environments
(19–21). IL-33 is widely described as an alarmin that functions
as a nuclear protein in healthy cells but is released as a cytokine
into the extracellular milieu in response to inflammation, tissue
damage, or cell death (19–21). Its expression has been
reported in a variety of “structural” cell types—e.g., epithelial,
stromal, fibroblast, myofibroblast, and endothelial cells—
depending on the tissue and inflammatory condition, although
immune cells may also produce IL-33 in certain settings (19,
20). IL-33 signals through a heterodimeric receptor composed
of an IL-33–specific subunit, ST2, and the shared IL-1 receptor
accessory protein (IL-1RAcP) (19–21). ST2 is typically, but
not exclusively, expressed on immune cells associated with type
2 inflammatory and tissue repair responses, such as group 2
innate lymphoid cells (ILC2s), type 2 helper CD4+ T cells
(Th2), CD4+ regulatory T cells (Tregs), subsets of dendritic
cells (e.g., cDC2s), M2-polarized macrophages, and mast cells
(20, 21). Consistent with this expression pattern, IL-33 signal-
ing has well-established roles in type 2 immune responses asso-
ciated with both host defense and tissue remodeling in a wide
variety of tissues and disease states, including allergy, sterile
inflammation, helminth infection, fibrosis, and wound healing
(19, 20, 22).
Early pregnancy progression depends on extensive remodeling

of the endometrial tissue and vasculature to facilitate nutrient
and waste exchange with the developing embryo prior to forma-
tion of the definitive placenta. In mice, blastocyst implantation
on embryonic day (E) 4.5 of pregnancy results in formation of
the implantation chamber and triggers a process known as
decidualization, during which endometrial cells differentiate into
highly specialized decidual stromal cells and vascular networks
rapidly expand to support the developing embryo (23, 24).
Defects in tissue and vascular remodeling during early pregnancy
can have adverse “ripple effects” on placental formation and
function at later stages of pregnancy, contributing to a broad
range of pregnancy disorders, including preeclampsia, fetal
growth restriction, preterm labor, and even overt pregnancy loss
(25). How IL-33 signaling impacts these early, foundational pro-
cesses in vivo is poorly understood.
Here, we demonstrate that maternal IL-33 critically regulates

the physiological and immunological processes that support
uterine remodeling and embryo development during early preg-
nancy in mice. IL-33–deficient dams exhibit defects in implan-
tation chamber formation, uterine decidualization, and vascular
remodeling in the post-implantation phase of early pregnancy,
prior to formation of the placenta. These defects coincide with
significant delays in early embryo development, increased preg-
nancy resorptions, and defects in fetal and placental growth by
late gestation. Our data suggest that IL-33–mediated crosstalk
between non-immune and immune cells in the pregnant uterus
underlies healthy pregnancy progression in mice, and we find
that the pregnancy defects in IL-33–deficient dams are associ-
ated with impaired immune responses by type 2 immune cells
at the maternal–fetal interface during early pregnancy. Alto-
gether, our data provide important mechanistic insights into
the functional role of IL-33 signaling in pregnancy progression
in mammals.

Results

Myometrial Fibroblasts and Decidual Stromal and Endothelial
Cells Are the Principal IL-33–Expressing Cell Types in the
Uterus during the Post-Implantation Phase of Early Pregnancy.
IL-33 can be produced by diverse cell types depending on the
tissue and immunological setting (20, 21). We therefore sought
to identify IL-33–expressing cells in the uterus during early preg-
nancy. For these studies, wild-type (WT) studs were mated with
IL-33 Citrine reporter females (Il33cit/wt) (26) and Citrine+ cells
in the pregnant uterus were first evaluated by fluorescence
microscopy at E7.5 and E9.5, time points that correspond to
the peak of decidual angiogenesis and early placentation, respec-
tively, in mice (23). These studies revealed numerous Citrine+

cells in the myometrium, the muscle-rich layer of tissue encapsu-
lating each implantation site, whereas Citrine+ cells were present
but less frequent in the decidua (Fig. 1A and SI Appendix, Fig.
S1A). Among those in the decidua, many costained with the
endothelial cell marker, CD31+, and localized to the mesome-
trial pole (Fig. 1A and SI Appendix, Fig. S1 A, Lower). Kinetic
studies using flow cytometry confirmed that ∼17 to 30% of
total cells in the myometrium, but only ∼1 to 4% in the
decidua, were Citrine+ in the post-implantation phase of early
pregnancy (Fig. 1 B and C). We further validated our data by
performing Western blots on whole-tissue lysates from WT
dams using an αIL-33 antibody, which showed that IL-33 pro-
tein was more abundant in the myometrium than the decidua at
E7.5. However, the majority of IL-33 in the myometrium was
present in its full-length, ∼30-kDa form, whereas both full-
length and ∼20-kDa mature forms were present in the decidua
(Fig. 1D) (27). These findings suggest that IL-33 may be more
bioactive in the decidua than in the myometrium, as prior stud-
ies have shown that the mature forms of IL-33 are more potent
than full-length forms of the protein (28, 29).

To better define the cellular identity of IL-33–expressing cells
in the uterus during early pregnancy, we performed unbiased
single-cell RNA sequencing (scRNA-seq) on sort-purified
Citrine+ cells isolated separately from the myometrium and
decidua of pregnant Il33cit/wt dams at E7.5. Individual cells with
detectable Il33 transcripts were identified among the bulk dataset
and further analyzed using unbiased clustering algorithms. These
analyses revealed four distinct clusters of Il33+ cells in the myo-
metrium (Fig. 1E) and three distinct clusters in the decidua (Fig.
1H), highlighting a degree of heterogeneity among the Il33+ cell
populations in these tissue layers. Nevertheless, the large majority
of Il33+ cells in the myometrium (1,522 of 1,586 total cells)
belonged to clusters 1 and 2, which expressed genes associated
with fibroblast or stromal cells, including Pdpn, Pdgfra, Pdgfrb,
Col1a1, Fn1, and Ly6a (Fig. 1F and SI Appendix, Fig. S2A) (30,
31). Cells in cluster 1 also expressed genes such as Acta2, Klf5,
Hic1, and Gli1 (Fig. 1F and SI Appendix, Fig. S2A), consistent
with a myofibroblast identity (32, 33). Of the two minor non-
fibroblast clusters, cluster 3 was composed of epithelial cells, iden-
tified based on high expression of multiple keratin genes and Fgf9
(Fig. 1F and SI Appendix, Fig. S2B), and cluster 4 was composed
of endothelial cells with high expression of vascular genes, such as
Pecam1, Plvap, Cdh5, Icam2, Ptprb, Selp, and Nos3 (Fig. 1F and
SI Appendix, Fig. S2C). Kinetic studies performed by flow cytom-
etry at E5.5, E7.5, and E9.5 validated our scRNA-seq data and
demonstrated that >80% of Citrine+ cells in the myometrium
expressed the fibroblast/stromal cell marker, Podoplanin (encoded
by Pdpn), whereas only minor populations of CD31+CD45–

Podoplanin– endothelial cells and Epcam+CD45– epithelial cells
were present at all three time points (Fig. 1G).
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Among the three clusters of Il33+ cells identified in the
decidua (Fig. 1H), cluster 1 contained cells with high expression
of endothelial cell genes, including Plvap and Pecam1 (Fig. 1I
and SI Appendix, Fig. S2D). Clusters 2 and 3 contained cells
with high expression of stromal cell or fibroblast genes (e.g.,
Pdpn, Pdgfra, Col5a2, and Col1a1), including many genes that
are specifically associated with decidualized stromal cells such as
Hoxa11, Hand2, Wnt4, Fkbp5, Pgr, and Bmpr1a (23) (Fig. 1I
and SI Appendix, Fig. S2E). Cluster 3 also exhibited a pro-
proliferative gene signature (34) (e.g., Mki67, Ccna2, Aurka,
Bub1a, and Top2a), indicative of a proliferating decidual stromal
cell subset (SI Appendix, Fig. S2F). Thus, most Il33+ cells in the

decidua exhibited gene signatures that were consistent with
either an endothelial or decidual stromal cell identity. These
findings were validated by flow cytometry, which demonstrated
that ∼37% of IL-33+ cells in the decidua were CD31+CD45–

endothelial cells at E7.5, although the relative frequency was sig-
nificantly lower (<10%) at E5.5 and E9.5 (Fig. 1J). In contrast,
the relative frequency of IL-33+ cells that expressed the stromal
cell marker, Podoplanin, was ∼30% at E7.5 but >50% at E5.5
and E9.5. Altogether, our data suggest that IL-33–expressing
cells are abundant in the pregnant uterus, with myometrial stro-
mal cells/fibroblasts and myofibroblasts representing the major-
ity, and decidual endothelial cells and stromal cells representing
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Fig. 1. Myometrial fibroblasts and decidual stromal and endothelial cells are the main IL-33+ cell types in the uterus in early pregnancy. (A) Image (20×)
(Top) showing Citrine, CD31, and DAPI in an implantation site (IS) from an IL-33 Citrine fluorescent reporter dam at E7.5; the rectangle denotes the mesome-
trial pole region shown as a 40× image (Bottom) with Citrine+CD31+ vessels in white ellipses. (Scale bars, 200 μm [Top] and 50 μm [Bottom].) AMR, anti-
mesometrial region; Dec, decidua; e, embryo; MP, mesometrial pole; MR, mesometrial region; Myo, myometrium. Representative of n = 3 dams, 2 or 3 ISs
per dam. (B and C) Dot plots at E7.5 (B) and summary data (C) showing the percentage of Citrine+ cells among total live cells in the Myo (open circles, black
bars) and Dec (closed circles, white bars) of ISs from IL-33 Citrine fluorescent reporter dams at E5.5, E7.5, and E9.5 (n = 3 to 8 dams, 7 to 11 pooled ISs per
dam) by flow cytometry. B includes a dot plot of cells from WT nonreporter dams at E7.5, used to determine gates for Citrine+ cells. (D) Western blot of IL-33
in the Myo and Dec from ISs from a WT dam at E7.5. Representative of n = 3 dams, 3 pooled ISs per dam. FL, full-length form; M, mature form. (E, F, H, and
I) Live Citrine+ cells in the Myo and Dec (n = 9 pooled ISs) at E7.5 were analyzed by scRNA-seq. Cells with detectable Il33 transcripts were selected and
clustered by K-means clustering. (E and H) Uniform manifold approximation and projection (UMAP) shows unbiased clustering of Il33+ cells from Myo (E) or
Dec (H). (F and I) Feature plots show expression of specified transcripts in individual Il33+ cells from Myo (F) or Dec (I). (G and J) Percentage of Podoplanin+

CD31–EpCAM–CD45–, CD31+CD45– cells, and EpCAM+CD45– cells among live Citrine+ cells in Myo (G) and Dec (J) at E5.5, E7.5, and E9.5 by flow cytometry
(n = 3 to 8 dams, 7 to 11 pooled ISs per dam). Data points represent individual dams. Data are displayed as mean ± SEM.
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the minority, of IL-33+ cells during the post-implantation phase
of pregnancy, prior to formation of the definitive placenta.

Maternal IL-33 Deficiency Leads to Defects in Uterine Tissue
Remodeling and Early Embryo Development. Given our find-
ing that IL-33 is highly expressed in the uterus in early gestation,
we next sought to determine the impact of maternal IL-33 defi-
ciency on early pregnancy progression. Our initial studies
revealed that the frequency of dams with a detectable pregnancy
at E7.5, following a copulation plug at E0.5, was similar in
WT dams and Il33cit/cit dams, which lack both copies of the Il33
gene and are hereafter referred to as IL-33 knockout (KO) mice
(SI Appendix, Fig. S3A). Additionally, the total number of
implantation sites at E7.5 was only modestly (∼16%) reduced
in IL-33 KO dams relative to WT dams (SI Appendix, Fig.
S3B), and this reduction did not reach statistical significance
until large numbers of dams (>48 per group) were analyzed.
Nevertheless, three-dimensional (3D) immunofluorescence
imaging studies (35) revealed that implantation chambers were
significantly smaller in IL-33 KO dams compared with WT
dams at E5.5 (Fig. 2 A and B), a finding that mirrored smaller
implantation sites in IL-33 KO versus WT dams at E7.5 (Fig.
2C). These observations suggested that uterine remodeling pro-
cesses initiated in response to blastocyst implantation may be
impaired. Consistent with this idea, genes associated with uterine
decidualization, including Wnt4 and Fkbp5, were expressed at
significantly lower levels in whole-decidual tissue from IL-33
KO dams compared with WT dams, possibly reflecting a defect
in the abundance and/or differentiation state of decidual stromal
cells at E7.5 (Fig. 2D). Collectively, these data suggest that
maternal IL-33 signaling plays important roles in the uterine
remodeling and decidualization processes that are initiated by
blastocyst implantation during early pregnancy in mice.
Because post-implantation uterine remodeling and deciduali-

zation are essential to support the embryo prior to formation of
the placenta, we next evaluated the impact of maternal IL-33
deficiency on embryo development. Three-dimensional imaging
analyses showed that embryos were smaller in IL-33 KO versus
WT dams at E5.5 (Fig. 2 E and F). Moreover, when scored at
E7.5 for morphologic features reflecting the consecutive primi-
tive streak, neural plate, and headfold stages of gastrulation that
occur between E6.5 and E8.5 in WT mice (36), more embryos
from IL-33 KO dams were in the earlier primitive streak stage,
and fewer were in the later neural plate stage, compared with
embryos from WT dams (Fig. 2G). Consistent with a defect in
early embryo development, the frequency of resorptions was sig-
nificantly higher in IL-33 KO versus WT dams at day E12.5
(Fig. 2 H and I). Taken together, our data suggest that maternal
IL-33 signaling critically regulates implantation chamber forma-
tion and uterine decidualization, and is required for optimal
embryo development, during early pregnancy in mice.

IL-33 KO Dams Exhibit Abnormal Decidual Vascularization
and Spiral Artery Remodeling during Early Pregnancy. Uterine
decidualization is accompanied by a surge in angiogenesis and vas-
cular remodeling, which serve to support the developing embryo
and establish a foundation for the placental vasculature (37).
Decidual angiogenesis, which occurs between E5.5 and E8.5 in
mice, results in distinct types of blood vessels in the mesometrial
and antimesometrial regions of the decidua. Newly formed
capillaries are widely distributed throughout the decidua, while
spiral arteries (SpAs), noted for their coverage with αSMA+ vascu-
lar smooth muscle cells, are localized to the mesometrial pole (38,
39). SpAs undergo extensive remodeling during placentation from

E8.5 to E12.5, ultimately transforming into the specialized high-
volume blood vessels that connect the maternal and fetal circula-
tory systems in the placenta (40).

Given our findings that maternal IL-33 deficiency disrupts
uterine decidualization and that IL-33 is expressed by decidual
endothelial cells, we evaluated the effects of maternal IL-33
deficiency on decidual vascularization. We found that the den-
sity of decidual CD31+ blood vessels in the mesometrial pole
was higher in IL-33 KO dams relative to WT dams at E7.5,
although this result was region-specific as neither the central
nor anti-mesometrial regions of the implantation site exhibited
IL-33–dependent changes in vessel density (Fig. 3 A and B and
SI Appendix, Fig. S4A). The increase in vessel density at the
mesometrial pole was not due to changes in the density of
nascent SpAs, identified by expression of αSMA, because SpA
density was similar in IL-33 KO and WT dams at E7.5 (Fig.
3C and SI Appendix, Fig. S4B). These data suggest that a denser
capillary network at the mesometrial pole, which undergoes
rapid expansion during decidualization, may explain the
increased density of blood vessels observed in this region in
IL-33 KO dams at E7.5. Nevertheless, investigation of SpA
morphology at E9.5, when SpAs are actively enlarging and
remodeling to support the developing placenta, revealed that
SpAs in IL-33 KO dams had larger cross-sectional areas and
thicker walls (Fig. 3 D and E). Taken together, our data suggest
that IL-33 is critical for proper remodeling of the uterine vascu-
lature during early pregnancy, with dual roles in restricting the
extent of decidual angiogenesis in the mesometrial pole and
promoting proper SpA architecture during early placentation.

Maternal IL-33 Deficiency Impairs Fetal and Placental Growth
during Late Gestation. Abnormalities in uterine tissue and vas-
cular remodeling during early pregnancy can negatively impact
placental and fetal development at later stages of pregnancy, in
some cases resulting in intrauterine growth restriction or overt
pregnancy loss. We therefore assessed the impact of maternal
IL-33 deficiency on pregnancy progression during late gestation
in mice. Compared with WT dams, IL-33 KO dams harbored
significantly fewer viable fetuses and significantly more fetal
resorptions at E18.5 (Fig. 4 A–C). Moreover, compared with
WT dams, viable fetuses in IL-33 KO dams were smaller and a
higher frequency were identified as “small for gestational age”
(SGA), with weights at or below the 10th percentile of WT
fetuses from WT dams (Fig. 4 D and E). The increased inci-
dence of poor pregnancy outcomes in IL-33 KO dams was
accompanied by placental abnormalities that included signifi-
cant reductions in placental diameter and labyrinth zone area,
as compared with WT dams, although overall placental weights
and fetal-to-placental weight ratios were comparable in WT
and KO dams (Fig. 4F and SI Appendix, Fig. S5 A–E). Impor-
tantly, viable fetus numbers, fetal weights, placental diameter,
and frequency of SGA fetuses were similar in WT dams mated
with IL-33 KO or WT sires (Fig. 4 B, D, E, and F), suggesting
that fetal Il33 heterozygosity does not impair these readouts of
pregnancy progression at E18.5. In summary, our data high-
light a critical role for maternal IL-33 in supporting optimal
pregnancy outcomes at both early and late stages of gestation
in mice.

Immune Cells Associated with Type 2 Responses Express ST2
at the Maternal–Fetal Interface at E7.5. IL-33 is a pleiotropic
cytokine with diverse roles in host immunity. In addition to its
well-established role in type 2 immune responses, IL-33 has
also been shown to act on immune cells associated with type 1
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responses, such as natural killer (NK) cells and CD8+ T cells,
in certain tissues and immunological settings (19). To better
understand how IL-33 regulates immune responses at the
maternal–fetal interface during pregnancy, we first sought to
define the uterine immune cell subsets that express ST2 at E7.5,
a time point associated with significant, multifactorial defects in
uterine tissue and vessel remodeling in IL-33 KO dams. As an
unbiased approach to identify immune cells that express Il1rl1
(encoding ST2), we performed scRNA-seq on CD45+ immune
cells sort-purified from the myometrium and decidua of WT
dams at E7.5. The overall frequency of Il1rl1-expressing
immune cells was relatively low in both tissues (Fig. 5 A and D),

consistent with findings in other tissues. To better ascertain the
identity of these subsets, Il1rl1-expressing cells were bioinfor-
matically selected and reclustered (Fig. 5 A and D), revealing
four distinct clusters of Il1rl1+ cells in the myometrium (Fig.
5B) and three clusters in the decidua (Fig. 5E).

Among the four clusters in the myometrium, cells in cluster
1 exhibited higher expression of genes associated with a cDC2
identity, including major histocompatibility complex class
II–related genes, Itgax, Sirpa, Siglecg, Cd209a, and Clec10a
(Fig. 5C). Cluster 2 was enriched for genes associated with an
ILC2 and/or T cell identity, for example, Cd3g, Gata3, Bcl11b,
Il7r, Thy1, Il2ra, Il5, and Rora (Fig. 5C). Cluster 3 exhibited
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Fig. 2. Maternal IL-33 deficiency impairs implantation chamber formation, decidualization, and embryonic development in early pregnancy. (A) Recon-
structed image of an implantation chamber from WT and IL-33 KO dams at E5.5 by confocal microscopy. Cytokeratin 8 (CK8, green) staining shows uterine
epithelium. White lines indicate implantation chamber length. (B) Implantation chamber length in WT and IL-33 KO dams (n = 6 per group) at E5.5 by confo-
cal microscopy as in A. (C) Average IS weight per dam from WT (n = 62) and IL-33 KO (n = 43) dams at E7.5. (D) Normalized Wnt4 and Fkbp5 transcript abun-
dance in decidua from WT and IL-33 KO dams at E7.5 by qRT-PCR. Data points show two or three individual ISs from WT (n = 6) and IL-33 KO (n = 3) dams.
(E) Reconstructed images of an embryo (white circles) within the implantation chamber from WT and IL-33 KO dams at E5.5 by confocal microscopy. Cytoker-
atin 8 (green) shows uterine epithelium encircling the chamber. Hoechst (white) shows nuclei. (F) Embryo volume in WT and IL-33 KO dams (n = 6 dams per
group) at E5.5, measured by confocal microscopy after 3D reconstruction as in A. (G) Frequency of embryos at prestreak (Pre-S), primitive streak (PS), neural
plate (NP), and headfold (HF) stages in WT (n = 18) and IL-33 KO (n = 19) dams at E7.5. (H) Images of uteri from WT and IL-33 KO dams at E12.5 showing
resorptions in black circles. (I) Frequency of resorptions in WT (n = 13) and IL-33 KO (n = 8) dams at E12.5, identified as in H. Significance was determined by
unpaired two-tailed Student’s t test (B, C, and F), unpaired two-tailed Mann–Whitney U test (D), or Fisher’s exact test (G and I) (*P < 0.05, **P < 0.01, ***P < 0.001).
Data are displayed as mean ± SEM.
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increased expression of genes associated with an M2 macro-
phage identity, including Adgre1, Itgam, Lyz2, Sirpa, Egr2, and
Mrc1 (Fig. 5C). And finally, cluster 4 had high expression of
genes associated with mast cells, including Il4, Cpa3, Gata2,
Cma1, Mcpt4, and Fcer1a (Fig. 5C).
Similar populations of Il1rl1+ cells were identified in the

decidua, with a few minor differences. Cells in cluster 1
expressed genes associated with both cDC2s and/or M2 macro-
phages (e.g., Mgl2, Cd14, Cd68, Lyz2, Itgax, and Cd209a), sug-
gesting both cell subsets may be present in the cluster (Fig. 5F).
Cluster 2 contained cells that expressed genes associated with a
Treg and/or CD4+ T cell identity (Cd4, Cd3e, Cd3d, Cd3g,
Ctla4, Il2ra, and Foxp3), although a clear ILC2 signature was
not apparent (Fig. 5F). And finally, cells in cluster 3 were
enriched for mast cell genes (Fig. 5F). Of note, none of the
clusters in the myometrium or decidua exhibited an NK cell or
CD8+ T cell gene signature, suggesting that IL-33 signaling
may not directly regulate immune cells associated with type 1
immune responses at E7.5.
In summary, our data indicate that myeloid and lympho-

cyte populations associated with type 2 inflammation and/or

tissue-remodeling responses (i.e., cDC2s, M2 macrophages,
mast cells, Treg and non-Treg CD4+ T cells, and ILC2s) are
the principal IL-33–responsive immune cell subsets present in
the decidualized uterus during early pregnancy.

Maternal IL-33 Deficiency Impairs Type 2 Responses by ILC2s,
CD4+ T Cells, and Macrophages in the Uterus during Early
Pregnancy. IL-33 is a potent inducer of type 2 and tissue
remodeling–associated immune responses by ILC2s and CD4+

T cells in other tissues, including the lung, skin, adipose, and
muscle (19, 20). We therefore hypothesized that IL-33 may
similarly impact uterine ILC2 and CD4+ T cell responses dur-
ing early pregnancy. Consistent with our scRNA-seq data, flow
cytometry studies revealed that the majority (∼80 to 95%) of
ST2+ lymphocytes (ST2+FSClowSSClowCD90.2+ cells) in the
myometrium at E7.5 (Fig. 6A) and E9.5 (SI Appendix, Fig.
S6A) were ILC2s, although small populations of ST2-
expressing Foxp3–CD4+ T cells and Foxp3+CD4+ Tregs were
also detected. In the decidua, most ST2+ lymphocytes were
Foxp3+CD4+ Tregs or Foxp3–CD4+ T cells at E7.5, and few
were ILC2s (∼10%) (Fig. 6A). However, by E9.5, ILC2s were
more frequent than CD4 T cells within the overall ST2+ lym-
phocyte compartment (SI Appendix, Fig. S6A). Thus, ILC2s
and CD4+ T cells at the maternal–fetal interface express ST2
and are receptive to IL-33–mediated activation signals.

To assess IL-33–mediated regulation of uterine ILC2 and
CD4+ T cell responses during early pregnancy, we first quanti-
fied uterine ILC2s, CD4+ Tregs, and non-Treg CD4+ T cells
in IL-33 KO and WT dams, but did not detect any significant
differences at E7.5 (SI Appendix, Fig. S6B) or E9.5 (SI
Appendix, Fig. S6C). These findings suggest that IL-33 may be
dispensable for type 2 lymphocyte expansion and/or recruit-
ment into the uterus, at least at this stage of pregnancy. We
next assessed the impact of maternal IL-33 deficiency on uter-
ine ILC2 and CD4+ T cell production of cytokines associated
with type 2 inflammatory and/or tissue-remodeling responses,
including IL-5, IL-13, and AREG. These studies revealed that
IL-5 and IL-13 production by ILC2s in the myometrium was
reduced in IL-33 KO dams compared with WT dams at E7.5
and/or E9.5 (Fig. 6 B and C and SI Appendix, Fig. S7A). Simi-
larly, IL-13 production by Foxp3–CD4+ T cells (Fig. 6D and
SI Appendix, Fig. S7B) in the myometrium, and AREG produc-
tion by Foxp3–CD4+ T cells in the decidua (SI Appendix, Fig.
S7C), were also reduced in IL-33 KO dams compared with
WT dams. Consistent with impaired local production of type 2
cytokines, decidual eosinophils were less abundant in IL-33
KO dams, as compared with WT dams, at E7.5 and E9.5 (Fig.
6E). Taken together, our data suggest that maternal IL-33 sup-
ports type 2 cytokine production by innate and adaptive lym-
phocytes in the uterus during the post-implantation phase of
early pregnancy, prior to formation of the definitive placenta.

We next assessed responses by uterine Tregs at E7.5 and
E9.5. AREG production by uterine Tregs from IL-33 KO and
WT dams was similar, and we were unable to detect produc-
tion of IL-10, IL-5, IL-13, or interferon γ by Tregs by intracel-
lular cytokine staining (SI Appendix, Fig. S8). Moreover,
although Tregs are critical for maintaining fetal tolerance in allo-
geneic pregnancies in mice (41–43), we find that defects in preg-
nancy progression are not exacerbated in IL-33 KO dams during
allogeneic pregnancies, at least at E12.5 (SI Appendix, Fig. S9).
Thus, our studies suggest that IL-33 may be dispensable for regu-
lating the Treg functions that support fetal tolerance in allogeneic
pregnancies.
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SpA remodeling in early pregnancy. (A) Representative 20× image (Top) of
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Prior studies have implicated M2-like macrophages in uter-
ine tissue remodeling during pregnancy (44–46). IL-33 is
known to promote M2 polarization in many tissues, both
directly via engagement of ST2 on specific macrophage subsets
and indirectly by inducing production of type 2 cytokines such
as IL-13 by ST2+ lymphocytes (47, 48). Given our findings
that some uterine macrophages express Il1rl1 transcripts (Fig. 5
C and F) and that IL-33 regulates type 2 cytokine production
by uterine lymphocytes (Fig. 6 B–D and SI Appendix, Fig. S7),
we hypothesized that IL-33 signaling may directly or indirectly
promote M2 macrophage function during early pregnancy.
Consistent with this hypothesis, the number of decidual and
myometrial macrophages expressing Arginase-1 (Arg-1), an
enzyme associated with type 2–associated immune responses by
M2 macrophages (49), was significantly reduced in IL-33 KO
dams compared with WT dams at E7.5 (Fig. 6F). Thus, our
data suggest that maternal IL-33 signaling regulates M2 macro-
phage function during early pregnancy in mice, coincident
with IL-33–dependent remodeling of the uterine tissue and
vasculature.

Discussion

Our studies demonstrate that IL-33 critically regulates diverse
aspects of pregnancy progression in mice. We find that maternal
IL-33 deficiency impairs implantation chamber development and
uterine decidualization, and perturbs vascularization and vascular
remodeling, in the post-implantation period of early pregnancy.
These defects coincide with delayed embryo development at
E5.5 and E7.5, increased resorption rates, and impairments in
fetal and placental growth by late pregnancy. At a cellular level,
our data suggest that crosstalk between IL-33–producing nonim-
mune cells and ST2+ immune cells at the maternal–fetal
interface is associated with optimal pregnancy progression. Spe-
cifically, we find that myometrial fibroblasts and myofibroblasts,
and decidual endothelial and stromal cells, are the main cellular

sources of IL-33 in the decidualized uterus. Conversely, ST2 is
expressed by uterine immune cell populations associated with
type 2 immune responses, including ILC2s, some Tregs and con-
ventional CD4+ T cells, cDC2s, M2-polarized macrophages,
and mast cells. Critically, the early defects in uterine tissue
remodeling and embryo development in pregnant IL-33 KO
dams were associated with broadly impaired type 2 immune
responses, including diminished type 2 cytokine production by
uterine lymphocytes and reduced numbers of uterine eosinophils
and Arginase-1+ macrophages at E7.5. Taken together, our stud-
ies highlight previously unappreciated roles for IL-33 in orches-
trating key tissue remodeling and immunological processes at the
maternal–fetal interface that collectively support early pregnancy
progression and optimal pregnancy outcomes in mice.

Our data demonstrate that maternal IL-33 deficiency has
pleiotropic effects on early pregnancy progression, resulting in
diverse defects in the post-implantation, pre-placentation phase
of early pregnancy. However, whether and how IL-33 supports
events that precede implantation are less clear. While we find
that total implantation site numbers at E7.5 are reduced in
IL-33 KO dams, the modest nature of this reduction suggests
that IL-33 may play relatively minor roles in the reproductive
processes that are required to initiate implantation in mice—
such as oogenesis and oocyte release during estrus, oocyte fertil-
ization, and blastocyst attachment—notwithstanding our prior
finding that IL-33 is expressed in the ovaries and uteri of virgin
mice and through E2.5 in pregnancy (50).

The relative, stage-specific requirements for IL-33 in early
pregnancy progression may reflect differences in the uterine cell
types that express IL-33 in the pre- versus post-implantation
stages of early pregnancy. For example, we have previously
shown that glandular and luminal epithelial cells are the main
IL-33+ cells in the endometrium at E2.5 (50), whereas we now
show that stromal cells and endothelial cells are the main IL-33+

cell types in the decidua during the post-implantation stage of
early pregnancy, although IL-33 expression by decidual endothe-
lial cells during this time frame is transient and peaks at E7.5.
Our findings are consistent with a recent scRNA-seq study on
mouse implantation sites at E5.5, which identified Il33 tran-
scripts in Hoxa11-positive decidual stromal cells arising during
the “second wave” of decidualization that follows blastocyst
implantation (51). Although future studies involving cell-specific
and temporal disruption of IL-33 are necessary to define the rel-
ative and sequential contributions of epithelial-, endothelial-,
and stromal cell–derived IL-33 to early pregnancy progression,
one possibility is that IL-33 produced by decidualizing stromal
cells may amplify uterine decidualization and other decidual pro-
cesses following blastocyst implantation, possibly after processing
into its highly bioactive, mature ∼20-kDa form. This idea is
supported by prior literature showing that IL-33 can regulate
expression of genes associated with differentiation, proliferation,
and function in human decidual cells and trophoblasts in vitro
(52, 53), and our current finding that maternal loss of IL-33 sig-
naling significantly impairs decidual expression of Wnt4 and
Fkbp5. Notably, both genes are known mediators of BMP2 sig-
naling, which critically supports early pregnancy in mice and
humans by promoting uterine stromal cell decidualization and
proliferation (54, 55).

We find that IL-33–dependent type 2 immune responses in the
uterus are closely associated with proper tissue remodeling during
early pregnancy. Moreover, our data are consistent with the
emerging paradigm that crosstalk between IL-33+ non-immune
and ST2+ immune cells instructs tissue remodeling and repair
processes in diverse physiological and pathological settings. For
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Fig. 4. Maternal IL-33 deficiency results in poor pregnancy outcome
parameters in late pregnancy. Pregnancy outcome parameters were mea-
sured at E18.5 from WT (n = 12) and IL-33 KO dams (n = 12) mated with
WT sires or from WT dams (n = 9) mated with IL-33 KO sires. Bar graphs
show summary data as follows. (A) Uterus weight. (B) Number of viable
fetuses. (C) Frequency of resorptions. (D) Fetal weight. (E) Frequency of SGA
fetuses, defined as weighing less than 10th percentile of fetuses from WT ×
WT pregnancies. (F) Placental diameter. Significance was determined by
one-way ANOVA (A), Kruskal–Wallis test with post hoc t tests (B), Fisher’s
exact test (C and E), or mixed-effects model analysis of repeated measures,
with dam as subject (D and F) (*P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001; ns, not significant). Data are displayed as mean ± SEM.
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example, epithelial cell–derived IL-33 has been shown to drive
tissue-reparative type 2 immune responses by ILC2s, T cells, and
myeloid cells in the infected lung, inflamed gut, and injured skin
(19, 20). Similarly, fibroblast-derived IL-33 activates ST2+ skeletal
muscle Tregs to elicit production of cytokines, including AREG,
which promote muscle satellite cell proliferation and differentia-
tion to repair injured muscle tissue (56, 57), a function that may
have relevance to our finding that IL-33+ myofibroblasts and
ST2+ immune cells are highly enriched in the myometrium.
IL-33–dependent type 2 immune responses also support tissue
homeostasis under physiologic conditions, as demonstrated by the
finding that astrocyte-derived IL-33 in the central nervous system
instructs synapse engulfment by ST2+ microglia to remodel neural
networks during postnatal development (58). Our data do not
exclude the possibility that IL-33 may impact pregnancy outcomes
by exerting effects on organs and systems other than the uterus,
which are nonetheless critical for a successful pregnancy (e.g., the
cardiovascular system or kidneys). Nevertheless, given the broader

role of type 2 immune responses in tissue remodeling in many
other organs, our data suggest that local IL-33–induced type 2
immune responses in the uterus may similarly contribute to uter-
ine remodeling during early pregnancy.

In addition to decidual stromal cells, we find that blood ves-
sels in the mesometrial pole express IL-33 at E7.5. This finding
mirrors prior reports of IL-33 expression by endothelial cells in
many other tissues (59–61), including in the human placenta at
midgestation (62). Our data suggest that IL-33 may play dual
roles in regulating vascular remodeling in the uterus during
early pregnancy, acting to limit the density of vessels in the
mesometrial pole at E7.5 and to restrict the wall thickness and
gauge of SpAs at E9.5. The cellular mechanisms underlying this
negative regulatory function remain unclear. IL-33–mediated
crosstalk between non-immune and immune cells in
“adventitial cuffs” surrounding large blood vessels can promote
type 2 inflammatory responses in other tissues (63). In the
uterus, decidual NK cells, Tregs, and mast cells have all been
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implicated in remodeling of the uterine vasculature during
pregnancy (64–66). For example, decidual NK cells are known
to localize near blood vessels in the mesometrial pole and
secrete factors that support SpA remodeling and angiogenesis
(67). It will be important to determine whether IL-33 limits
decidual angiogenesis or SpA remodeling by modulating the
pro-vasculature functions of decidual NK cells, Tregs, and/or
mast cells, possibly through induction of type 2 cytokines and
inflammatory mediators. Our data raise the intriguing possibil-
ity that IL-33–producing endothelial cells in the mesometrial
pole engage in crosstalk with vessel-adjacent ST2+ immune
cells—for example, T cells, mast cells, or even ILC2s—to
directly or indirectly regulate secretion of factors that alter vessel
growth and architecture.

Although this study is focused on how IL-33 signaling con-
tributes to pregnancy in mice, our findings may shed light on
why abnormalities in IL-33 signaling are associated with a
broad spectrum of pregnancy disorders and poor pregnancy
outcomes in humans (4, 5, 7–17, 68, 69). Indeed, several key
findings from our work parallel observations from studies on
women with pregnancy disorders. For example, our data dem-
onstrate that IL-33 KO dams exhibit increased resorptions at
mid- and late gestation, similar to reports of abnormal IL-33
signaling in women with recurrent or pending miscarriage
(4, 5, 15, 16). Additionally, we find that IL-33 is predomi-
nantly expressed by uterine fibroblasts/myofibroblasts and
decidual stromal and endothelial cells in the post-implantation
phase of early pregnancy in mice. Similar cell types have been
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Fig. 6. Maternal IL-33 promotes type 2 immune responses by uterine immune cells during early pregnancy. (A) Percentage of ILC2s, CD4+Foxp3+ T cells
(Tregs), and CD4+Foxp3– (Tconv) in the Dec and Myo among ST2+ lymphocytes from WT dams at E7.5 by flow cytometry (n = 5 dams, 6 to 9 pooled ISs per
dam). (B) Representative flow plot (Left) showing the percentage of IL-5+ ILC2s from the myometrium of WT and IL-33 KO dams at E7.5 by flow cytometry.
Summary data (Right) for WT (n = 10 dams, 7 to 11 pooled ISs per dam) and IL-33 KO (n = 8 dams, 7 to 12 pooled ISs per dam) from seven independent
experiments, shown as fold change relative to average for the WT group in each experiment. (C) As in B, except showing IL-13. (D) As in C, except showing IL-
13+CD4+ T cells from WT (n = 7 dams, 7 to 11 pooled ISs per dam) and IL-33 KO dams (n = 5, 7 to 12 pooled ISs per dam) at E7.5. Significance was deter-
mined by two-tailed Student’s t test. (E) Number of eosinophils in the decidua at E7.5 (Left) and E9.5 (Right) from WT dams (n = 8 to 17, 5 to 11 pooled ISs
per dam) and IL-33 KO dams (n = 8 to 14, 6 to 10 pooled ISs per dam), shown as the number per IS. Significance was determined by unpaired two-tailed
Mann–Whitney U test. (F) Number of Arginase-1+ macrophages in the decidua (Left) and myometrium (Right) from WT (n = 7 dams, 6 to 11 pooled ISs per
dam) and IL-33 KO dams (n = 8 dams, 7 to 9 pooled ISs per dam) at E7.5. Shown as the number per IS or number per milligram of tissue. Significance was
determined by unpaired two-tailed Student’s t test (*P < 0.05, **P < 0.01, ***P < 0.001). Data are displayed as mean ± SEM.
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reported to express IL-33 in women, including during preg-
nancy (8, 14, 52, 62, 70). And finally, dysregulated IL-33 sig-
naling in patients with recurrent pregnancy loss is associated
with reduced expression of M2 markers by human decidual
macrophages (68), mirroring our own findings of impaired M2
macrophage responses in IL-33 KO dams. Taken together, these
findings suggest that IL-33 may support pregnancy progression
in both humans and mice via conserved cellular communication
networks and functions.
Finally, although prior work had shown that IL-33 contrib-

utes to protection against LPS-induced complications and pre-
term labor at late gestation in mice and rats (17, 18), we now
demonstrate that IL-33 acts very early in pregnancy to critically
regulate the tissue and vascular remodeling processes that estab-
lish the foundation for proper development and function of the
placenta. This early role for IL-33 could impact, and possibly
explain, some of the complications that arise at later stages of
pregnancy in LPS-challenged rodents and in women with
diverse pregnancy disorders.
In summary, our study demonstrates that IL-33 signaling

has pleiotropic effects on diverse physiological, cellular, and
immunological processes in the pregnant uterus that are impor-
tant for optimal pregnancy progression and outcomes in mice.
Future studies are needed to determine whether uterine ST2+

immune cells directly participate in IL-33–mediated responses
promoting decidualization and vascularization in early preg-
nancy. Finally, our work also provides insights into the cellu-
lar and molecular mechanisms that could be involved in
dysregulated IL-33 signaling and poor pregnancy outcomes in
women.

Methods

Animals and Breeding. C57BL/6 WT mice (Jackson) and IL-33 Citrine fluores-
cent reporter (Il33cit/wt) or KO (Il33cit/cit) mice on a C57BL/6 background (26)
were used for all experiments, except that BALB/c WT males (Jackson) were
used as studs for the allogeneic mating studies. All mice were used in accor-
dance with the Rutgers Institutional Animal Care and Use Committee. To initi-
ate pregnancies, 8- to 12-wk-old females in estrus were paired with male
C57BL/6 studs (or with BALB/c studs for allogeneic pregnancy studies) in the
late afternoon. The presence of a vaginal plug the next morning marked E0.5
of pregnancy. Dams were euthanized by CO2 asphyxiation unless other-
wise noted.

Histology and Immunofluorescence with Two-Dimensional Imaging.

For histology, E7.5 implantation sites (ISs) with myometrium attached were fixed
in Bouin’s solution (Sigma), paraffin-embedded, sectioned at 7 μm, and stained
with hematoxylin and eosin (H&E). Embryos in one to three ISs per dam were
assessed to identify morphologic landmarks of prestreak, primitive streak, neural
plate, and headfold stages of embryonic development, as in ref. 36. All sections
having an implantation chamber were scored by three observers for the number
of cavities within the embryo and the presence or absence of traits, including
primitive streak, allantois, cranial neural folds, and somites. Embryonic stage
was based on the composite of these traits.

For placental morphology analysis at E18.5, placentas were hemisected and
fixed in Bouin’s solution (Sigma), paraffin-embedded, sectioned at 7 μm, and
stained with H&E. The total areas of labyrinth and junctional zone were mea-
sured at 20× with ImageJ v1.52 (NIH).

For 2D immunofluorescence, ISs with myometrium attached were fixed in
4% paraformaldehyde (PFA) (Sigma) at 4 °C, infiltrated with 30% sucrose
(Sigma) in phosphate-buffered saline, embedded in Tissue-Tek O.C.T. com-
pound (Sakura), and cryosectioned at 7 μm. Immunostaining was performed,
as described (50), using antibodies listed in SI Appendix, Table S1. Two or three
ISs per dam were analyzed, using at least three sections per IS. Purified goat or
rabbit immunoglobulin G was used as isotype-specific negative controls and
primary antibodies were omitted to detect nonspecific binding of secondary

antibodies. Vectashield with DAPI (Vector) was used for nuclear visualization
and mounting. CD31 and αSMA signal density in the decidua were calculated
using ImageJ v1.52 (NIH), as described (39). Briefly, individual images were
corrected by subtracting the background intensity using the autothreshold func-
tion. For four (mesometrial pole and central region at 20×) or eight (anti-
mesometrial region at 40×) nonoverlapping 300 × 300 pixel regions, signal
density was calculated as the percentage of signal-positive area [e.g., (αSMA+

pixels/total pixels in region) × 100% = percent αSMA signal density]. One IS
per dam was analyzed; all measurements from three separate sections per IS
were averaged.

Imaging was performed on a BZ-X710 All-in-One fluorescence microscope
(Keyence) using Keyence BZ-X Viewer v01.03 software.

Spiral Artery Remodeling. SpA remodeling was assessed at E9.5 as described
(71). Briefly, dams were euthanized by cervical dislocation and uterine arteries
were ligated at distal and proximal ends. The whole uterus was excised and fixed
in 4% PFA for 5 h at room temperature. Isolated ISs were paraffin-embedded
and sectioned at 7 μm. H&E staining on sections at 49-μm intervals was used to
identify sections containing the chorioallantoic attachment of the fetus to the pla-
centa, defining the midsagittal point of the feto–placental unit. Three sections,
spaced 49 μm apart and close to the midsagittal point, were analyzed for each
IS. Using NIS Elements software, total vessel and lumen area were determined
by drawing around the outer wall and the inside of the vessel, respectively.
Measurements were recorded from five of the largest and roundest vessels
within the center 2/4 of the decidua of the feto–placental unit. The 15 measure-
ments were averaged to yield the mean diameter of the largest vessels per IS.
Wall thickness was calculated by subtracting lumen area from total vessel area.
Vessel:lumen ratio and wall thickness reflect the remodeling status of the vessel.
Two ISs per dam were analyzed.

Tissue Digestion. Single-cell suspensions were generated as previously
described (39). Briefly, the myometrium and decidua from individual ISs were sep-
arated and minced with scissors, and then digested in RPMI-1640 (Gibco) contain-
ing 1 mg/mL collagenase A (Sigma-Aldrich) and 0.1 mg/mL DNase (Roche) with
shaking at 250 rpm at 37 °C for 2 × 12 min (decidua) or 2 × 15 min (myome-
trium). Tissues were mechanically dissociated by passage through an 18- or
20-gauge needle after each shaking cycle. Cells were filtered through 100-μm
mesh and washed once with cold RPMI with 3% fetal bovine serum (FBS) (Fisher
Scientific). Red blood cells were lysed with RBC lysis buffer (Tonbo Biosciences).

Flow Cytometry and Cell Sorting. Flow cytometry was performed using anti-
bodies listed in SI Appendix, Table S2. Cells were stained with Live/Dead Fixable
Aqua viability dye (Invitrogen) for 30 min per the manufacturer’s instructions
prior to surface staining, or with DAPI after surface staining for cell sorting. Cells
were treated with Fc Block (BD Biosciences) for 10 min, and then surfaced-
stained with antibody mixture for 30 min at 4 °C. The Foxp3/Transcription Factor
Staining Kit (eBioscience) was used for intracellular or intranuclear staining. Line-
age mixture included anti-CD3, -CD19, -CD11b, -CD11c, -NK1.1, -CD8, –Ter-119,
and -FcERI. ILC2s were identified as CD45+LIN�CD90.2+Sca1+CD25+ST2+

cells, eosinophils as CD45+SiglecF+F4/80loSSChi cells, and macrophages as
CD45+CD11bhiF4/80hiCD64hi cells. An Attune NxT acoustic focusing cytometer
(Thermo Fisher) and a FACSAria II sorter (BD Biosciences) were used for flow
cytometry and cell sorting, respectively. Data were analyzed using FlowJo v10
software (BD Biosciences).

In Vitro Stimulation. Single-cell suspensions were incubated at 37 °C for 5 h
with Cell Activation Cocktail with brefeldin A (BioLegend) or GolgiPlug (BD Bio-
sciences), per the manufacturer’s instructions, in RPMI-1640 medium (Gibco)
containing 1% Hepes (Corning), 1% penicillin-streptomycin (Corning), and 10%
FBS (Fisher Scientific).

Statistical Analyses. Statistical analyses were performed with Prism v9
(GraphPad Software). Outliers were identified and removed. Normality was
determined using the Shapiro–Wilk test. Significant differences were deter-
mined using unpaired two-tailed Student’s t test for normally distributed
data, Mann–Whitney U test for nonparametric data, or Fisher’s exact test
for binary data. When comparing more than two groups, one-way ANOVA
or Kruskal–Wallis test with post hoc t test was used. Fetal and placental
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weight, fetal:placental weight ratio, and placental diameter were analyzed
by mixed-effects model analysis of repeated measures and post hoc t test,
with dam as subject and viable fetuses as repeated measures. All bar
graphs show mean ± SEM and significance is reported as *P < 0.05,
**P < 0.01, ***P < 0.001, unless otherwise stated in the legends.

Additional Methods. Methods for scRNA-seq processing and data analyses,
qRT-PCR, whole-mount immunofluorescence with 3D reconstruction studies, and
Western blots are available in SI Appendix.

Data, Materials, and Software Availability. scRNA-seq data reported in
this article have been deposited in the Gene Expression Omnibus [accession
nos. GSE209795 (72) and GSE209796 (73)].

All other data are included in the manuscript and/or SI Appendix.
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