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SUMMARY

Immune tolerance at the maternal-fetal interface (MFI) is required for fetal development. Excessive maternal
interferon-gamma (IFN-vy) and interleukin-17 (IL-17) are linked to pregnancy complications, but the regulation
of maternal IFN-y and IL-17 at the MFI is poorly understood. Here, we demonstrate a gut-placenta immune
axis in pregnant mice in which the absence or perturbation of gut microbiota dysregulates maternal IFN-y and
IL-17 responses at the MFI, resulting in fetal resorption. Microbiota-dependent tryptophan derivatives sup-
press IFN-y+ and IL-17+ T cells at the MFI by priming myeloid-derived suppressor cells (MDSCs) and gut-
derived RORyt+ regulatory T cells (Tregs), respectively. The tryptophan derivative indole-3-carbinol, or tryp-
tophan-metabolizing Lactobacillus murinus, rebalances the T cell response at the MFI and reduces fetal
resorption in germ-free mice. Furthermore, MDSCs, RORyt+ Tregs, and microbiota-dependent tryptophan
derivatives are dysregulated at the MFIl in human recurrent miscarriage cases. Together, our findings identify
microbiota-dependent immune tolerance mechanisms that promote fetal development.
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INTRODUCTION complications, including miscarriage and preterm birth.'%"'%
However, the role of the microbiota in regulating maternal-fetal
immune tolerance remains undefined. The gut microbiota is

heavily influenced by a variety of maternal factors, including anti-

The gut microbiota, an essential regulator of the immune
system and host metabolism,’? significantly changes during

pregnancy.®° The gut microbiota influences maternal metabolic
rewiring during pregnancy® and contributes to placental vascu-
larization.® Maternal dysbiosis and gastrointestinal disease are
associated with pregnancy complications,*”® including miscar-
riage, preterm birth, low birth weight, and preeclampsia. Preg-
nancy is associated with drastic changes to the immune system
to facilitate tolerance of the semi-allogenic fetus,® "2 mediated in
part by the development of maternal regulatory T cells (Tregs)
that dampen immune activation against fetal antigens.'® Disrup-
tion of maternal-fetal tolerance is associated with pregnancy
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biotic (Abx) use and diet. It remains poorly understood whether/
how the maternal immune response to the developing fetus is
influenced by the gut microbiota.

Type | and Il interferons (IFNs) contribute to uterine spiral ar-
tery remodeling for placentation, as well as protecting mother
and fetus from pathogens.'® However, excessive IFN responses
and activation of IFN-stimulating genes (ISGs) may provoke anti-
fetus T cell responses and lead to fetal resorption®®?"; this may
underlie the increased risk of poor pregnancy outcomes in
women with autoimmune systemic lupus erythematosus (SLE)
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or antiphospholipid syndrome (APS), including premature
delivery and fetal loss.??**> Futhermore, overexpression of IFN-
gamma (IFN-y) is associated with abnormal cerebellar develop-
ment in mice.>*?° Likewise, excessive maternal interleukin
(IL)-17 production due to maternal immune activation (MIA), as
in the case of maternal infection, has been suggested to disrupt
fetal brain development and also imprint fetal intestinal stem
cells to increase susceptibility to autoimmunity in later life.?5>°
However, it remains unclear how the maternal IL-17 response
is regulated at the maternal-fetal interface (MFI) under homeo-
static conditions. A better understanding of the regulation of
maternal IFN and IL-17 responses during pregnancy would
inform approaches to keep these two major immune pathways
in check and thus improve pregnancy outcomes. In this study,
we identify a critical role for maternal microbiota-derived trypto-
phan derivatives in the emergence of myeloid-derived suppres-
sor cells (MDSCs) and RORyt+ Tregs in pregnant mice to main-
tain a balanced IFN-y vs. IL-17 response at the MFI to promote
maternal-fetal immune tolerance. We further demonstrate that
both of these cell types are present at the human MFI and are
dysregulated in cases of recurrent miscarriage (RM), highlighting
these pathways as potential avenues to improve pregnancy out-
comes in humans.

RESULTS

Gut microbiota is required for maternal tolerance during
pregnancy

In this study, we explored a possible gut-placenta immune axis
during pregnancy. We found increased gut permeability in preg-
nant wild-type C57BL/6 mice (hereafter referred to as WT), indi-
cated by increased fluorescein isothiocyanate (FITC)-dextran
leakiness, compared with age-matched nonpregnant females,
which notably increased with gestational age (Figure 1A). To
examine how pregnancy changes the gut microbiota, we per-
formed 16S rRNA sequencing on fecal pellets from 8-week-old
WT female C57BL/6 mice at embryonic day 0.5 (E0.5, defined
as the day the copulation plug was detected), E10.5, and
E16.5. The gut microbiota changed significantly between
pregnant and nonpregnant (E0.5) mice (Figures 1B and S1A);

Cell

pregnancy was associated with reduced bacterial diversity
and expansion of Porphyromonadaceae and Clostridiales
(Figure S1A). E16.5 dams showed significant elevation of Tregs
and IL-17A+ T cells in the small intestine relative to age-matched
nonpregnant mice, although not in the mesenteric lymph node
(mLN) or colon (Figures S1B-S1F), suggesting dynamic changes
in gut immune cells during pregnancy.

Further highlighting the importance of the microbiota in preg-
nancy, we found significantly higher rates of fetal resorption at
E16.5 in WT germ-free (GF) dams compared with WT-specific
pathogen-free (SPF) dams (Figures 1C and 1D), with a female
bias in surviving pups from GF dams (Figure S1G). In GF
dams, the rate of fetal death significantly increased after the first
pregnancy (Figure 1E), suggesting a possible contribution from
immunologic memory. Plasma from GF mice showed a signifi-
cantly higher level of fetus-specific immunoglobulin G (IgG)
than in SPF mice (Figure 1F); fetus-specific IgG was significantly
increased after the first pregnancy in GF dams but not SPF dams
(Figure 1G). Likewise, B cells isolated from the placenta and
uterus of E16.5 GF mice produced significantly more IgG when
co-cultured with fetal antigens than did B cells isolated from
SPF mice (Figure S1H), suggesting a breakdown of maternal
tolerance in the absence of the gut microbiota. Despite the fe-
male bias in surviving GF pups, we did not observe a difference
in plasma IgG reactivity to fetal skin and liver antigens derived
from male vs. female fetuses in either SPF or GF dams
(Figure S1l).

To better understand how the lack of microbiota affects
maternal immune cells at the MFI, we isolated immune cells
from the mouse uterus (combining the uterus and decidua) and
fetal side of the placenta after removing the decidua (hereafter
referred to as the placenta). By mating a SPF WT CD45.2+ fe-
male (on the C57BL/6 background) with a SPF WT CD45.1+ syn-
genic male, we found that only 0.4% of immune cells in the
uterus and 2.2% in the placenta were of fetal origin (CD45.1+
CD45.2+) (Figure 1H). The maternal immune cells from the
placenta likely were maternal blood circulating cells. Further-
more, flow cytometry analysis showed significant increases in
IFN-y+ T cells in the placenta and uterus of GF mice at E16.5,
as well as a significant reduction in IL-17A+ CD4+ T cells

Figure 1. The maternal gut microbiota changes dynamically during pregnancy and shapes immune responses at the MFI

(A) Intestinal permeability in SPF WT pregnant mice and age-matched nonpregnant females. Pearson’s coefficient (r) correlation was calculated between
gestational age and plasma FITC-dextran concentration. Data from individual mice as well as a simple linear regression with 95% confidence intervals are shown.
(B) Non-metric multidimensional scaling (NMDS) analysis of fecal microbial diversity at E0.5, E10.5, and E16.5.

(C and D) Representative photographs (C) and quantification (D) of fetal death in SPF and GF mice at E16.5.

(E) Litter size in GF mice in their first, second, and third or higher pregnancy.
(F) Anti-fetal IgG in the serum of E16.5 SPF and GF pregnant mice.

(G) Anti-fetal IgG in the serum of E16.5 SPF and GF pregnant mice during their first or later pregnancy.
(H) Representative flow plots of maternal cells (CD45.2+CD45.1—) and fetal cells (CD45.2+CD45.1+) in the placenta and uterus of CD45.2 females mated with

CD45.1 males, gated on live CD45.2+ cells.

() Representative flow plots of placental CD4+ and CD8+ T cells from SPF and GF mice at E16.5.
(J and K) Frequency of IFN-y+ (J) and IL-17A+ (K) T cells from placenta, uterus, and spleen of E16.5 SPF and GF mice.
(L-N) Resorption rates (L) and the frequency of IFN-y+ T cells (M) and IL-17A+ CD4+ T cells (N) in the placenta, uterus, and spleen of SPF mice treated with PBS or

broad-spectrum Abx.

(O and P) Abundance of IFN-y+ T cells (O) and IL-17A+ CD4+ T cells (P) in the placenta and uterus of SPF mice treated with PBS, gentamicin, or vancomycin. For
(A), (B), (F)—~(K), and (L)-(O), each dot represents one dam; for (D), (E), and (K), each dot represents one litter. Error bars indicate one standard deviation. *p < 0.05,
**p < 0.01, **p < 0.001, ***p < 0.0001. SPF, specific pathogen-free; GF, germ-free; Abx, broad-spectrum antibiotics.

See also Figures S1 and S2.
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Figure 2. Altered immune cell landscape at
the MFI in female mice lacking microbiota

(A and B) scRNA-seq on CD45+ cells from the
blood, placenta, and uterus of pregnant SPF and
GF mice (3 dams per group, 5 placentas pooled
from each dam). (A) Fourteen clusters were
defined by gene signature. Uniform manifold
approximation and projection (UMAP) represen-
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bacteria and some Gram-positive bacte-
ria®?; in a previous study by our lab,*® we
found that vancomycin treatment altered
the microbiota to a much greater degree
than gentamicin, including a near-com-
plete loss of Bacteroidales and an expan-
sion of Verrucomicrrobiales (Figure S2B).
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(Figures 11-1K and S1J); these cells likely mostly represented
maternal cells. Consistently, by using LegendPlex ELISA, higher
levels of IFN-y were found in placenta and uterus homogenates
as well as amniotic fluid (AF) from GF dams at E16.5 (Figure S1K),
with a similar reduction in IL-17A concentration in placenta and
uterus homogenates (Figure S1L), although IL-17A was not
detectable in AF. Similar phenotypes were observed between
mid-gestation and late-gestation dams (Figures S1M-S10),
and no significant differences were found in Tgfb mMRNA expres-
sion (Figure S1P) or in IL-4+, IL-22+, or tumor necrosis factor
(TNF)-o+ T cells (Figures S1Q and S1R).

GF mice exhibit significant developmental issues,?® " in addi-
tion to immune dysregulation, which may contribute to preg-
nancy complications; to further demonstrate the effect of micro-
biota perturbation during pregnancy, we treated WT SPF dams
with broad-spectrum Abx from E7.5 to E16.5 and observed
higher levels of fetal resorption than untreated dams
(Figure 1L), as well as increased IFN-y production and reduced
IL-17A production in placental and uterine T cells (Figures 1M
and 1N). Increased plasma levels of anti-fetus IgG1 and IgG3
were detected in E16.5 Abx-treated dams (Figure S1S). Interest-
ingly, treatment of SPF dams with vancomycin, but not genta-
micin, caused similar increases in fetal resorption (Figure S2A)
and IFN-y+ T cells (Figure 10) and reduced IL-17A+ T cells
(Figure 1P). Vancomycin primarily kills Gram-positive bacteria,
whereas gentamicin is effective primarily against Gram-negative

Collectively, these findings suggest that
the absence or perturbation of the gut mi-
crobiota in mice, likely the loss of vanco-
mycin-susceptible bacteria, provokes an
excessive IFN-y-biased T cell response at the MFI.

Maternal microbiota shapes immune responses at the
MFI

To better define how the immune landscape of the MFl is depen-
dent on the gut microbiota, we performed single-cell RNA
sequencing (scRNA-seq) on CD45+ cells from the placenta,
uterus, and blood of SPF and GF mice at E16.5. We identified
14 clusters based on gene signature (Figures 2A, S2C, and
S2D); the abundance of several of these clusters, including
T cells and MDSCs, was altered in GF mice (Figures 2B and
S2E). Within the T cell cluster, nine sub-clusters were identified
(Figure 2C, S2F, and S2G). The placentas of GF mice had signif-
icantly fewer naive CD4+ T cells and significantly more CD8+
memory T cells (Figure 2D); the CD4+ and CD8+ memory T cell
clusters, as well as the ISG-high cluster, all exhibited higher
expression of Ifng in the GF placenta (Figure 2E), which is consis-
tent with our flow cytometry analyses (Figures 11 and 1J).

To further demonstrate that gut microbiota perturbation
changes the anti-fetus T cell response, we mated 8-week-old
WT females with ovalbumin-expressing (OVA) males and admin-
istered Abx to the females starting at E7.5. As expected, fetal
resorption was enhanced in the Abx-treated OVA-mated dams,
especially in the second pregnancy (Figure 3A). At E16.5,
the placentas of Abx-treated mice showed a higher level of
OVA-specific CD4+ and CD8+ T cells, indicating elevated

Cell 189, 196-214, January 8, 2026 199




- ¢? CellPress

WT WT-OVA
x@-» 29)+Abx
- .
Fetal resorption

Q

% resorption

WT WT
xWT xOVA xOVA
+ Abx

D  IFNy+CD4+ T cells
*kk
Aeokkk
Heokokk Tk

% CD4+ cells
E o

[

1st preg.

OVA OVA OVA OVA
+Abx

® WTJIXWTS
o OVAJXWT 2
& OVAJ xAbx WT ¢

OVA-specific CD4+ T cells

1.24)

% CD4+ cells

No Abx

+ Abx

2nd preg. 10
e 0.86

OVA tetraﬁwer —>

Placenta

-

13

% CD8+ cells
T

OVA tetraf)r.merm“—m.;

T
Placenta

Uterus

Uterus

XWT ¢
I XWT §

Spleen
OVA-specific CD8+ T cells
Aokkk

XWT ©
I XWT ¢
4 OVAJ xAbxWT ©

Spleen

- IFNy+ CD8+ T cells
IFNy+ CD:}"' T cells - placenta A\l v IFNy+ CD8+ T cells - placenta
8 207 4 prowwr Sk 8 d
? %%k
O OVAJXWT9 a

w6 o 15— & OVAJXABXWT w 6 a
3 3 &
+ & & 4
3¢ 5 8
o o S
N ES L 4

o

OVA OVA OVA OVA

Placenta Uterus OVA OVA OVA OVA Placenta Uterus
+Abx +Abx +Abx +Abx
1stpreg.  2nd preg. 1stpreg.  2nd preg.
+ + .
H Gzn;s CD8+ T cells | GzmB+ CD8+ T cells - placenta J 40, Fetal resorption
8
8 *x * CD8+ T cells *
- 30
3’ 8 : @ @ g ¢ *
3 ® s
8 ) © S 20
a4 o WIaxWTe &4 SPF or GF E16.5 SPFE7S @
a g, 0 oadxwry 8§ = v
° % 3 2 = 10
=, 14 & OVAQ xADXWT 2,
SPF E16.5 o
0 0 Adoptive tf: None SPF GF
Placenta Uterus OVA OVA OVA OVA P CD8+ CD8+
+Abx +Abx
1stpreg.  2nd preg.
IFNy+ CD4+ T cells
K \f - L  GzmB+CD8+ Tcells
" - IFNy+ CD8+ T cells **
8 Py il Adoptive transfer:
*x skkk  Adoptive transfer: © None
6
L % ¢ © None 2 vV SPF CD8+ T cells
; . Pt vV SPF CD8+ T cells 5 & GF CD8+ T cells
a v a a
3 o G * © GF CD8+ T cells 3]
AL Laih b
0 T T 0 ﬁ h T
Placenta Uterus Placenta Uterus Placenta Uterus
M Fetal resorption

% resorption

Iso a-IFNg
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200 Cell 789, 196-214, January 8, 2026

(legend continued on next page)

Cell



Cell

maternal T cell responses against a fetal antigen following
maternal gut microbiota perturbation (Figures 3B and 3C).
IFN-y+ CD4+ T cells were likewise elevated in the Abx-treated
dams during both the first and second pregnancy (Figures 3D,
3E, and S3A), while IFN-y+ and GzmB+ CD8+ T cells did not
significantly increase until the second pregnancy (Figures 3F-
3l, S3B, and S3C). Similarly to the Abx-treated WT dams, Abx-
treated OVA-mated dams had reduced IL-17a-producing
CD4+ T cells (Figure S3D). We also observed higher OVA-spe-
cific IgG in the AF of Abx-treated OVA-mated dams, exclusively
during the second pregnancy (Figure S3E). The increase in OVA-
specific CD8+ T cells in Abx-treated dams during second preg-
nancies correlated with increased fetal resorption; this may be
consistent with a previous study by Perchellet et al.>* showing
a greater increase in fetal resorption in OT-I dams than in OT-II
dams, following mating to OVA-expressing males, suggesting
that the OT-1+ CD8+ T cells, lacking the restraint by CD4+ T cells
(including Tregs), might play a more significant role in immune
rejection against the OVA-expressing fetus.

In addition, to determine if CD8+ T cells contribute to fetal
resorption in GF dams, we isolated CD8+ T cells from the
placenta and uterus of E16.5 WT SPF and GF dams and adop-
tively transferred them into E7.5 WT SPF dams, which resulted
in elevated fetal resorption and higher levels of IFN-y+ and
GzmB+ T cells in the recipients of GF CD8+ T cells at E16.5
(Figures 3J-3L), while IL-17A-producing T cells were not
affected (Figure S3F). Finally, we treated GF dams with anti-
IFN-vy or isotope control antibody from E7.5 until E16.5 and found
that the anti-IFN-y-treated dams had less fetal resorption than
the control dams (Figure 3M). Together, these data suggest
that excessive IFN-y at the MFI, likely produced by fetal-reactive
T cells, contributes to fetal resorption in GF mice. Of note, we
found increased T helper 17 (Th17) cells in the placenta and
uterus of SPF dams, following anti-IFN-y treatment
(Figures S3G and S3H), suggesting an inhibitory effect of IFN-y
on Th17 cells at the MFI. In support of this, we found that Th17
cells at the MFI express high levels of Ifngr, which was further
elevated in GF dams (Figure S3I), suggesting that Th17 cells at
the MFI are highly responsive to IFN-y.

Microbiota-dependent placental MDSCs dampen
maternal T cell IFN-y response

Our scRNA-seq data demonstrated a reduction in MDSCs in
the placenta and uterus of GF mice (Figures 2A and 2B). This
was validated by flow cytometry, showing a reduction of
CD11b+Ly6G+ polymorphonuclear cells (PMNs, which includes
both neutrophils and MDSCs) in the placenta, decidua, and
uterus of GF mice at E16.5 (Figure 4A); both MDSCs (Ly-6G™¢)
and neutrophils (Ly-6G™) were reduced in GF mice
(Figure S3J). PMN-deficient Mcl-1""Mrp8-cre+ mice reproduce
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with extreme difficulty,>® but in pregnant Mcl-1""*Mrp8-cre+
mice, which exhibit only a partial reduction in PMNs, we
observed higher levels of plasma anti-fetus IgG relative to
Mcl-1"""'Mrp8-cre+ littermates (Figure 4B), highlighting the
importance of these cells in controlling anti-fetus immunity. To
confirm the role of PMN-mediated maternal tolerance, we
depleted PMNs in pregnant mice by administering anti-Ly6G
antibody or isotype from E7.5 to E16.5 (Figure S3K), which re-
sulted in higher fetal resorption (Figure 4C). PMN-depleted
mice had an elevated level of plasma anti-fetus IgG (Figure 4D)
and more IFN-y+ T cells in the placenta, uterus, and spleen
(Figure 4E), similarly to GF and Abx-treated mice. Interestingly,
there was no significant change in IL-17A+ CD4+ T cells or IL-
17A+yd T cells in the uterus or spleen of anti-Ly6G-treated
mice, and only a minor increase in the placenta (Figure S3L).
These findings suggest an essential role for placental PMNs in
dampening the T cell IFN-y response.

We examined the MDSC and neutrophil clusters in our scRNA-
seq dataset and found that several pattern-recognition receptors
are highly expressed in both cell types in the placenta and
uterus, including Tir2, Tir4, Tir6, Tir13, Nirp3, Nirp12, and Nirp1a
(Figure S3M).

We selectively deleted MyD88, an important microbial sensing
adaptor protein, in PMNs and found higher IFN-y expression in
placental CD8+ T cells in E16.5 Myd88""Mrmp8-cre mice,
compared with Cre— littermates, despite no significant change
in the number of PMNs (Figure 4F). PMN-specific knockout of
MyD88 also increased anti-fetus IgG (Figure S4A) but did not
affect the abundance of IL-17A+ T cells in the placenta
(Figure S4B). Interestingly, this effect was limited to the placenta
and mLN; no changes were observed in the uterus, spleen, or
colon (Figures 4F and S4C-S4E). These data suggest that micro-
bial sensing is required for placental PMNs to suppress maternal
IFN-y responses to the fetus.

Analysis of differentially expressed genes (DEGs) in the MDSC
cluster showed that the expression of ll1b, Cd84, Wfdc17,
Clec4e, and Arg2, all of which are critical for MDSC function,*~>°
were all significantly reduced in MDSCs from GF placentas (and,
to a lesser extent, the blood and uterus) relative to SPF MDSCs
(Figure S4F). Of note, analysis of publicly available bulk RNA-seq
data®® from human PBMCs collected from healthy pregnant pa-
tients showed that expression of l/1b, Arg2, and Cd84 increased
from the second to the third trimester (Figure S4G). Pathway
analysis of DEGs in the MDSC transcriptome showed that genes
associated with neutrophil activation, prostaglandin biosyn-
thesis, glycolysis, and gluconeogenesis were downregulated in
GF MDSCs, while genes associated with antigen presentation,
endothelial cell activation, and regulation of B cell function
were upregulated (Figure S4H). Furthermore, while most genes
associated with antigen presentation were downregulated in

placental IFN-y+ CD8+ T cells during the 15t and 2™ pregnancy. (H) Abundance of GzmB+ CD8+ T cells in the placenta and uterus. (I) Abundance of placental

GzmB+ CD8+ T cells during the 15t and 2" pregnancy.

(J-L) CD8+ T cells were isolated from the placenta and uterus of E16.5 SPF or GF mice and adoptively transferred into E7.5 SPF dams. (J) Fetal resorption at

E16.5; (K) IFN-y+ T cells at E16.5; (L) GzmB+ CD8+ T cells at E16.5.

(M) Fetal resorption in GF dams given anti-IFN-y or isotype control antibody. For (B)-(l), (K), and (L), each dot represents one dam. For (A), (J), and (M), each dot
represents one litter. Error bars represent one standard deviation. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

See also Figure S3.
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Figure 4. MDSCs are recruited to the MFI in a gut microbiota-dependent manner and restrict T cell IFN responses against the fetus
(A) Frequency of PMNs (CD11b+Ly6G+) in placenta, decidua, and uterus of E16.5 SPF and GF mice.

(B) Plasma anti-fetus IgG in Mrp8-Cre+ Mcl1™** and littermate Mrp8-Cre+ Mcl1""** dams.

(C-E) Fetal resorption (C), plasma anti-fetus IgG (D), and IFN-y+ T cells (E) in SPF dams given anti-Ly6G or isotype control.
(F) Frequencies of IFN-y+ T cells and PMNs in pregnant MyD88APMN mice and Cre— littermate controls at E16.5.

(G) Fold change in expression of genes associated with antigen presentation within the indicated cell clusters, measured by scRNA-seq.
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GF B cells and dendritic cells (DCs) relative to SPF, many were
upregulated in GF neutrophils and MDSCs (Figures 4G and
S41). Consistently, flow cytometry analysis showed more major
histocompatibility complex class Il (MHC-Il)-expressing
MDSCs and neutrophils in the placenta and uterus of GF dams
relative to SPF dams at E16.5 (Figures 4H and 4l). Strikingly,
MDSCs expressed higher levels of both MHC-I and MHC-II
than neutrophils, by either flow cytometry (Figure S4J) or gPCR
(Figure S4K).

To investigate whether MDSCs from GF mice are functionally
altered, we co-cultured carboxyfluorescein succinimidyl ester
(CFSE)-labeled OT-II T cells with OVA-pulsed CD11b+Ly6G+ cells
(PMNSs) isolated from the placentas of E16.5 SPF and GF mice,
and we found greater proliferation when T cells were co-cultured
with PMNs from GF mice than PMNs from SPF mice (Figures 4J
and S4L). We also co-cultured SPF and GF placental PMNs
with WT T cells that were stimulated with a-CD3 and «-CD28 an-
tibodies, and we found that T cell proliferation was reduced to a
greater extent when co-cultured with PMNs from SPF mice than
with PMNs from GF mice (Figure S4M). Furthermore, when
CD11b+Ly6G+ cells from the placenta and uterus of E16.5 GF
dams were adoptively transferred into E7.5 SPF dams, fetal
resorption and uterine IFN-y+ T cells were increased in the recip-
ient dams at E16.5 (Figures 4K and 4L). Together, these data sug-
gest that appropriate microbial signals are required to promote
placental MDSCs, which dampen T cell IFN-y responses at the
MFI for the maintenance of maternal-fetal immune tolerance.

Gut-derived RORyt+ Tregs restrain Th17 responses at
the MFI

The excessive IFN-y+ T cells at the GF MFI might also be attrib-
uted to impairments in Tregs, which are crucial for maintaining
maternal-fetal tolerance.*'**> While we found no difference in the
abundance of Tregs at the MFI between SPF and either GF or
Abx-treated mice (Figures 5A and S4N), there was a significant
reduction in RORyt+Tregs at the MFI of both GF and Abx-treated
mice at E16.5 (Figures 5B, 5C, and S4N); consistent with previous
studies,***° RORyt+Tregs were also virtually absent from the in-
testines and mLNs of GF mice (Figure S5A). RORyt+Tregs
increased dramatically with gestation in SPF, but not GF, mice
(Figure 5D). Peripheral RORyt+Tregs represent a subset of Tregs
with enhanced immunosuppressive ability, which is primarily
associated with the intestine.*®*” However, the regulation and
function of RORyt+Tregs at the MFI are unknown. Our scRNA-
seq data confirmed the presence of Rorc-expressing Tregs at
the MFI (Figure S5B). Analysis of DEGs between Rorc+ and Rorc—
Tregs showed altered expression of genes related to T cell
trafficking, sphingolipid signaling, mitochondrial function, and
hormone signaling (Figures S5C-S5F), suggesting differential
functions between RORyt+ and RORyt—Tregs at the MFI.
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RORyt+Tregs are induced by RORyt+ antigen-presenting
cells (APCs) in an MHC-lI-dependent manner.*®~>? We found a
small population of lineage-negative RORyt+ cells (CD3—-CD4—
CD8—RORyt+) in the uterus, which increased in abundance with
gestation in SPF but not GF mice (Figure S5G), suggesting that
these cells may promote fetal tolerance via RORyt+Tregs. To
test this, we selectively deleted MHC-II in RORyt-expressing
cells by crossing H2-Ab1-flox mice with Rorc-Cre mice, a model
originally employed to define the essential role of RORyt+APCs
in driving intestinal immune tolerance.*>** E16.5 MHCIIARorc
dams had fewer RORyt+Tregs in the uterus, compared with
littermate controls (Figure 5E), while conventional Tregs
remained unchanged (Figure S5H), suggesting a similar
RORyt+APC-dependent mechanism for the emergence of
RORyt+Tregs in the uterus. Importantly, IL-17A+ CD4+ T cells
were increased in both the uterus and colon of pregnant
E16.5 MHCIIARorc mice (Figure 5F), while the numbers of
IFN-y+ T cells and IL-17A+ y8 T cells remained unchanged
(Figures 5F, S5I, and S5J), suggesting that RORyt+Tregs in the
uterus function in part by dampening IL-17A+ T cells, reminis-
cent of their established role in the colon.***° We did not observe
any impact on CD11b+Ly6G+ cells (Figure S5K), and disruption
of PMNs by either anti-Ly6G or MyD88 knockout likewise had no
impact on Tregs (Figures S5L and S5M), suggesting that uterine
RORyt+Tregs are regulated independently of PMNs/MDSCs. We
also observed elevated levels of plasma anti-fetus IgG in preg-
nant MHCIIARorc mice (Figure 5G), and MHCIIARorc dams
had significantly smaller litters than their Cre-negative littermates
(Figure 5H), further underscoring a critical role for RORyt+APCs
and RORyt+Tregs in the establishment of maternal tolerance.
These findings collectively suggest a microbiota-dependent
emergence of RORyt+Tregs at the MFI, which may require
RORyt+APCs for induction and specifically inhibit uterine
Th17 cells.

RORyt+Tregs have recently been reported to traffic from the
intestine to distal sites and to contribute to tissue regeneration.>®
To investigate the origin of the RORyt+Tregs at the MFI, we uti-
lized KikGR mice,*® which express a photoconvertible green
fluorescent protein (KikGR) that converts to red fluorescence
(KikR) when exposed to 405 nm light.°” We photoconverted
the small intestine and colon of adult nonpregnant KikGR fe-
males via laparotomy, and we analyzed the uterus 24 h later.
We found that 2%-5% of uterine CD45+ cells were KikR+
(Figure 5I), including PMNs, T cells, B cells, and dendritic cells
(Figure S5N). Importantly, a significant proportion of uterine
RORyt+Foxp3+ cells were KikR+ (Figures 5J and S6A), indi-
cating an intestinal origin. Together, our data suggest that gut-
derived RORyt+Tregs can traffic to the MFI, further suggesting
a potential gut-placenta/uterus-immune axis that may influence
maternal immune responses against the fetus.

(Hand ) MHC-Il expression level was measured by flow cytometry in MDSCs and neutrophils from E16.5 SPF and GF mice. Quantifications (H) and representative

histograms (I) are shown.

(J) Proliferation of OT-II T cells co-cultured with OVA-pulsed MDSCs isolated from placentas of E16.5 SPF or GF mice.
(K'and L) Fetal resorption (K) and IFN-y+ T cells (L) in E16.5 SPF females 9 days after adoptive transfer of CD11b+Ly6G+ cells from the uterus and placenta of
E16.5 SPF or GF females. For (A), (B), (D)-(F), (H)-(J), and (L), each dot represents one dam; for (C) and (K), each dot represents one litter. Error bars represent one

standard deviation. *p < 0.05, **p < 0.01, **p < 0.001.
See also Figures S3 and S4.

Cell 189, 196-214, January 8, 2026 203




¢? CellPress

Cell

A B D
Uterine CD4+ T cells
+ + + + T
" Tregs (CD25+Foxp3+) ) RORyt+Foxp3+ T cells > 4 RORyt+ Foxp3+
o SPF *x e SPF a A s
2 =
P a GF ) ° & GF = ?
= [T
[ o <
e % a
3 g 2
o o °
R e < ®
)
=
c
)
0 T T T T T T 1
Placenta Uterus Spleen Placenta Uterus Spleen ) . ] 0 3 6 9 12 15 18
Foxp3 » Gestational Age
E E G Anti-f 109G H Litter size
RORyt+Foxp3+ T cells nti-fetus Ig i
koK
* 40 IL-17A+ CD4+ T cells IFNy+ CD4+ T cells 0.8 104 o
157 o H2-Ab1 M o At 307 o H2-ADIfA o
o MHCIARorC *  © MHCIARow o MHCIARoc £ g T 8
) w 304 ) 8" oo ”
o 10 * 3 3 20+ K3 -
8 8 . 8 Py . g 69
+ + . + Q 0.4+ Qo o
20
E ] 3 o E 5 ° k] 4 .T.
Q 54 Q 9 10+ £ . *® -
® = 404 ® 2 0.2 .I.
E-1 2+ °
< L °
0- 0- 0.0 T T 0 T T
Placenta Uterus Colon Placenta Uterus Colon Placenta Uterus Colon H2-Ab1 MHCII H2-Ab1 MHCII
flifl  ARorc flifl  ARorc
| Uterus REP+ cells Uterus CD45+ cells
u
= s - No photoconversion 24h post photoconversion
24 ° 0.33 3.91 :
KikGR § — o4
i :3 hours 3 ] ]
(\Q ;)\} 293 § 3
y - Analysis of g2
KikG—KikR uterine cells 2 i i
14
0 =F 3
Photoconversion: - + XL, —r . . , — . .
KikG >
J —Uterus RORyt+Foxp3+ cells————
No photoconversion 24h post photoconversion ~ RFP+ RORyt+Foxp3+ cells

1.25 162.5

KikR ———»

KikG >

*

@
=3

3
S

N
S

0

% CD4+ RORyt+Foxp3+ cells
5
3

- +
Photoconversion

Figure 5. Uterine RORyt+FoxP3+ cells require microbiota-dependent RORyt+ APCs and restrict uterine IL-17A+CD4+ T cells

(A) Frequency of conventional CD25+Foxp3+ Tregs in the placenta, uterus, and spleen of E16.5 SPF and GF mice.

(B and C) Frequency (B) and representative flow plots (C; gated on live CD4+ T cells) of RORyt+Foxp3+ T cells in E16.5 SPF and GF mice.

(D) Abundance of uterine RORyt+Foxp3+ T cells in SPF and GF mice at E0.0 (n = 3 per group), E5.5 (n = 5 SPF and 6 GF), and E16.5 (n = 4 SPF and 3 GF).
(E-H) Analysis of E16.5 pregnant MHCIIARorc mice and littermate control H2-Ab1™™ mice. (E) Percentage of RORyt+Foxp3+ T cells in the placenta, uterus, and
colon; (F) abundance of IL-17A+ or IFN-y+ CD4+ T cells in the placenta, uterus, and colon; (G) plasma anti-fetus IgG; (H) litter sizes.

(Iand J) Analysis of KikGR mice 24 h after photoconversion of intestines. () Abundance of KikR+ cells in the uterus; (J) proportion of KikR+ RORyt+Foxp3+ T cells
in the uterus (gating strategy shown in Figure S6A). For (A), (B), (E)—~(G), (I), and (J), each dot represents one dam; for (H), each dot represents one litter. Error bars
represent one standard deviation. *p < 0.05, *p < 0.01, **p < 0.001.

See also Figures S4-S6.

Tryptophan metabolites restore a balanced T cell mice at E16.5. Notably, tryptophan, as well as several members

response at the MFI

of tryptophan metabolic pathways, was significantly reduced in

In order to identify potential mediators of gut-placenta crosstalk, the plasma and AF of GF mice (Figure 6A; Tables S1 and S2).
we profiled the metabolomes of plasma and AF from SPFand GF  There are three major pathways by which tryptophan is
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(A) Heatmap depicting the relative abundance of metabolites in the AF and plasma of E16.5 SPF and GF mice (n = 3 mice per group).
(B and C) Endpoint luminescence of AhR reporter cells cultured with plasma (B) or AF (C) from E16.5 SPF or GF dams. Media alone or 10 pM L-kynurenine (Kyn)

was used as control.

(legend continued on next page)
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metabolized: the serotonin pathway, via tryptophan hydroxylase
(Tph); the kynurenine pathway, via tryptophan 2,3-dioxygenase
(TPO) and indoleamine-2,3-dioxygenase (IDO); and the indole
pathway, via aromatic amino acid aminotransferase (ArAT), tryp-
tophan-2-monooxygenase (TMO), and tryptophan decarboxy-
lase (TrD)°® (Figure S6B). The products of the latter two pathways
promote Treg development via signaling by the aryl hydrocarbon
receptor (AhR).%° We used an AhR cell line to analyze plasma and
AF from SPF, GF, and Abx-treated dams; plasma and AF from
GF mice induced significantly less luciferase expression than
that of SPF mice (Figures 6B and 6C), indicating a lower level
of AhR-activating ligands. Plasma and AF from dams treated
with vancomycin, but not gentamicin, likewise demonstrated a
reduction in AhR ligands (Figures S6C and S6D); this was consis-
tent with the elevated placental/uterine IFN-y+ T cells and
increased fetal resorption we observed in vancomycin-treated
dams (Figures 10, 1P, and S2A).

An AhR-dependent metabolic pathway was recently shown
to promote the development of RORyt+Tregs in the small intes-
tine,%° suggesting that RORyt+Tregs could be modulated by
tryptophan metabolites. We therefore administered the AhR
agonist indole-3-carbinol (I3C) orally to female SPF and GF
mice, which reduced GF fetal resorption rates to the level of
SPF dams (Figure 6D). Although the abundance of PMNs was
not altered (Figure S6E), we observed a significant increase in
RORyt+Tregs and a reduction in IFN-y+ T cells in both the
placenta and uterus in I13C-treated mice (Figures 6E-6G and
S6F-S6H). 13C treatment did not significantly affect the levels
of IL-17A+ T cells in GF dams, likely caused by the inherent
diminishment of IL-17A+ T cells in GF mice due to the lack of mi-
crobial stimulation®®"%2; however, a reduction in IL-17A+
T cells was observed in I3C-treated SPF dams (Figure 6H). Of
note, administering 13C intraperitoneally had no effect on the
abundance of RORyt+ Tregs, IFN-y+ T cells, or IL-17A+ T cells
across all tissues examined (Figures S61-S6M). This further sug-
gests that I3C restores immune balance at the MFI via a gut-
placenta axis in part by local modulation of immune cells in
the gut.

The drastic reduction in placental and uterine IFN-y+ T cells in
I3C-treated GF or SPF dams suggests that I3C may also modu-
late the MDSC-IFN-y+ T cell pathway. Oral I3C treatment in vivo
did not appreciably alter PMN abundance (Figure S6E), but the
potential for functional changes in these cells was unclear. We
therefore examined the effect of tryptophan-derived indoles on
PMNs/MDSCs in vitro. We found that in vitro treatment with
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the AhR agonist indole-3-acetaldehyde (I3A; selected for
in vitro assays because I13C is not water-soluble) significantly
reduced MHC-II expression at both the mRNA level (Figure 6l)
and the protein level (Figures 6J and 6K) in MDSCs, but it had lit-
tle to no effect on neutrophils (Figures S7A and S7B). We further
found that OT-Il T cell proliferation was reduced when co-
cultured with I13A-treated OVA-pulsed MDSCs from GF mice,
relative to vehicle-treated GF MDSCs, although the effect on
SPF MDSCs was less pronounced, and T cells co-cultured
with neutrophils did not proliferate irrespective of origin or I3A
treatment (Figures 6L, S7C, and S7D). Together, these data sug-
gest that in addition to their role in potentiating Tregs, AhR-acti-
vating tryptophan metabolites may also influence MDSC func-
tion by limiting their MHC expression and activation of T cells
at the MFI.

Finally, to determine whether tryptophan-metabolizing gut bac-
teria could improve maternal tolerance and pregnancy outcomes,
we monocolonized GF females with Lactobacillus murinus, which
is abundant in our mouse colony (Figure S7E) and has been shown
to metabolize tryptophan and produce AhR ligands,®*%* or
the non-tryptophan-metabolizing Faecalibaculum rodentium.%®
L. murinus-colonized dams had higher levels of AhR ligands in
the AF than either GF dams or F. rodentium-colonized dams
(Figure S7F). Like 13C-treated dams, L. murinus-colonized dams
had less fetal resorption than GF or F. rodentium-colonized
dams (Figure 6M), higher levels of PMNs and RORyt+Tregs, and
lower levels of IFN-y+ T cells at the MFI (Figures 6N-6P), although
conventional Tregs were not significantly altered (Figure S7G).
The colons of L. murinus-colonized mice exhibited a similar in-
crease in RORyt+ Tregs (Figure S7H), as well as an increase in
IL-17A+ CD4+ T cells (Figure S7I), while both L. murinus and
F. rodentium reduced the abundance of IFN-y+ T cells in the small
intestine (Figure S7J); the abundance of PMNs and conventional
Tregs was not significantly altered in the intestine (Figures S7K
and S7L). Together, these data suggest that the gut microbiota
promotes maternal tolerance in part via the AhR pathway, which
may be a promising target to improve fetal tolerance following
microbiota disruption.

Dysregulation of MDSCs, RORyt+Tregs, and microbiota-
dependent tryptophan derivatives in human reccurent
miscarriage

In order to confirm the relevance of our findings in the context
of human pregnancy, we leveraged a publicly available scRNA-
seq dataset®® (GEO: GSE214607), in which scRNA-seq was

(D-H) Analysis of SPF or GF dams treated orally with I3C or vehicle (DMSO). (D) Fetal resorption rates; (E) abundance of RORyt+Foxp3+ T cells in the placenta and
uterus; (F) abundance of CD4+ IFN-y+ T cells in the placenta and uterus; (G) abundance of CD8+ IFN-y+ T cells in the placenta and uterus; (H) abundance of

IL-17A+ CD4+ T cells in the placenta and uterus.
() Expression of H2-IAb mRNA in bone marrow MDSCs treated with I13A.

(J and K) Expression of surface MHC-II on bone marrow MDSCs treated with I3A, measured by flow cytometry; quantifications (J) and representative histograms

(K) are shown.

(L) Proliferation of OT-II T cells co-cultured with OVA-pulsed MDSCs isolated from the bone marrow of E16.5 SPF or GF mice and treated with I3A.

(M-P) Female GF mice were colonized with L. murinus or F. rodentium prior to mating. (M) Resorption rates; (N) abundance of CD11b+Ly6G+ cells at E16.5;
(O) abundance of RORyt+Foxp3+ T cells at E16.5; (P) abundance of IFN-y+ T cells at E16.5. For (B), (D)-(J), (L), and (N)-(P), each dot represents one dam. For (C),
each dot represents AF from a single fetus; a maximum of three AF samples were analyzed from each dam. For (D) and (M), each dot represents one litter. Error

bars represent one standard deviation.
*p < 0.05, “*p < 0.01, **p < 0.001, ***p < 0.0001.
See also Figures S6 and S7 and Tables S1 and S2.
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Figure 7. Dysregulation of MDSCs, RORyt+Treg cells, and microbiota-dependent tryptophan derivatives in human reccurent miscarriage

(A-l) Analysis of publicly available scRNA-seq data®® (GEO: GSE214607), comparing first-trimester decidua from RM patients as well as healthy patients who
underwent elective termination. (A) Eleven clusters were defined by gene signature. UMAP representations are shown for control and RM patients. (B) Relative
abundance of the MDSC and neutrophil clusters in control and RM patients, shown as the fraction of all cells. (C) Gene Ontology terms that were significantly
enriched among the genes that were significantly upregulated (red bars) or downregulated (blue bars) in MDSCs from RM patients relative to healthy controls.
(D and E) Relative expression of antigen presentation genes (D) and MHC genes (E) in MDSCs and neutrophils in RM patients and healthy controls. (F-H) Analysis
of decidual Tregs from RM patients or healthy controls. (F) UMAP representation of Rorc + and Rorc— Tregs in control or RM decidua. (G) Abundance of Rorc+and
Rorc— Tregs in control or RM decidua, shown as proportion of total cells. (H) Gene Ontology terms that were significantly enriched among the genes that were

(legend continued on next page)
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performed on first-trimester decidua from patients with RM as
well as healthy patients who underwent elective termination.
Similarly to our mouse dataset, we identified a sizeable cluster
of MDSCs (Figure 7A), which was less abundant in RM patients,
while neutrophils were increased (Figure 7B). In MDSCs from RM
patients, genes related to phagocytosis were more highly ex-
pressed, while genes related to chemotaxis, chemokine
signaling, cell adhesion, and NOD signaling were downregulated
(Figure 7C). Several genes involved with antigen presentation, as
well as most MHC genes, were significantly higher expressed in
RM neutrophils/MDSCs (Figures 7D and 7E). We also found a
cluster of Tregs that included both Rorc+ and Rorc— Tregs
(Figure 7F), both of which were less abundant in RM patients
(Figure7G); the Rorc+ Tregs from RM patients exhibited an in-
crease in genes related to immune cell migration and downregu-
lation of genes involved in Treg differentiation (Figure 7H), sug-
gesting that RORyt+ Tregs might be functionally impaired in
RM patients. Together, these data indicate that both MDSCs
and RORyt+Tregs are present at the human MFI, and both
appear dysregulated in RM. Furthermore, RM was also associ-
ated with a significant reduction in MDSC Ahr expression
(Figure 71). In addition, reanalysis of a metabolomics dataset®’
found that many tryptophan metabolites, including microbiota-
dependent indoles, were significantly reduced in the decidua
of patients with RM (Figures 7J and 7K), further suggesting
that dysregulation of microbiota-mediated tryptophan deriva-
tives might play a role in human pregnancy loss.

DISCUSSION

Our results highlight a microbiota-driven immune axis between
the gut and MFI, which promotes maternal-fetal tolerance via
two immune pathways: restricting IFN-y-dominant responses
via MDSCs and dampening Th17 responses via RORyt+ Tregs
(Figure S7M), both of which are regulated by microbiota-depen-
dent tryptophan derivatives.

Pregnancy has been implicated to be a trigger of autoimmune
responses that may manifest into autoimmune diseases.®® IFN-y
is a major driver of autoimmune diseases that are more prevalent
in women, including SLE and multiple sclerosis.®®"° While IFN-y
signaling contributes to tissue remodeling at the site of embryo
implantation, excessive IFN-y can easily be embryotoxic.”" Our
results demonstrate a critical role for the gut microbiota to
dampen maternal T cell IFN-y responses in part via MDSCs.
MDSCs have been suggested to suppress inflammation during
pregnancy,’® with reduced MDSC levels found in women expe-
riencing RM,”® and blood MDSC levels are positively associated
with successful in vitro fertilization.”* However, the crosstalk be-
tween the microbiota and MDSCs during pregnancy is not well
understood. Toll-like receptor and MyD88 signaling have been
found to be crucial for the induction of MDSCs”*’®; this appears
to be the case at the MFI as well, based on our data from
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MyD88APMN mice. Our scRNA-seq dataset shows that
MDSCs outnumber neutrophils in the murine MFI, suggesting
they play a more critical role in regulating immune tolerance at
the MFI; this appears consistent in human pregnancy as well,
and RM is associated with neutrophil dominance over MDSCs
in the decidua. Notably, we found significant upregulation of
MHC-Il and other antigen presentation-related genes in
MDSCs and neutrophils from GF pregnant mice and human
RM, both of which are correlated with diminished microbiota-
dependent tryptophan derivatives.

Tryptophan derivatives have previously been linked with RM;
for example, IDO, which converts tryptophan to kynurenine, is
downregulated in the endometrium, villi, and decidua of women
with RM.”” However, the role of microbiota-dependent trypto-
phan derivatives —independent of IDO-mediated tryptophan de-
rivatives—in immune regulation during pregnancy, particularly
MDSC functions, is not well understood. Neutrophils express
MHC-II and can present antigens to T cells’®; although the anti-
gen presentation capacity of MDSCs is less well studied,
MDSCs have been found to express MHC-11"%2° and to present
tumor antigens to Tregs in a B cell lymphoma model.?" IL-10,
transforming growth factor 3 (TGF-f), and prostaglandin E2, often
produced by MDSCs, downregulate MHC-II expression to main-
tain MDSCs’ suppressive phenotype by limiting their ability to
present antigens to activate T cells.®®° Our results suggest func-
tional dysregulation of GF MDSCs, including upregulation of
genes associated with antigen presentation, which could be
reversed by microbiota-dependent tryptophan derivatives.

Tregs are critical for maintaining maternal-fetal tolerance®’;
interestingly, peripherally generated Tregs may be more impor-
tant for fetal tolerance than thymically generated Tregs.®* We
have identified a population of RORyt+Tregs in the uterus and
placenta that increases with gestation; the emergence of
RORyt+Tregs at the MFI appears to require both the microbiota
and MHC-II in RORyt-expressing cells, reminiscent of the regu-
latory mechanism for gut RORyt+Tregs.**® Functionally, lack
of RORyt+Tregs results in elevated Th17 responses in both the
colon—as previously described*®°°—and the uterus, as well
as increased fetal resorption and anti-fetus 19G. IL-17 supports
placentation by promoting trophoblast proliferation and inva-
sion,®® but overabundance of IL-17 and Th17/Treg imbalance
is also associated with implantation failure, preeclampsia, and
RM,%° %8 and excessive maternal Th17 responses impact
offspring neurodevelopment in mouse models of MIA.2%28
Future work is still required to delineate a mechanistic link be-
tween increased uterine Th17 responses and fetal resorption.
Furthermore, our data suggest that some of the uterine
RORyt+Tregs originate from the gut, supporting recent evidence
of gut-derived RORyt+Tregs’ ability to migrate to extraintestinal
tissues.”® Mechanistically, increased gut permeability in preg-
nancy, as shown in our data, likely facilitates the trafficking of
T cells from the gut to the MFI; this is not unique to pregnancy,

significantly upregulated (red bars) or downregulated (blue bars) in Rorc+ Tregs from RM patients relative to healthy controls. (I) Expression of Ahr on decidual

MDSCs from RM patients or healthy controls.

(J and K) Fold change in concentration of tryptophan metabolites in decidua from patients with recurrent pregnancy loss (RPL) relative to healthy decidua, from a

study by Wang et al.,®”
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however, as gut leakiness and T cell efflux are well described in
autoimmune conditions, including inflammatory bowel disease
(IBD).%° Future work is needed to gain additional insights into
the specificities of placental/uterine RORyt+ Tregs or the Th17
cells that they restrain.

Aberrant IFN-y and/or IL-17A signaling are associated with
autoimmune disorders, such as SLE and IBD.°°°? Both IBD
and SLE frequently flare up or worsen during pregnancy and
carry significant risks for the fetus®°>°*; in pregnant SLE pa-
tients, plasma IFN-y levels positively correlate with fetal death.®
Our study suggests that microbiota perturbation may present
additional risks for autoimmune patients during and after preg-
nancy, by upsetting the Th1/Th17/Treg balance. Our data sug-
gest that gut microbiota-derived AhR ligands can access the
AF and restore a balanced immune landscape at the MFI. In
addition to the intestine, AhR is expressed throughout the
placenta and uterus, and Ahr~'~ mice have a high rate of fetal
death,’® indicating the importance of AhR in maintaining preg-
nancy; tryptophan catabolism by IDO is likewise necessary to
maintain fetal tolerance.’” However, to date, the source of the
AhR ligands that drive these pathways has not been clearly iden-
tified. We have shown that the microbiota is a critical source of
AhR ligands that sustain local protective AhR signaling at the
MFI. 1t is well established that AhR signaling promotes Treg dif-
ferentiation, including RORyt+Tregs,’*®° and AhR and IDO acti-
vation can also promote MDSC differentiation and function.®®°
Our data suggest that microbiota-dependent tryptophan deriva-
tives might be critical to sustain the functions of RORyt+Tregs
and MDSCs at the MFI.

The maternal immune system may respond differently to male
fetuses owing to the presence of Y chromosome antigens, poten-
tially increasing the risk of immune-mediated complications.
Interestingly, a meta-analysis of over 30 million births across mul-
tiple countries found a male-to-female stillbirth ratio of approxi-
mately 1.1-1.2:1, with males at higher risk, particularly in preterm
gestations.'°° Our observation of increased survival of female fe-
tuses in GF pregnant mice suggests that immune dysregulation
due to microbiota perturbation may pose a higher risk for male fe-
tuses because of Y chromosome antigens; however, further
investigation is needed to establish this mechanistic link. Further-
more, we found increased fetal resorption in pregnant mice orally
treated with vancomycin (but not gentamycin), which were found
to have lower levels of microbiota-dependent indoles in plasma
and AFs and increased IFN-y+ T cells at the MFI; these findings
suggest that vancomycin-susceptible bacteria may promote
maternal-fetal immune tolerance. Vancomycin is used to treat
serious Gram-positive bacterial infections in pregnant women,
especially those caused by methicillin-resistant Staphylococcus
aureus (MRSA) and coagulase-negative Staphylococci,** and
has been recommended for prevention of early-onset neonatal
group B streptococcal infection in certain high-risk pregnan-
cies.'”" However, controlled studies in pregnant women are lack-
ing to determine how vancomycin treatment may affect the
maternal immune response to the fetus. Our mouse study may
provide insights into specific immune pathways that are per-
turbed due to loss of vancomycin-sensitive gut bacteria and mi-
crobiota-derived tryptophan derivatives; this, however, needs to
be further validated in controlled human studies.
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Limitations of the study

Our study is focused on the gut-placenta immune axis facilitated
by the gut microbiota to promote maternal-fetal immune toler-
ance, and our data demonstrate the importance of the gut as a
site for priming tolerogenic immune cells. However, this does
not preclude contributions from the skin, respiratory, or repro-
ductive microbiotas, albeit likely through mechanisms that are
distinct from the gut-placenta immune axis elucidated in our
study. In addition, our study uses the Th1/Th17/Treg balance
at the MFI as indicative of maternal-fetal immune tolerance,
and our data support that loss of this balance is associated
with fetal resorption in mice; however, the downstream targets
of IFN-y and IL-17 in maternal or fetal tissues, to promote fetal
growth or fetal defects when excessive, are yet to be identified
and investigated. Furthermore, the specificities of the T cells
that traffic from the gut to the MFI remain to be elucidated; this
would provide insights into potentially beneficial gut-derived
T cells that could be harnessed to promote maternal-fetal im-
mune tolerance and to improve pregnancy outcomes.
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This study used both original sequencing data and previously published
sequencing and metabolomic data. Datasets original to this study include
the following:

® 16S rRNA sequencing data of pregnant mice (Figures 1B and S1A),
available on SRA: PRUNA1337147.

® scRNA-seq data of blood, placenta, and uterus tissue from pregnant
mice (Figures 2, 4G, S2, S3l, S3M, S4F, S4H, S4l, and S5B-S5F), avail-
able on GEO: GSE310031.

Previously published datasets include the following:

® 16S rRNA sequencing data of gentamicin- and vancomycin-treated
mice (Figure S2B) from a study by Brown et al.,** available on GEO:
GSE189794.

® Bulk RNA-seq of PBMCs from 2" and 3"-trimester pregnant women
(Figure S4G) from a study by Munchel et al.,"° available at 10.1126/
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@ scRNA-seq data of 15'-trimester decidua from RM patients (Figures 7A-
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Ly6G (clone 1A8) BioXCell BE0075-1; RRID: AB_1107721
Anti-Ly6G isotype control (clone 2A3) BioXCell BE0089; RRID: AB_1107769
Anti-IFNy (clone XMG1.2) BioXCell BEO0055; RRID: AB_1107694
Anti-IFNy isotype control (clone HRPN) BioXCell BE0088; RRID: AB_1107775
Anti-mouse CD16/32 (Fc Block); clone 93 BioLegend 101301; RRID: AB_312800

Anti-mouse CD3e (clone 145-2C11)

Anti-mouse CD28 (clone 37.51)

Sheep anti-bovine IgG heavy chain (polyclonal)
Goat anti-mouse IgG1 (polyclonal)

Goat anti-mouse IgG3 (polyclonal)

Goat anti-mouse IgG-Fc fragment HRP (polyclonal)
Anti-mouse CD3 - APC (clone 17A2)

Anti-mouse CD3 - BV711 (clone 145-2C11)
Anti-mouse CD3 — Super Bright 780 (clone 17A2)
Anti-mouse CD4 — BV510 (clone RM4-4)
Anti-mouse CD4 - eFluor 506 (clone RM4-5)
Anti-mouse CD4 — PerCP/Cy5.5 (clone RM4-5)
Anti-mouse CD8a — PerCP/eFluor710 (clone 53-6.7)
Anti-mouse CD8a - FITC (clone 5H10-1)
Anti-mouse CD11b — APC (clone M1/70)
Anti-mouse CD11b - Pacific Blue (clone M1/70)
Anti-mouse CD11b — PerCP/Cy5.5 (clone M1/70)
Anti-mouse CD11b - PE (clone M1/70)

Anti-mouse CD11c - FITC (clone N418)

Anti-mouse CD11c — PE/Cy5 (clone N418)
Anti-mouse CD19 - Pacific Blue (clone 1D3/CD19)
Anti-mouse CD25 - PE (clone PC61)

Anti-mouse CD44 - Pacific Blue (clone IM7)
Anti-mouse CD45 — Alexa Fluor 700 (clone 30-F11)
Anti-mouse CD45 — APC (clone 30-F11)
Anti-mouse CD45 - FITC (clone 30-F11)
Anti-mouse CD45 - BB700 (clone 30-F11)
Anti-mouse CD45.1 - Alexa Fluor 700 (clone A20)
Anti-mouse CD45R/B220 — APC (clone RA3-6B2)
Anti-mouse CD45R/B220 - Pacific Blue (clone RA3-6B2)
Anti-mouse CD62L - PerCP (clone MEL-17)
Anti-mouse CD86 — BUV395 (clone GL1)
Anti-mouse CD90/Thy1.1 — eFluor 450 (clone HIS51)
Anti-mouse CD90/Thy1.1 — PerCP/Cy5.5 (clone HIS51)
Anti-mouse CD127 - BV605 (clone A7R34)
Anti-mouse CD127 — PerCP/Cy5.5 (clone A7R34)
Anti-mouse Foxp3 — PE/Cy5.5 (clone FJK-16s)

Thermo Scientific
Thermo Scientific
Bethyl Laboratories
Bethyl Laboratories
Bethyl Laboratories
Bethyl Laboratories
BioLegend
BioLegend
Invitrogen
BioLegend
Invitrogen

BD Biosciences
Invitrogen
BioLegend
BioLegend
BioLegend

BD Biosciences
BioLegend
BioLegend
eBioscience
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend

BD Biosciences
BioLegend
BioLegend
BioLegend
BioLegend

BD Biosciences
eBioscience

Life Technologies
BioLegend
Invitrogen
Invitrogen

16-0031-82; RRID: AB_468847
16-0281-82; RRID: AB_468921
A10-118A; RRID: AB_67626
A90-205A; RRID: AB_10634645
A90-111A; RRID: AB_67167
A90-131P; RRID: AB_67175
100236; RRID: AB_2561456
100349; RRID: AB_2565841
78-0032-82; RRID: AB_2762806
116025; RRID: AB_2800580
69-0042-80; RRID: AB_2637458
550954; RRID: AB_393977
46-0081-82; RRID: AB_1834433
100803; RRID: AB_312764
101212; RRID: AB_312795
101224; RRID: AB_755986
550993; RRID: AB_394002
101207; RRID: AB_312790
117305; RRID: AB_313774
15-0114-82; RRID: AB_468717
152415; RRID: AB_2927869
102007; RRID: AB_312856
103019; RRID: AB_493682
103128; RRID: AB_493715
103112; RRID: AB_312977
103107; RRID: AB_312972
566440; RRID: AB_2744406
110723; RRID: AB_493732
103212; RRID: AB_312997
103227; RRID: AB_492876
104429; RRID: AB_893397
564199; RRID: AB_2738664
48-0900-80; RRID: AB_1272257
A14798; RRID: AB_2534313
135025; RRID: AB_2562114
45-1271-80; RRID: AB_906212
35-5773-82; RRID: AB_11218094
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Anti-mouse y8TCR — eFluor 450 (clone eBioGL3) eBioscience 48-5711-80; RRID: AB_2574070
Anti-mouse GzmB - FITC (clone QA18A28) BioLegend 396404; RRID: AB_2801073
Anti-mouse IFNy — BV650 (clone XMG1.2) BioLegend 505832; RRID: AB_2734492
Anti-mouse IL-4 — PE/Cy7 (clone 11B11) BD Biosciences 560699; RRID: AB_1727548
Anti-mouse IL-17A — BV421 (clone TC11-18H10.1) BioLegend 506926; RRID: AB_2632611
Anti-mouse IL-22 — APC (clone IL22JOP) Invitrogen 17-7222-80; RRID: AB_10597584
Anti-mouse Ly-6G — PE/Cy7 (clone RB6-8C5) BioLegend 127618; RRID: AB_1877261
Anti-mouse MHC-I| (H2-Kb) — BV421 (clone AF6-88.5) BioLegend 116525; RRID: AB_2876430
Anti-mouse MHC-II (I-A/I-E) — PerCP/Cy5.5 BioLegend 107625; RRID: AB_2191072
(clone M5/114.15.2)

Anti-mouse MHC-II (I-A/I-E) — APC (clone M5/114.15.2) BioLegend 107614; RRID: AB_313329
Anti-mouse MHC-II (I-A/I-E) — BV650 (clone M5/114.15.2)  BiolLegend 107641; RRID: AB_2565975

Anti-mouse Roryt — PE-CF594 (clone Q31-378)
Anti-mouse TNFa — PE/Cy7 (clone MP6-XT22)

BD Biosciences
BioLegend

562684; RRID: AB_2651150
506323; RRID: AB_2204356

Bacterial and virus strains

Lactobacillus murinus Zeng etal.'’® N/A
Faecalibaculum rodentium Gregory Sonnenberg, N/A

Weill Cornell Medicine
Chemicals, peptides, and recombinant proteins
Ampicillin Sigma A0166
Neomycin Millipore 4801
Metronidazole Sigma M3761
Vancomycin Sigma V2002
Gentamicin Millipore 345814
Tryptic soy agar BD Biosciences 236950
Sheep blood Thermo Fisher R54016
Brucella broth Remel R452662
Phosphate-buffered saline Gibco 20012-027
Glycerol Sigma G5516
FITC-Dextran Sigma 46944
RPMI-1640 Sigma R0883
Fetal bovine serum Gibco 10437-028
DNAse | Sigma DN25
Dispase Gibco 17105-041
Collagenase type 3 Worthington Biochemical LS004183
ACK lysis buffer Quality Biological 118-156-101
Percoll Cytiva 17089101
Hank’s balanced salt solution Gibco 14170-112
Ethylenediaminetetraacetic acid (EDTA) Invitrogen AM9261
Dithiothreitol (DTT) Thermo Scientific R0861
Dulbecco’s modified Eagle’s medium (DMEM) Gibco 11965-092
Phorbol 12-myristate 13-acetate (PMA) Sigma P8139
lonomycin Sigma 10634
GolgiPlug Protein Transport Inhibitor BD Biosciences 51-2301KZ
Bovine serum albumin Sigma A2153
Fixable Viability Dye eFluor™ 780 eBioscience 65-0865-14
Transcription Factor Staining Buffer Set eBioscience 00-5523-00
OVA MHCI tetramer (chicken ova 257-264; NIH Tetramer Core N/A

peptide sequence: SIINFEKL)
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OVA MHCII tetramer (chicken ova 323-339; NIH Tetramer Core N/A

peptide sequence: QAVHAAHAEIN)

Control tetramer (human CLIP 87-101, peptide NIH Tetramer Core N/A
sequence: PVSKMRMATPLLMQA)

Tween-20 Thermo Scientific 85113

TMB substrate Thermo Scientific 34028
ELISA stop solution Invitrogen SS04
cOmplete™ EDTA-free Protease Inhibitor Cocktail Sigma 11873580001
Carboxyfluorescein succinimidyl ester (CFSE) Invitrogen C34570
Murine IL-2 Stemcell Technologies 78081
Isoflurane Covetrus 11695067771
Paraformaldehyde Sigma 158127
Indole-3-carbinol Sigma 17256
Dimethylsulfoxide (DMSO) Sigma D8418

Corn oil Mazola N/A

Trizol Invitrogen 15596026
Indole-3-acetaldehyde/sodium bisulfite Sigma 11000
addition compound

Sodium bisulfite Sigma 243973
Ovalbumin Sigma A5503
Lipopolysaccharide VWR MSPP-TLRL3PELP
CH-223191 (AhR inhibitor) Sigma C8124
L-kynurenine Sigma K8625
Critical commercial assays

E.Z.N.A. stool DNA kit Omega Bio-tek D4015-02
Miltenyi Biotec anti-APC beads Miltenyi Biotec 130-090-855
Miltenyi Biotec MS columns Miltenyi Biotec 130-042-201
LegendPlex™ IFNy capture beads BioLegend 740153
LegendPlex™ Immunoassay standard BioLegend 740371
LegendPlex™ Immunoassay detection antibodies BioLegend 740165
LegendPlex™ Immunoassay buffer set BioLegend 740373
High-Capacity cDNA Reverse Transcription Kit Applied Biosystems 4368814

ig SYBR Green 2x Master Mix Intact Genomics 3354
RNEasy Micro Kit Qiagen 74004
Promega Luciferase Assay Reagent Promega E1483

Deposited data

16S rRNA sequencing of gentamicin- and
vancomycin-treated mice

Bulk RNA-seq of PBMCs from pregnant women

Brown et al.*®

Munchel et al.*°

GEO: GSE189794

10.1126/scitranslmed.aaz0131

scRNA-seq of decidua from recurrent Wei et al.?® GEO: GSE214607
miscarriage patients

Metabolomics analysis of decidua from patients Wang et al.?” 10.1016/j.placenta.2021.07.001
with recurrent pregnancy loss

16S rRNA sequencing of pregnant This study SRA: PRUNA1337147
and nonpregnant mice

Single-cell RNA-seq of immune cells from blood, This study GEO: GSE310031
placenta, and uterus of SPF and GF mice

Experimental models: Cell lines

B16F10 cells ATCC CRL-6475

GPG293 cells Ory et al."®® N/A

(Continued on next page)
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Experimental models: Organisms/strains

C57BL/6J mice

1gG-/- mice (C57BL/6J-Del(121ghg3-Ighg2b)1Mzeng/J)
OVA mice (C57BL/6-Tg(CAG-OVA)916Jen/J)
Mrp8-Cre mice (B6.Cg-Tg(S100A8-cre,-EGFP)1liw/J)
Mcl-flox mice (B6;129-Mcl1t™m3Sik/)

MyD88-flox mice (B6.129P2(SJL)-Myd88tm1Defr/J)
MHCII-flox mice (B6.129X1-H2-Ab1mKoni/j)
Rorc-Cre mice

OT-Il mice (B6.Cg-Tg(TcraTcrb)425Cbn/J)

KikGR mice (Tg(CAG-KikGR)33Hadj/J)

Jackson Laboratories

Sanidad et al.’*®

Jackson Laboratories

Jackson Laboratories

Jackson Laboratories

Jackson Laboratories

Jackson Laboratories

Gérard Eberl, " Institut Pasteur
Jackson Laboratories

Gretchen Diehl, Memorial

Sloan Kettering Cancer Center;
and Josef Anrather, Weill Cornell
Medicine

Strain # 000664; RRID:IMSR_JAX:000664
Strain # 038643; RRID:IMSR_JAX:038643
Strain # 005145; RRID:IMSR_JAX:005145
Strain # 021614; RRID:IMSR_JAX:021614
Strain # 006088; RRID:IMSR_JAX:006088
Strain #008888; RRID:IMSR_JAX:008888
Strain # 037709; RRID:IMSR_JAX:037709
n/a

Strain # 004194; RRID: IMSR_JAX:004194
Strain # 013753; RRID:IMSR_JAX:013753

Recombinant DNA

dxHRE-tknes/GFP/FLuc-Neo plasmid Brader et al.'*® N/A
Dioxin Responsive Element 482 bp fragment Fisher et al.’*® N/A
Oligonucleotides

16S 1492F (5’- CGGTTACCTTGTTACGACTT-3’) Weisburg et al.""" N/A
16S 8F (5’- AGAGTTTGATCCTGGCTCAG-3) Weisburg et al.""" N/A
Rbm31x/Rbm31y F (5’- CACCTTAAGAAC Tunster''® N/A
AAGCCAATACA-3')

Rbm31x/Rbm31y R (5’- GGCTTGTCCTGA Tunster''® N/A
AAACATTTGG-3)

Tofb1 F (5’- CAAGGGCTACCATGCCAACT -3’) Lu et al.™’ N/A
Tgfb1 R (5’- GTACTGTGTGTCCAGGCTCCAA -3') Luetal.'’ N/A
H2-Kb F (5’- GCTGGTGAAGCAGAGAGACTCAG -3’) Xia et al.'®? N/A
H2-Kb R (5’- GGTGACTTTATCTTCAGGTCTGCT -3’) Xia et al.’®? N/A
H2-IAB F (5’- CCG TCA CAG GAG TCA GAA AGG -3') Zhao et al.'*® N/A
H2-IAB R (5’- CGG AGC AGA GAC ATT CAG GTC -3’ Zhao et al.’*® N/A
p-actin F (5’- AAGGCCAACCGTGAAAAGAT -3’) Hohenstein et al.”** N/A
p-actin R (5'- GTGGTACGACCAGAGGCATAC -37) Hohenstein et al.’®* N/A

Software and algorithms

Mothur v1.40.5

SILVA 16S rRNA reference file release 132

Ribosomal Database Project (RDP) training set v16 — 86
LegendPlex™ Data Analysis Software Suite

(version 2023-02-15)

CellRanger v3.1.0

Seurat v4.1.0

Scrublet v0.2.2
Harmony v1.0

e4 Cell 189, 196-214.e1-e10, January 8, 2026

Kozich et al.,""” Schloss et al.'"®
Quast et al.”™*
I 115

Wang et al

BioLegend

10X Genomics

Hao etal.'"”

Wolock et al.’'®

Korsunsky et al.'"®

https://github.com/mothur/mothur/releases/
tag/v1.40.5

https://www.arb-silva.de/documentation/
release-132/

https://mothur.org/wiki/rdp_reference_files/
#version-16

https://www.biolegend.com/de-de/
immunoassays/legendplex/
support/software
https://www.10xgenomics.com/
support/software/

cell-ranger/latest
https://github.com/satijalab/
seurat/releases/tag/

v4.1.0
https://pypi.org/project/scrublet/0.2.2/

https://github.com/immunogenomics/
harmony

(Continued on next page)
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Rv4.1.2 R Core Team'?’ https://cran.r-project.org/bin/

ggplot2 v3.2.0

Cytoscape v3.9.1

BiINGO Cytoscape plugin (v3.0.5).

Wickham et al."??

Shannon et al.'**

Maere et al.'*®

windows/base/old/

4.1.2/
https://www.tidyverse.org/blog/2019/06/
ggplot2-3-2-0/
https://github.com/cytoscape/cytoscape/
releases/3.9.1/

https://apps.cytoscape.org/apps/bingo

Mus musculus gene ontology reference Gene Ontology Consortium'#>'26  https:/release.geneontology.org/2022-05-16/

annotation (May 16, 2022 release) annotations/index.html

Homo sapiens gene ontology reference Gene Ontology Consortium'?>'?%  https://release.geneontology.org/2025-03-16/

annotation (March 16, 2025 release) annotations/index.html

Mus musculus reference genome GRCm38.p6 GenBank https://www.ncbi.nlm.nih.gov/datasets/
genome/GCA_000001635.8/

Prism 10.1.0 GraphPad Software https://www.graphpad.com/
scientific-software/
prism/

FlowJo 10.9.0 Beckton Dickinson https://www.flowjo.com/

Other

SpectraMax M5 microplate reader Molecular Devices M5

SpectraMax iD3 microplate reader Molecular Devices iD3

lllumina MiSeq lllumina N/A

Cytek Aurora flow cytometer Cytek N/A

Cytek AuroraCS cell sorter Cytek N/A

BD FACSMelody cell sorter Becton, Dickinson N/A

Invitrogen Countess 3 automated cell counter Invitrogen AMQAX2000

405nm laser (Laserland 22*70mm Fat Beam Laserland N/A

405nm 250mW Dot Laser Module,

16mm diameter)

Q Exactive Orbitrap mass spectrometer Thermo Scientific IQLAAEGAAPFALGMBDK

Vanquish Flex UHPLC system Thermo Scientific N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

Wild-type C57BL/6 mice, ovalbumin-overexpressing (OVA) mice (C57BL/6-Tg(CAG-OVA)916Jen/J),'%? MyD88™ mice
(B6.129P2(SJL)-Myd88tm1Defr/J),'® and OT-Il mice (B6.Cg-Tg(TcraTcrb)425Cbn/J)'°* were originally purchased from the Jackson
Laboratory and maintained and expanded in-house by the Zeng laboratory. IgG KO (C57BL/6J-Del(121ghg3-Ighg2b)1Mzeng/J) mice
were generated by the Zeng laboratory.'%® Mc/1""Mrp8-Cre neutrophil-deficient mice were generated by breeding Mrp8-Cre mice
(B6.Cg-Tg(S100A8-cre,-EGFP)11lw/J)'°® obtained from Jackson Laboratories with Mc/™" mice (B6;129-Mcl1™™35/g)1%7 obtained
from Dr. You-Wen He’s laboratory at Duke University. MHCII™ (B6.129X1-H2-Ab1imKeni/j)198 mice were provided by Gregory Son-
nenberg. Rorc-cre'%® mice were originally from Gérard Eberl. KikGR mice (Tg(CAG-KikGR)33Hadj/J)*® were provided by Gretchen
Diehl and Josef Anrather. Littermate controls were used and animals were cohoused after weaning. SPF animals were housed in mi-
croisolator cages in the barrier facility of Weill Cornell Medicine. Germ-free mice were bred and maintained in semi-rigid gnotobiotic
isolators and transferred into individually ventilated isocages for experimentation. To generate pregnant mice for in vivo studies,
breeding pairs were formed from 8-10-week-old nulliparous females and >8-week old non-virgin males. Each female was paired
with the same male for all her pregnancies, and up to 4 females were included in each breeding cage with the same male. Due to
limitations on the mouse number per cage, not all experiments used the same male breeder; instead, males from same litters
(same genetic background and same parents) were used as breeders to reduce variability. EQ.5 was defined as the date of detection
of the copulation plug and pregnant females were sacrificed on E16.5 except where otherwise indicated. For comparisons of preg-
nant and nonpregnant mice, nonpregnant mice were housed separately to avoid estrous cycle synchronization. For all in vivo exper-
iments, the pregnancies of mice from all groups were timed and synchronized, and immune cell isolation and analysis were
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performed at the same time in order to accurately compare all groups; all in vivo experiments were performed independently at least
twice. All animal experiments were approved by the Institutional Animal Care and Use Committee at Weill Cornell Medicine.

Bacteria

Lactobacillus murinus was isolated from fecal pellets of adult WT SPF mice in a previous study.''° Faecalibaculum rodentium was orig-
inally isolated from mice and obtained from G. Sonnenberg. Bacterial identities were confirmed by Sanger sequencing using the uni-
versal 16S primers 1492R (5’ - CGGTTACCTTGTTACGACTT -3’) and 8F (5’ - AGAGTTTGATCCTGGCTCAG - 3').""" The bacteria were
cultured anaerobically at 37°C on tryptic soy agar (BD Biosciences 236950) supplemented with 5% sheep blood (Thermo Fisher
R54016) or in Brucella broth (Remel R452662) supplemented with 5% sheep blood. For oral inoculation, fresh liquid cultures were inoc-
ulated and allowed to grow overnight, after which the concentration was measured by OD600 reading, the bacteria were washed once
in sterile PBS, resuspended in sterile PBS at a concentration of 2x108 CFU/mL, and administered to mice via oral gavage (100uL/
mouse). For long-term storage, aliquots were stored in Brucella broth with 25% glycerol (Sigma G5516) and frozen at —80°C.

METHOD DETAILS

Mouse treatments

The broad-spectrum antibiotic cocktail consisted of ampicillin (2.5mg/mL; Sigma A0166), neomycin (2.5mg/mL; Millipore 4801), van-
comycin (1.25mg/mL; Sigma V2002), and metronidazole (1.25mg/mL; Sigma M3761), dissolved in autoclaved water and sterile
filtered; 100uL was administered to pregnant mice by oral gavage daily from E7.5 to E16.5 (after placentation). For gentamicin
and vancomycin treatments, 0.1g/L gentamicin (Millipore 345814) or 1g/L vancomycin was dissolved in mouse drinking water and
sterile filtered, and given to mice from E7.5 to E16.5. For anti-Ly6G antibody treatment, starting at E7.5 and every two days thereafter
until E16.5, pregnant wild-type mice were injected intraperitoneally with 500ug anti-Ly6G antibody (clone 1A8, Bio X Cell BEO075-1)
or isotype control (clone 2A3, Bio X Cell BE0089). For anti-IFNg antibody treatment, starting at E5.5 and every two days thereafter
until E16.5, pregnant mice were injected intraperitoneally with 500pg anti-IFNg antibody (clone XMG1.2, Bio X Cell BE0055) or isotype
control (clone HRPN, BioXCell BE0088). Indole-3-carbinol (I3C, Sigma 17256) was prepared by dissolving 15mg I3C in 50uL DMSO
(Sigma D8418), which was then suspended in 950uL corn oil (Mazola). Female mice were treated via oral gavage with either
100mg/kg 13C or an equivalent volume of vehicle (DMSO diluted 1:20 in corn oil), or via intraperitoneal injection of 50mg/kg 13C or
equivalent volume of vehicle. I3C was administered on alternate days starting with commencement of breeding until E16.5.

FITC-Dextran gut permeability assay

To measure gut permeability, FITC-Dextran (Sigma 46944) was dissolved in sterile PBS to a concentration of 37.5mg/mL and admin-
istered to SPF pregnant mice and age-matched nonpregnant females via oral gavage (500mg/kg). Mice were deprived of food for four
hours before administration of FITC-Dextran. Blood was collected immediately before and one hour following FITC-Dextran admin-
istration. Plasma was separated and diluted 1:10 in PBS, and 50uL per well added to a 96-well plate. A standard curve was generated
using the remaining FITC-Dextran solution. Endpoint fluorescence intensity was measured on a SpectraMax M5 microplate reader
(excitation, 485 nm; emission, 525 nm).

16S rRNA sequencing analysis

Fecal samples were freshly collected, and DNA was extracted using the E.Z.N.A. stool DNA kit (Omega Bio-tek D4015-02). The V4 region
of the 16S rRNA gene was amplified using universal primers and sequenced using an lllumina MiSeq apparatus as previously
described."'? Paired-end reads were analyzed and classified into operational taxonomic units (OTUs) at > 97% identity level using
Mothurv.1.40.5.""® Taxonomic assignments were determined using the SILVA 16S rRNA reference file release 132" '* and the Ribosomal
Database Project (RDP) training set version 16.""> A total of 46,380 OTUs were identified, encompassing 102 genera, 45 families,
23 orders, 17 classes, and 7 phyla. NMDS analysis and LEfSe linear discriminant analysis was performed by the mothur nmds and lefse
commands using all OTU reads. The OTUs shown in the LEfSe panels are those whose abundance was statistically different with p <0.05.

Immune cell isolation for flow cytometry

Placenta and uterus

Uterine horns and placenta tissues were harvested from E16.5 pregnant mice. Decidua was separated from the placenta and com-
bined with uterus tissue for subsequent steps. All placentas from a single dam were pooled together. Tissues were minced using
sterile scissors, and incubated at 37°C for 15 minutes (placenta) or 30 minutes (uterus) in RPMI-1640 (Sigma R0883) containing
10% fetal bovine serum (FBS; Gibco 10437-028), 100 pg/mL DNase | (Sigma DN25), 800 pg/mL dispase (Gibco 17105-041), and
0.8mg/mL collagenase type 3 (Worthington Biochemical LS004183). Digested tissues were pushed through a 70um filter to create
a single-cell suspension. For placenta, cells were centrifuged at 2000rpm for 4 minutes, then resuspended in ACK lysis buffer (Quality
Biological 118-156-101) and incubated for 3 minutes at room temperature to lyse red blood cells. After 3 minutes, 25mL phosphate-
buffered saline (PBS) was added and cells were centrifuged at 2000rpm for 4 minutes. Placental and uterine cells were then washed
twice with PBS and resuspended in 40% Percoll (Cytiva 17089101), overlayed on 75% Percoll, and centrifuged at 700g for 20 min
without brakes to enrich the lymphocytes.
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Intestinal lamina propria cells

Mouse intestines were removed, cleaned of remaining fat tissue, and washed in ice-cold PBS. Intestines were opened longitudi-
nally, washed in ice-cold PBS, and cut into small pieces (~2mm). Dissociation of epithelial cells was performed by incubation
on a shaker in Hanks’ balanced salt solution (no calcium or magnesium; Gibco 14170-112) containing 2.5 mM ethylenediaminete-
traacetic acid (EDTA; Invitrogen AM9261), 0.5 mM dithiothreitol (DTT; Thermo Scientific R0861), and 2% heat-inactivated FBS
(heat-inactivated by incubating at 56°C for 30 minutes) for 10 min at 37°C in a glass beaker with stirring. The tissue was washed
once in PBS prior to enzymatic digestion in digestion buffer containing dispase (800 pg/ml; Gibco 17105-041), collagenase type 3
(1 mg/ml; Worthington Biochemical LS004183), and DNase | (100 pg/ml; Sigma DN25) in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco 11965-092) with 10% FBS for 20 minutes (small intestine) or 30 minutes (colon) at 37°C. Digested tissues were
pushed through a 70um filter to create a single-cell suspension. The cell suspension was washed twice with phosphate-buffered
saline (PBS) and resuspended in 40% Percoll (Cytiva 17089101), overlayed on 75% Percoll, and centrifuged at 700g for 20 min
without brakes to enrich the lymphocytes.

Blood immune cells

To isolate immune cells from blood, 1mL ACK lysis buffer (Quality Biological 118-156-101) was added to 0.1mL blood and incubated
at room temperature for 3 minutes to lyse the red blood cells, after which the cells were washed twice in PBS.

Spleen and mesenteric lymph node (mLN)

Spleens and mLNs were pushed through a 70um filter to create a single-cell suspension. For spleens, cells were centrifuged at
2000rpm for 4 minutes, then resuspended in ACK lysis buffer (Quality Biological 118-156-101) and incubated for 3 minutes at
room temperature to lyse red blood cells. After 3 minutes, 25mL phosphate-buffered saline (PBS) was added and cells were centri-
fuged at 2000rpm for 4 minutes. Splenocytes and mLN cells were then washed twice in PBS.

Bone marrow

Femurs and tibias were removed, cleaned of skin and muscle, and placed in a 0.5 mL tube with a hole punched in the bottom, which
was then placed in a 1.5 mL tube. 50 pL of sterile PBS was added to the upper tube and the tubes were centrifuged at 1000 rpm for
1 minute to flush the bone marrow into the bottom tube. All bone marrow from a single mouse was then pooled, resuspended in TmL
ACK lysis buffer (Quality Biological 118-156-101), and incubated for 1 minute at room temperature. After 1 minute, 10mL PBS was
added and cells were centrifuged at 1500rpm for 5 minutes to remove lysis buffer.

Immune cell flow cytometry analysis

Immune cells were isolated as described above, resuspended in RPMI-1640 (Sigma R0883) with 10% FBS and stimulated for four
hours with phorbol 12-myristate 13-acetate (PMA, 50ng/mL; Sigma P8139) and ionomycin (1pg/mL; Sigma 10634) at 37°C.
GolgiPlug Protein Transport Inhibitor (1:1000, BD Biosciences 51-2301KZ) was added two hours into the stimulation period. Cells
were then washed twice in FACS buffer (PBS with 1% bovine serum albumin; Sigma A2153), blocked for 15 minutes in FACS buffer
containing anti-mouse CD16/32 antibody (1:200), and incubated with Fixable Viability Dye eFluor™ 780 (1:3000; eBioscience 65-
0865-14) and surface antibodies (all antibodies used at 1:200) at 4°C for 30 minutes in the dark. Cells were then washed twice in
FACS buffer and incubated in Fix/Perm solution (eBioscience 00-5523-00) for 30 minutes at 4°C in the dark. Cells were then washed
twice in permeabilization buffer (eBioscience 00-5523-00) and incubated with intracellular antibodies (all antibodies used at 1:200)
for 30 minutes at 4°C in the dark. For panels that included only surface markers, the PMA/ionomycin stimulation and fixation/per-
meabilization steps were omitted. Cells were then washed twice in permeabilization buffer, resuspended in FACS buffer, and
analyzed on a Cytek Aurora flow cytometer. APC-labeled OVA-specific MHCI tetramer (H-2K(b) chicken ova 257-264; peptide
sequence: SIINFEKL), PE-labeled OVA-specific MHCII tetramer (chicken ova 323-339; peptide sequence: QAVHAAHAEIN) and
control (human CLIP 87-101, peptide sequence: PVYSKMRMATPLLMQA) MHCI/Il tetramers were obtained from the NIH Tetramer
Core Facility. Tetramers were diluted in FACS buffer (OVA MHCI tetramer, 1:1000; OVA MHCII tetramer, 1:200) and cells were incu-
bated with the tetramer for 1 hour at room temperature, mixing periodically, after Fc Block but before staining with surface
antibodies.

B cell coculture assay

Single cell suspensions from uterine horns and placenta tissues from GF or SPF E16.5 pregnant mice were generated as described
above, stained with anti-B220 APC antibody (clone RA3-6B2, BioLegend 103212) diluted 1:200 in FACS buffer (PBS + 1% bovine
serum albumin) and enriched via magnetic-activated cell sorting (MACS) using Miltenyi Biotec anti-APC beads (Miltenyi Biotec
130-090-855) diluted 1:10 in FACS buffer following the manufacturer’s instructions. The purified B cells were resuspended in
RPMI-1640 with 10% FBS and 50,000 cells/well were plated in 96 well plate coated with fetal antigens (100pg/well). To prepare
the fetal antigens, approximately 100mg of fetal tissues (skin, liver, and brain) were sonicated in 1mL PBS. The purified B cells
were cocultured with fetal antigens for 48 hrs, after which the culture supernatants were centrifuged briefly to clarify and IgG con-
centrations were measured via ELISA.

ELISA quantification of IgG

To measure the concentrations of total IgG, IgG1, or IgG3, 96-well plates were coated in capture antibody (total IgG: sheep anti-
bovine IgG heavy chain, 1:500; IgG1: goat anti-mouse IgG1, 1:250; IgG3: goat anti-mouse IgG3, 1:1000) diluted in PBS and incubated
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at 4°C overnight. For detection of fetal specific IgG in the plasma of GF and SPF mice, 96-well plates were coated with sonicated fetal
antigens (prepared as described for the B cell coculture assay; 100ug/well) and incubated at 4°C overnight. For analysis of IgG reac-
tivity against male or female fetal antigens, fetal sex was determined by PCR for Rbm31x/Rbm31y as previously described,''® and
lysates were generated from exclusively male or exclusively female fetuses. For analysis of OVA-specific IgG, plates were coated
with 100pL/well OVA (2pg/mL in PBS; Sigma A5503) and incubated at 4°C overnight.

After coating, plates were washed 5 times in 200uL wash buffer (PBS + 0.05% Tween-20; Thermo Scientific 85113), then blocked
for 2 hours at room temperature using blocking buffer (PBS + 1% BSA), and washed 5 times in 200pL wash buffer. Plasma, amniotic
fluid, or culture supernatants were diluted 1:10 in blocking buffer and 100 pL added to the plate, then incubated overnight at 4°C.
Plates were washed 5 times in 200pL wash buffer, then 100pL detection antibody (HRP conjugated goat anti-mouse IgG Fc fragment,
diluted 1:5000 in blocking buffer) was added and plates were incubated 1 hour at room temperature. Plates were then washed 5 times
in 200pL wash buffer and 100pL TMB substrate (Thermo Scientific 34028) was added per well. The colorimetric reaction was allowed
to develop for 10 minutes before quenching with 50ul/well of ELISA stop solution (Invitrogen SS04), and absorbance was measured
at 450nm.

Multiplex cytokine analysis

Abundance of IFNy and IL-17A was measured using the LegendPlex™ assay system (BioLegend 740153) following the manufac-
turer’s instructions, adapted for measurement of amniotic fluid and placenta/uterus homogenates. Placenta and uterus samples
were sonicated in PBS containing protease inhbitors (Sigma 11873580001; 500uL buffer per 10mg tissue), centrifuged at
10000rpm for 5 minutes to clarify, then supernatants were stored at -80°C. Immediately before mixing with capture beads, placenta
lysates and amniotic fluid samples were diluted 1:4 in LegendPlex assay buffer, while uterus lysates were used undiluted. The man-
ufacturer’s protocol was followed for subsequent steps. Samples were read on a Cytek Aurora flow cytometer and data analysis per-
formed using BioLegend’s LegendPlex™ Data Analysis Software Suite (version 2023-02-15).

qPCR

Total RNA was extracted from tissue samples using Trizol (Invitrogen 15596026) following the manufacturer’s instructions. RNA
extraction from MDSC/neutrophil cell pellets was performed using the RNeasy Micro Kit (Qiagen 74004). 2000ng RNA per sample
was used to generate cDNA using Applied Biosystems High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems
4368814) following the manufacturer’s instructions. cDNA was diluted to 1:5 in water before performing gPCR using Intact Genomics
ig SYBR Green 2x Master Mix (Intact Genomics 3354). gPCR was carried out with the CFX384 Real-Time Systems C1000 Touch
Thermal Cycler (Bio-Rad Laboratories). Cycling conditions were as follows: Initial denaturation 95°C for 2 minutes, 40 cycles of dena-
turation at 95°C for 5 seconds followed by annealing/extension at 60°C for 30 seconds. Relative expression was calculated using the
AACt method, using p-actin as the reference gene.

Single-cell RNA-seq

Sample preparation

Single cell suspensions from blood, uterine horns and placenta tissues from GF or SPF E16.5 pregnant mice were generated as
described above. Five placentas were pooled from each dam, and three dams were used per group. Blood, placenta, and uterine
single-cell suspensions were stained with anti-CD45 APC antibody (clone 30-F11, BioLegend 103112) diluted 1:200 in FACS buffer
(PBS + 1% bovine serum albumin; Sigma A2153) and enriched via MACS sorting using Miltenyi Biotec anti-APC beads (Miltenyi Bio-
tec 130-090-855) diluted 1:10 in FACS buffer following the manufacturer’s instructions. The purified cells were resuspended at 750
cells/pL and viability was verified using an Invitrogen Countess automated cell counter. >10,000 live CD45+ cells from each tissue
(blood, uterine horns or placenta) from each mouse, 3 mice per group, were FACS sorted and subjected to the 10x Genomics
pipeline.

Quality filtering and doublets removal

Filtered barcode matrices generated by CellRanger v3.1.0 for each sample were first merged using Seura merge function and
then assessed for nFeature_RNA, nCount_RNA, and percentage of mitochondrial gene expression (% mito). To remove low-qual-
ity/dying cells from the data, only cells with 500 < nFeaure RNA < 4000, and %mito > 7.8 (90% quantile of %mito in all cells) were
retained. Scrublet''® v0.2.2 was used to systematically remove doublets/multiplets in the data with a Scrublet score > 0.2. Addition-
ally, we also removed cells with Ppbp expression that may be derived from platelet cells or platelet-related doublets that weren’t
detected by Scrublet. Finally, 44,754 singlets were used for downstream analysis.

Global cluster analysis workflow

We followed the Seurat guided clustering tutorial (https://satijalab.org/seurat/articles/pbmc3k_tutorial.html) for single cell data anal-
ysis with a few key modifications. Briefly, quality-filtered cells were first normalized and scaled (regress out nCount-RNA) followed by
principal component analysis (PCA) on highly variable features. To account for sample-sample variation and improve cell cluster
identification, single-cell batch integration that simultaneously integrated across samples (6=1) and tissues (6=0.5) was performed
using Harmony''® v1.0. Top 20 harmony embeddings were used to run UMAP'2° and to perform clustering analysis (resolution =
0.3). Clusters with low CD45 (Ptprc) expression or with less than 100 cells were excluded from downstream analysis. Fourteen final
clusters from 43,682 cells were defined and annotated. The FindAlIMarkers function with Wilcox method was used to identify cell-
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type-specific markers comparing every cluster against the rest of the clusters. Similar analysis was also performed to identify differ-
entially expressed genes between SPF and GF mice for clusters of interest. Markers that likely originated from ambient RNAs (e.qg.,
Igke in Tregs) were manually removed from the top differentially expressed gene list.

Sub-cluster analysis of T cells

To better understand the molecular heterogeneity of the T cell compartment, we performed sub-cluster analysis of T cells. Briefly,
6159 T cells from the global cluster analysis were extracted and analyzed from scratch by re-performing variable feature selection,
scaling, PCA, harmony integration and clustering analysis (resolution = 0.5). Clusters with very low cell counts as well as doublet-like
clusters were removed from further analysis. Based on expression of marker genes (Cd4, Cd8a, S100a4, Ccr7, Foxp3), total T cells
were further classified into naive, memory, and regulatory Cd4/Cd8 T cells. All analysis were performed on R.'?" R packages Seurat
and ggplot2'?? was used to generate figures.

Pathway analysis

Pathway analysis was performed using the BINGO'*® plugin (v3.0.5) in Cytoscape'?* (v3.9.1). Reference annotations were obtained
from the Gene Ontology Consortium'?*>'?° (mouse annotation: May 16, 2022 release; human annotation: March 16, 2025 release).
Differentially expressed genes with a fold change >1.5 and adjusted p value <0.05 were used for the analysis.

Adoptive transfer of CD8+ or CD11b+Ly6G+ cells

Pregnant GF females were sacrificed at E16.5 and cells were isolated from uterus and placenta as described above. Cells were
washed twice in PBS, then blocked for 15 minutes in FACS buffer containing anti-mouse CD16/32 antibody (1:200). Cells were
washed twice in FACS buffer and resuspended in 200uL of FACS buffer containing anti-CD45, CD3, and CD8 antibodies
diluted 1:200, incubated for 20 minutes on ice, and washed twice in FACS buffer. Live CD45+CD3+CD8+ or CD45+CD11b+
Ly6G+ cells were then purified using a BD FACSMelody cell sorter. 25,000 cells/mouse were injected retro-orbitally into
E7.5 SPF females; at E16.5 mice were sacrificed and cells isolated from placenta and uterus for flow cytometry analysis as
described above.

Sorting of MDSCs/neutrophils

Single cell suspensions from uterus, placenta, or bone marrow from GF or SPF E16.5 pregnant mice were generated as described
above, stained with anti-CD11b APC antibody (clone M1/70, BioLegend 101212) diluted 1:200 in FACS buffer (PBS + 1% bovine
serum albumin) and enriched via MACS sorting using Miltenyi Biotec anti-APC beads (Miltenyi Biotec 130-090-855) diluted 1:10
in FACS buffer following the manufacturer’s instructions. The enriched cells were then stained with anti-Ly6G, and MDSCs
(CD11b+Ly-6G™) or neutrophils (CD11b+Ly-6G™) cells were isolated using a BD FACSMelody or Cytek AuroraCS cell sorter.

T cell coculture assays

To obtain T cells, spleens from 6-8 week old non-pregnant SPF WT or OT-Il mice were harvested and single-cell suspensions were
generated as described above. Cells were washed twice in PBS, then blocked for 15 minutes in FACS buffer containing anti-mouse
CD16/32 antibody (1:200). Cells were washed twice in FACS buffer and resuspended in 200uL of FACS buffer containing Fixable
Viability Dye eFluor™ 780 (1:3000; eBioscience 65-0865-14) and surface antibodies (1:400), incubated for 20 minutes on ice, and
washed twice in FACS buffer. Live CD45+CD62L+CD44-CD19-CD11b- cells were then purified using a BD FACSMelody or Cytek
AuroraCS cell sorter.

T cells were incubated in 1 mL PBS with carboxyfluorescein succinimidyl ester (CFSE; 1:1000 dilution; Invitrogen C34570) at 37°C
for 20 minutes, after which unbound CFSE was quenched by adding 10mL of RPMI-1640 with 10% FBS and incubating at 37°C for a
further 10 minutes. T cells were then washed twice in PBS and resuspended in RPMI with 10% FBS, 0.5ug/mL anti-CD28 antibody
(clone 37.51, Thermo Scientific 16-0281-82), and 50ng/mL IL-2 (Stemcell Technologies 78081).

For cocultures with WT T cells, T cells were plated at a density of 2x10° cells/well in U-bottom 96-well plates coated in anti-CD3e
antibody (prepared by adding 100ulL/well of antibody at 1mg/mL and incubating at 4°C overnight; clone 145-2C11, Thermo Scientific
16-0031-82), and the purified MDSCs were then added at a 1:4 ratio (MDSCs:T cells). Anti-CD3e and anti-CD28 antibodies were
added to the culture media at a final concentration of 1pg/mL. The cocultured cells were incubated at 37°C for 3 days before the
CFSE dilution in T cells was measured via flow cytometry.

For cocultures with OT-II T cells, MDSCs/neutrophils were plated at a density of 5x10* cells/well in U-bottom 96-well plates in
RPMI-1640 containing 10% FBS, 40ng/mL ovalbumin (Sigma A5503), and 50ng/mL lipopolysaccharide (VWR MSPP-
TLRL3PELP). MDSCs/neutrophils were incubated at 37°C for 18 hours, irradiated at 5000 rads, then media was removed and re-
placed with fresh RPMI with 10% FBS, after which the CFSE-labeled T cells were added. The cocultured cells were incubated at
37°C for 48 hours before the CFSE dilution in T cells was measured via flow cytometry.

Intestinal immune cell trafficking analysis

Photoconversion of intestinal cells was performed via laparotomy, as described previously.'?’ Briefly, 8 week old nonpregnant fe-
male KikGR®® mice were anesthetized with isoflurane, after which the abdomen was shaved and disinfected with betadine and
70% ethanol. A longitudinal 2cm incision was made in the skin and peritoneum, and the intestines were gently removed and placed
on a sterile gauze soaked in saline. 405nm light (Laserland 22*70mm Fat Beam 405nm 250mW Dot Laser Module, 16mm diameter)
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was shone onto the small intestine for 10 minutes, then onto the upper colon for 20 minutes, after which the intestines were replaced
into the abdomen and the incision closed with 6-0 monofilament nylon sutures. 24 hours later, mice were euthanized and immune
cells isolated as described above. Intracellular staining was performed as described above, with one modification in order to preserve
the KikG/KikR signal: prior to incubating in Fix/Perm buffer, cells were first incubated in 4% paraformaldehyde (Sigma 158127;
diluted in PBS) for 60 seconds, then washed once in FACS buffer and resuspended in Fix/Perm buffer, after which staining proceeded
as described above.

Metabolomics analysis

Plasma and amniotic fluid were harvested from WT SPF and GF mice (3 per group) at E16.5 for metabolomic profiling. Metabolites
were measured on a Q Exactive Orbitrap mass spectrometer (Thermo Scientific), coupled to a Vanquish UHPLC system (Thermo
Scientific), and targeted identification was performed based on an in-house library using known chemical standards. Metabolomic
analyses were performed by the Weill Cornell Medicine Proteomics and Metabolomics Core Facility.

AhR reporter assay

To develop the dxDRE-HSV1-tknes/Green Fluorescent Protein/FLuc-Neo retroviral vector, the dxHRE-tknes/GFP/FLuc-Neo
plasmid’?® was used as a backbone. The HRE enhancer was replaced by the 482 bp fragment of the Dioxin Responsive Domain
(DRE), containing 4 AhR-responsive elements'?%; this fragment was amplified using the mouse CYP1A1 gene. Transfection of the
GPG293 cell line'° for transient retroviral vector production and transduction of B16F10 cells (ATCC CRL-6475) with the resultant
vector was performed as previously described.'?® Cells were maintained in RPMI supplemented with 10% FBS and penicillin/strep-
tomycin. Transduced reporter cells were selected in neomycin antibiotic at 1mg/mL for 5 to 7 days. Cells were confirmed for trans-
duction by assessment of GFP via flow cytometry and fluorescence microscopy. Functional reporter validation was assessed by
treating cells with the AhR inhibitor CH-223191 (Sigma C8124) and L-kynurenine (Sigma K8625) at 10uM in cell culture and measuring
luciferase expression using the Promega luciferase Assay Reagent (Promega E1483). To measure abundance of AhR-activating li-
gands, transduced cells were cultured in the presence of plasma or amniotic fluid (diluted 1:10 in culture media) for 18 hours at 37°C;
10uM kynurenine was used as a positive control. After 18 hours media was removed and the cells were incubated in PBS + 0.1%
Tween-20 at room temperature for 10 minutes. 50uL cell lysate was mixed with 100pL Luciferase Assay Reagent and endpoint lumi-
nescence was read immediately using a SpectraMax M5 microplate reader.

In vitro indole-3-acetaldehyde treatment

MDSCs and neutrophils were isolated from bone marrow of E16.5 SPF and GF dams as described above, resuspended in RPMI with
10% FBS, and plated in U-bottom 96-well plates at a density of 5x10* cells/well. Indole-3-acetaldehyde (I3A) with sodium bisulfite
addition compound (Sigma 11000) was added to a final concentration of 40pM. 40pM sodium bisulfite (Sigma 243973) was used as a
vehicle control. The cells were incubated for 24 hours at 37°C, after which MHC expression was measured by flow cytometry, or cells
were pelleted for RNA extraction. For coculture experiments, OVA treatment was initiated at the same time as I3A or vehicle, and
coculture proceeded as described above after 24 hours.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using Prism 10 (GraphPad Software, San Diego, CA). Normality was determined using the
Shapiro-Wilk normality test. Differences between two groups were evaluated using the unpaired t-test (for parametric data) or
Mann-Whitney test (for nonparametric data), and comparisons of more than 3 groups were evaluated using ordinary one-way
ANOVA followed by Tukey’s correction for multiple comparisons (for parametric data) or Kruskal-Wallis test followed by Dunn’s
correction for multiple comparisons (for nonparametric data). Differences of p<0.05 were considered significant in all statistical an-
alyses. Statistically significant differences are shown with asterisks as follows: *p<0.05, **p<0.01, **p<0.001 and ***p<0.0001; com-
parisons which were nonsignificant are unmarked. Each figure shows data for individual animals or biological replicates; where in-
dividual data is not shown, sample sizes are listed in the figure legends.
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Figure S1. The maternal gut microbiota changes dynamically during pregnancy and shapes immune responses at the MFI, related to Figure 1
(A) 16S rRNA sequencing of fecal pellets collected at E0.5, E10.5, and E16.5. Linear discriminant analysis and differential abundance of operational taxonomic
units (OTUs) are shown; n = 4 for each group.

(B-F) Frequency and number of IFN-y+ CD4+ T cells (B), IFN-y+ CD8+ T cells (C), IL-17A+ CD4+ T cells (D), Tregs (E), and CD11b+Ly6G+ cells (F) in the mLN,
small intestine, and colon of nonpregnant and pregnant SPF mice (E16.5).

(G) Percentage of male pups per litter in SPF (n = 105 litters) and GF (n = 149 litters) mice; litters of only one pup were excluded.

(H) MACS-sorted B cells were isolated from the placenta and uterus of SPF or GF mice at E16.5 and cultured on plates coated with fetal antigens for 48 h before
measuring production of IgG1 or IgG3 by ELISA. B cells from IgG’/’ mice were included as a negative control.

(I) Plasma was collected from SPF and GF dams at E16.5 and measured for IgG reactivity against fetal antigens from either male or female fetuses.

(J) Gating strategy for defining IL-17A+ T cells.

(K) Concentration of IFN-y in AF, uterus, and placenta from E16.5 SPF and GF dams; dotted line indicates limit of detection.

(L) Concentration of IL-17A in placenta and uterus homogenates from E16.5 SPF and GF dams; dotted line indicates limit of detection.

(M-0) Frequency of CD4+ IFN-y+ T cells (M), CD4+ IL-17A+ T cells (N), and CD8+ IFN-y+ T cells (O) in placenta and uterus of SPF and GF mice during mid-
gestation (E10.5-E13.5) or late gestation (E14.5-E16.5).

(P) Relative expression of Tgfb mRNA in placenta and uterus homogenates from E16.5 SPF and GF mice, measured by qPCR.

(Q) Abundance of IL-4+ and IL-22+ CD4+ T cells from placenta and uterus of E16.5 SPF and GF mice.

(R) Abundance of TNF-a+ T cells from placenta and uterus of E16.5 SPF and GF mice.

(S) SPF mice were treated with PBS or Abx from E7.5 to E16.5, at which point plasma was collected and anti-fetus IgG1 and IgG3 was measured via ELISA. For
(B)—(F) and (I)—(S), each dot represents one dam. For the AF data in (K), each dot represents AF from a single fetus; a maximum of three AF samples were analyzed
from each dam. Error bars represent one standard deviation. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
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Figure S2. Altered immune cell landscape at the MFI in female mice lacking microbiota, related to Figures 1 and 2
(A) Fetal resorption rates in SPF dams treated with PBS, broad-spectrum Abx (MANV: metronidazole, ampicillin, neomycin, vancomycin), gentamicin, or van-

comycin from E7.5 to E16.5.
(B) 16S rRNA sequencing of fecal pellets from adult gentamicin- or vancomycin-treated mice, from a previously published dataset (GSE189794). Relative

abundance of OTUs with abundance > 0.05% is shown at the order level.

(legend continued on next page)
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(C—G) scRNA-seq was performed on CD45+ cells from the blood, placenta, and uterus of pregnant SPF and GF mice. (C-E) Fourteen clusters were defined by
gene signature. (C) UMAP representations are shown for blood and uterus. (D) Expression of the marker genes used to define each cluster. (E) Relative abundance
of each cluster within the blood, shown as the fraction of all blood immune cells. (F and G) Within the T cell cluster (6,159 cells total), nine sub-clusters were
defined. (F) Expression of the marker genes used to define each sub-cluster. (G) The relative abundance of each T cell sub-cluster is shown as the fraction of all
T cells from the indicated tissue. For (A), each dot represents one litter; for (B), each column represents one mouse. Error bars represent one standard deviation.
*p < 0.05, **p < 0.01.
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Figure S3. The absence of gut microbiota affects T cells and MDSCs at the MFI, related to Figures 3 and 4

(A-E) Female WT mice were mated with male OVA-expressing mice and treated with Abx or PBS from E7.5 to E16.5. (A) Abundance of uterine IFN-y+ CD4+ T cells
during the 15 and 2" pregnancy. (B) Abundance of uterine IFN-y+ CD8+ T cells during the 15t and 2" pregnancy. (C) Abundance of placental GzmB+ CD8+ T cells
during the 15t and 2™ pregnancy. (D) Abundance of IL-17A+ CD4+ T cells in the placenta and uterus. (E) Anti-OVA IgG in AF, shown in aggregate and separated
into 1 and 2" pregnancy.

(F) CD8+ T cells were isolated from the uterus and placenta of E16.5 SPF and GF females and adoptively transferred into E7.5 SPF females. At E16.5, the
abundance of IL-17A+ CD4+ T cells was assessed by flow cytometry.

(G and H) SPF mice were treated with a-IFN-y or isotype control antibody from E7.5 to E16.5. (G) Abundance of IFN-y+ CD4+ T cells in the placenta and uterus;
(H) abundance of IL-17A+ and RORyt+ CD4+ T cells in the placenta and uterus.

(I) Ifngr1 and Ifngr2 expression in the Th17 sub-cluster defined in Figure 2.

(J) Frequency of MDSCs (CD11b+Ly-6G™) and neutrophils (CD11b+Ly-6G") in placenta, decidua, and uterus of E16.5 SPF and GF mice.

(Kand L) In SPF mice, Ly-6G+ cells were depleted by the administration of anti-Ly6G antibody, starting at E5.5. (K) Representative flow plots of CD11b+Ly-6G+
cells in pregnant SPF mice injected with anti-Ly6G or isotype control antibody, gated on live CD45+ cells. (L) Frequency of IL-17A+ y8 T cells and CD4+ T cells in
the placenta, uterus, and spleen of anti-Ly6G- or isotype-treated dams at E16.5.

(M) scRNA-seq analysis of the MDSC and neutrophil clusters defined in Figure 2; average expression of genes associated with microbe sensing is shown. For
(A)~(D), (F)~(H), (J), and (L), each dot represents one dam. For (E), each dot represents AF from a single fetus; a maximum of three AF samples were analyzed from
each dam. Error bars represent one standard deviation. *p < 0.05, **p < 0.01.
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Figure S4. The absence of gut microbiota affects T cells and MDSCs at the MFI, related to Figures 4 and 5

(A-E) PMN-specific knockout of MyD88 (MyD88APMN) was achieved by crossing MyD88-fl/fl mice with Mcl1-Cre mice. Pregnant MyD88APMN mice and Cre—
littermate controls were sacrificed at E16.5. (A) The level of anti-fetal IgG in the plasma was measured via ELISA, (B) the frequency of placental and uterine IL-17A+
CD4+ T cells was measured via flow cytometry, and the frequencies of IFN-y+ T cells (C), IL-17A+ CD4+ T cells (D), and CD11b+Ly6G+ cells (E) were measured in
the mLN, colon, and spleen.

(F-1) scRNA-seq analysis of the MDSC cluster defined in Figure 2. (F) volcano plot of differentially regulated genes within the placental MDSCs, showing fold
change in expression within GF MDSCs over SPF. (G) Relative abundance of the MDSC-associated genes //1/3, Arg2, and CD84 in circulating RNA from plasma of
healthy pregnant individuals collected during the 2" or 3™ trimester, taken from a publicly available transcriptomic dataset generated by Munchel et al.

(H) Gene Ontology terms that were significantly enriched among the genes that were significantly upregulated (red bars) or downregulated (blue bars) in GF
MDSCs relative to SPF.

(I) Fold change in expression of genes associated with antigen presentation within the indicated cell clusters, measured by scRNA-seq.

(J and K) Expression of MHC-I and MHC-II in MDSCs and neutrophils isolated from bone marrow, measured by flow cytometry (J) and gPCR (K).

(L) MDSCs were isolated from placentas of E16.5 SPF or GF mice, pulsed with OVA for 18 h, and co-cultured with CFSE-labeled splenic T cells from OT-II mice.
After 48 h, T cell proliferation was assessed by CFSE dilution. Representative flow plots are shown.

(M) MDSCs were isolated from placentas of E16.5 SPF or GF mice and co-cultured with CFSE-labeled a-CD3/a-CD28-stimulated T cells from age-matched
nulliparous WT mice. After 72 h, T cell proliferation was assessed by CFSE dilution.

(N) Frequency of conventional Tregs (CD25+Foxp3+) and RORyt+Foxp3+ T cells isolated from placenta, uterus, and spleen of E16.5 SPF mice gavaged with PBS
or Abx from E7.5 to E16.5. For (A)—~(E) and (J)~(N), each dot represents one dam. Error bars represent one standard deviation. *p < 0.05, *p < 0.01, **p < 0.001,
****p < 0.0001.
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Figure S5. The absence of gut microbiota affects RORyt+FoxP3+ cells at the MFI, related to Figure 5

(A) Abundance of conventional Tregs (CD25+Foxp3+) and RORyt+Foxp3+ T cells in mLN, SI, and colon of E16.5 SPF and GF mice.

(B-F) Analysis of the T cell sub-clusters defined in Figure 2. (B) Relative expression of Rorc in the indicated sub-clusters of placental T cells. (C) Volcano plot of
differentially regulated genes among placental Tregs, showing the fold change in expression within Rorc+ Tregs over Rorc— Tregs. (D and E) Relative abundance
of the 10 most significantly upregulated (D) or downregulated (E) genes in Rorc+ Tregs relative to Rorc— Tregs from placentas of SPF mice. (F) Gene Ontology
terms that were significantly enriched among the genes that were significantly upregulated (red bars) or downregulated (blue bars) in the Rorc+ Tregs relative to

Rorc—.

(legend continued on next page)
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(G) Abundance of RORyt+ Lin— cells (lineage markers = CD3, CD4, CD8, CD11b) in the uterus of SPF and GF mice at E0.5 (n = 3 per group), E5.5 (n =5 SPF and 6
GF), and E16.5 (n = 4 SPF and 3 GF).

(H-K) Percentage of Tregs (CD25+Foxp3+) (H), IFN-y+ CD8+ T cells (I), IL-17A+ y3 T cells (J), and CD11b+Ly6G+ cells (K) in the placenta, uterus, and colon of
E16.5 MHCIIARorc and littermate control H2-Ab1"" mice.

(L) Abundance of Tregs (CD25+Foxp3+) and RORyt+Foxp3+ T cells in SPF dams treated with anti-Ly6G antibody or isotype control from E7.5 to E16.5.

(M) Abundance of Tregs (CD25+Foxp3+) and RORyt+Foxp3+ T cells in E16.5 MyD88APMN mice and Cre— littermate controls.

(N) The intestines of adult female KikGR mice were exposed to 405 nm light via laparotomy, and photoconverted cells in the uterus were analyzed 24 h later. The
composition of the KikR+ cell population is shown as proportion of uterine KikR+ cells. For (A) and (H)—(N), each dot represents one dam. Error bars represent one
standard deviation. *p < 0.05, ****p < 0.0001.
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Figure S6. Tryptophan metabolites restore a balanced T cell response at the MFI, related to Figures 5 and 6

(A) The intestines of adult female KikGR mice were exposed to 405 nm light via laparotomy, and photoconverted cells in the uterus were analyzed 24 h later. The
gating strategy for KikR+ RORyt+Foxp3+ cells is shown.

(B) Tryptophan metabolic pathways and their intermediary metabolites. Black arrows indicate host metabolic pathways; green arrows indicate microbial
metabolic pathways; italics indicate known AhR ligands.

(C and D) AhR reporter cells (expressing firefly luciferase under the control of an AhR-activated promoter) were cultured with plasma (C) or AF (D) from E16.5 SPF,
GF, gentamicin-treated, or vancomycin-treated dams, and endpoint luminescence was measured as a readout of the level of AhR-activating ligands. Media alone
or 10 uM L-Kyn was used as control.

(E-H) Female SPF and GF mice were treated orally with I13C or vehicle (DMSO) prior to mating and continuing every 48 h until E16.5, at which point the abundance
of CD11b+Ly6G+ cells (E), RORyt+Foxp3+ T cells (F), IFN-y+ T cells (G), and IL-17A+ CD4+ T cells (H) was measured in the indicated tissues via flow cytometry.
(I-M) Female GF mice were treated intraperitoneally with I3C or vehicle (DMSO) prior to mating and continuing every 48 h until E16.5, at which point the
abundance of RORyt+Foxp3+ T cells (l), conventional Tregs (J), IFN-y+ CD4+ T cells (K), IFN-y+ CD8+ T cells (L), and IL-17A+ CD4+ T cells (M) was measured in
the indicated tissues via flow cytometry. For (C) and (E)~(M), each dot represents one dam. For (D), each dot represents AF from a single fetus; a maximum of three
AF samples were analyzed from each dam. Error bars represent one standard deviation. *o < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.
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Figure S7. Tryptophan metabolites restore a balanced T cell response at the MFI, related to Figure 6

(A) Expression of H2-IAb mRNA in bone marrow neutrophils treated with I3A.

(B) Expression of MHC-II on bone marrow neutrophils treated with I3A, measured by flow cytometry.

(C and D) MDSCs (C) and neutrophils (D) were isolated from the bone marrow of E16.5 SPF or GF mice, treated with I3A and pulsed with OVA for 18 h, then co-
cultured with CFSE-labeled splenic T cells from OT-Il mice. After 48 h, T cell proliferation was assessed by CFSE dilution.

(E) Abundance of Lactobacillus in fecal pellets collected at E0.5, E3.5, E10.5, and E16.5, measured by 16S rRNA sequencing; n = 4 for each group.

(F-L) Female GF mice were colonized with L. murinus or F. rodentium prior to mating. (F) AhR reporter cells (expressing firefly luciferase under the control of an
AhR-activated promoter) were cultured with AF from E16.5 GF, L. murinus, and F. rodentium dams, and endpoint luminescence was measured as a readout of the
level of AhR-activating ligands. Media alone or 10 pM L-Kyn was used as control. (G-L) The abundance of conventional Tregs and IL-17A+ CD4+ T cells in the

(legend continued on next page)
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placenta and uterus (G) and the abundance of RORyt+Foxp3+ T cells (H); IL-17A+ CD4+ T cells (l); IFN-y+ T cells (J); CD11b+Ly-6G+ cells (K); and conventional
Tregs (L) in the mLN, SI, and colon were measured at E16.5 by flow cytometry.

(M) Model of microbiota-dependent gut-placenta immune crosstalk. For (A)~(D) and (G)—(L), each dot represents one dam. For (F), each dot represents AF from a
single fetus; a maximum of three AF samples were analyzed from each dam. Error bars represent one standard deviation. *p < 0.05, **p < 0.01, **p < 0.001,
****p < 0.0001.
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