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Natural microbial exposure
populates the maternal fetal
interface with diverse T cells
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Sayaka Tsuda5,6, Shweta Mahajan5,7, Tamara Tilburgs5,7,8*

and Nathaniel J. Schuldt1,2,3,9*
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5Division of Immunobiology, Cincinnati Children’s Hospital Medical Center, Cincinnati, OH, United
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Diverse T cell types accumulate at the human maternal fetal interface (MFI)

during pregnancy to orchestrate immune tolerance for foreign fetal/placental

tissues and immunity to pathogens. Yet, the dynamics of T cell influx and function

at the MFI remain poorly defined. Conventional specific pathogen free (SPF)

murine models fail to replicate the number and diversity of T cells in the human

MFI, hindering mechanistic study of MFI T cells. Here we present an innovative

use of a natural microbial exposure (NME) mouse model that enhances T cell

influx and diversity in the MFI. We defined changes in the MFI of NME mice,

relative to SPF mice and human tissues using transcriptomic and proteomic

approaches. Physiological maternal microbial burden reproduced key features of

humanMFI immunology by i) significantly increasing the numbers and diversity of

CD4 and CD8 effector and memory T cells at the MFI; ii) skewing the CD8 T cell

composition towards tissue resident memory phenotypes with increased

signatures of activation and dysfunction similar to human decidual T cells; and

iii) expanding unconventional gd T cells and Killer Lectin-like Receptors (KLR)

expressing T cell types at the MFI, representative of an enhanced ability to

interact with placental trophoblasts or infected cells. Thus, maternal microbial

exposure induces vast changes to T cell numbers, diversity and functions at the

MFI that models human MFI T cells with great fidelity. The NME model allows for

improved translational investigation of the mechanisms of T cell tolerance,

immunity, and inflammation in pregnancy.
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Maternal microbial experience influences T
cell composition at the MFI

CD4 and CD8 memory T cell populations are dominant

immune populations in human MFI tissues at term pregnancy

(17–23). Consequently, the significant expansion of T cells under

NME conditions compared to SPF conditions has high translational

significance. To provide further resolution of how NME changes T

cell diversity at the MFI, scRNAseq resolved T cell clusters were

selected for further analysis. UMAPs of all T cells from SPF and

NME MFI tissues identified 13 separate T cell clusters (Figure 3A).

T cell cluster identities were confirmed by expression of key

markers (Figures 3A, B; Supplementary Figure 6). Stark

differences in the distribution of T cells across NME and SPF

dams as well as decidual and placental tissues were observed.

Overall, a strong bias towards activated T cells (clusters 4, 5, 8, 9,

and 13) in the NME tissues was found (Figures 3C, D). Of the IV–

decidual T cells in NME samples, a greater proportion of i) CD8

TEM and TRM cells (clusters 4 and 5); ii) gd T cells (cluster 13); iii)

CD4 TCM cells (cluster 8) were found; combined with iv) lower
Frontiers in Immunology 07
frequencies of Klra6 (Ly49F)+ Ikzf2 (Helios)+ T cells (cluster 3) and

cytotoxic CD4 cells (cluster 12) were observed (Figure 3E). NME IV

+ placental T cells demonstrated an even greater skewing toward

memory T cell populations, with increased proportions of CD4 and

CD8 memory T cells (clusters 4, 5, 8, and 9) and gd T cells (cluster

13) (Figure 3F). While proportions of naïve T cells (clusters 1, 2, 6,

and 7) and Klra6 (Ly49F)+ Ikzf2 (Helios)+ T cells (cluster 3) were

decreased in NME mice relative to SPF mice (Figure 3F). These

observations were confirmed by HDFC where we also observed

increased proportions of memory T cell subsets in both the decidua

and placenta and corresponding decreases in naïve T cell

populations in the placenta (Figures 3G, H). Direct comparison of

SPF, NME, and human T cell diversity by HDFC showed NME

conditions replicated human conditions more accurately than SPF

conditions. Specifically, the increased proportion of CD8 TEM/TEFF

and TRM subsets in the decidua and placenta and the decrease of

CD4 and CD8 naïve T cells in both tissues of NME mice match

human T cell diversity in more detail (Figures 3G, H). CD4 and

CD8 TEM/TEFF cells were also more numerous in both decidua and

placenta, and CD4 and CD8 TCM cells were more numerous in the
FIGURE 1

NME model of reproductive immunology. (A) Female C57BL/6 mice are cohoused with pet store mice for >4 weeks, referred to as natural microbial
exposure (NME). Female NME mice are placed into a separate cage with a male C57BL/6 mouse during proestrus for overnight breeding. The
following morning the NME female mouse is returned to her co-housing cage, where she will remain for the duration of the experiment. Pregnant
NME and SPF female mice were euthanized at 14.5 dg. We observed (B) litter size and (C) concepti resorptions (n = 14 litters per group). (D) The
maternal fetal interface (MFI) was flash frozen in OCT and sectioned for hematoxylin and eosin (H&E) staining. Images are labelled with maternal (m)
and fetal (fetal) orientation. (E) Average length of gestation under SPF and NME conditions (n = 16 litters for NME and 51 litters for SPF). Mann-
Whitney U test was used to determine significance.
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FIGURE 2

NME alters immune cell composition at the MFI. IV-labeled CD45+ immune cells were sorted from the MFI of NME and SPF dams at 14.5 dg and used
for single cell transcriptomic analysis (scRNAseq) and high dimensional flow cytometry (HDFC) (n = 3 litters/group). (A) We performed dimensional
reduction of the scRNAseq dataset using uniform manifold approximation and projection (UMAP) in Seurat and the scType cell identification R package
to identify 13 immune cell clusters. T cell clusters are outlined with dotted line. (B) Key markers were used to confirm and refine cluster annotation. The
location of (C) NME (green) and SPF (black) and (D) IV-labeled immune cells (red IV+ and blue IV negative) on the UMAP plot revealed cluster biases.
Immune cell composition of (E) decidua and (F) placenta in NME (green) and SPF (black) mice determined by scRNAseq. Cell populations enriched in the
NME and SPF samples are in bolded green and black, respectively. HDFC of immune cell composition in the (G) decidua and (H) placenta of NME
mouse (green), SPF mouse (black), and human (blue) samples (n = 14–15 MFI from 4–5 separate litters, n = 8 for human samples). Mann-Whitney U test
was used to determine significance.
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placenta of NME dams than SPF dams (Supplementary Figures 6B,

C). Thus, maternal microbial exposure induces profound changes in

the composition of T cells at the MFI, with stark increases in tissue

memory CD8, CD4, and gd T cell types. These data establish NME

mice as an improved translational model for human immunology at

the MFI.
Frontiers in Immunology 09
Maternal microbial experience increases
CD8 T cell activation and diversity at the
MFI

To further define functional changes in NME-expanded CD8 T

cell clusters, differential gene expression analysis between total
FIGURE 3

NME alters T cell composition at the MFI. (A) T cells were sub-gated from the scRNAseq dataset and UMAP plots were made and annotated as
before. (B) Key markers were used to confirm and refine cluster annotation. (C) NME (green) and SPF (black) and (D) IV-labeled cells (red IV+
and blue IV negative) were identified on the UMAP plot. scRNAseq data revealed NME conditions skewed the T cell population toward activated
subsets and away from naïve subsets in both the (E) decidua (IV–) and (F) placenta (IV+). T cell composition of (E) decidua and (F) placenta in
NME (green) and SPF (black) mice determined by scRNAseq. T cell populations enriched in the NME and SPF samples are in bolded green and
black, respectively. HDFC of T cell populations in the (G) decidua and (H) placenta of NME mouse (green), SPF mouse (black), and human
(blue) samples. Sample size is 14–15 MFI from 4–5 separate litters. Sample size is 8 for human samples. Mann-Whitney U test was used to
determine significance.
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NME and SPF MFI CD8 T cells was performed using Seurat. Gene

Set Enrichment Analysis (GSEA) found several hallmark pathways

including “TNFa-signaling via NFKb“, “Complement”, “IFNa
Response”, and “IL-2 STAT5 Signaling” significantly enriched in

CD8 T cells of NME MFI, a finding in line with the expectation of

increased basal immune activation in NME mice (Figure 4A).

Hallmark pathways in NME CD8 T cells further indicated i) a

marked increase in apoptosis, glycolysis, cholesterol, adipogenesis,

and hypoxia pathways, suggesting a skewing of CD8 T cell viability

and metabolic pathways; and ii) an increase in late estrogen

response genes, suggesting that pregnancy hormones have a

stronger influence on CD8 T cell activation and differentiation in

NME compared to SPF dams (Figure 4A). To further define how the

activation state of the NME expanded MFI CD8 T cells compare to

human MFI T cells, we applied GSEA using curated datasets of

‘Activation’, ‘Dysfunction’, and ‘Activation/Dysfunction’ as we

described previously (21, 47). Similar to what we demonstrated in

humans, MFI CD8 T cells from NME dams overexpressed a mixed

signature of ‘Activation/Dysfunction’ as compared to SPF mice,

further confirming the greater similarity of MFI immunology

between NME mice and humans (Figure 4B) (21, 47).

Differentially expressed genes (DEGs) from CD8 TRm and Tem

cells (clusters 4 and 5), which were enriched in NME dams relative

to SPF dams, revealed increased expression of multiple markers

associated with cytotoxicity including Nkg7, Gzmk, Gzma, Gzmb,

and Ifng as well as markers associated with regulation (Pdcd1,

Cd160, and Entpd1) (Figures 4C–E). In agreement with the

transcriptomic data, a greater proportion and number of CD8 T

cells expressing PD-1 or CD39 protein in the placenta of NME

dams relative to SPF dams was detected by HDFC (Figure 4F).

Likewise, intracellular expression of granzyme B and perforin

protein by CD8 T cells at the MFI (combined decidua and

placenta) was higher in NME dams relative to SPF dams

(Figure 4G). Both an increase in markers of CD8 dysfunction

(PD-1 and CD39) and in markers of activation (GZMB and PFN)

align the CD8 T cell phenotype of NME dams more closely with

human MFI CD8 T cells (21, 22).
Maternal microbial experience increases
CD8 T cell residency at the MFI

Besides the strong increase in CD8 activation and dysfunction,

our prior studies of human MFI CD8 T cells demonstrated a

predisposition towards the tissue residency phenotype (18, 19, 22).

Using GSEA and published gene sets of ‘Resident’ and ‘Circulating’ T

cells curated by Milner et al., we expectedly found that the NME CD8

T cell DEGs strongly aligned with the ‘Resident’ gene set (Figure 5A)

(48). We measured the expression of commonly used markers of

residency (CD69 and CD103) in decidual and placental CD44+

CD62L– effector CD8 T cells and observed an increased in the

number of these cells in NME tissues relative to SPF tissues

(Figure 5B), that more closely aligned with human CD8 T cells

(Figure 5C). In mice, we found CD69 and CD49a expression were

more associated with IV– cells than IV+ CD8 T cells in the decidua
Frontiers in Immunology 10
and placenta in agreement with these being markers of residency

(Figure 5D). However, in the placenta, a greater proportion of IV+

cells were CD103+ than IV– cells, while IV– cells were more likely to

be CD103+ than IV+ cells in the decidua (Figure 5D). CD103

expression was very rare in CD44+ effector/memory CD8 T cells in

the peripheral blood, demonstrating placental IV+ T cells are unique

from circulating T cells and may contain ‘resident’ T cells.

Immunofluorescence staining confirmed the expression of the

CD103 ligand, E-cadherin, in the chorionic plate and placental

labyrinth of both NME and SPF mice, similar to humans, suggesting

CD103 expression may help recruit and/or retain T cells at the MFI

(Figure 5E) (49). Altogether, these data demonstrate that NME

expands T cell subsets with a resident memory-like phenotype in

both placental and decidual tissues. These data also demonstrate

that placental T cells, despite IV labeling, are unique from

peripheral blood and express receptors for placental tissue ligands

that may promote recruitment and residency.
Maternal microbial experience increases
CD4 T cell diversity at the MFI

CD4 T cell populations have been extensively studied in murine

and human pregnancy with a predominant focus on TREG function

(6, 9, 29). In contrast to CD8 T cells, which are virtually absent in

the MFI of SPF dams, CD4 TREG have been found and studied in

detail in SPF dams (7, 50, 51). Surprisingly, the scRNAseq data

analysis suggests that the frequency of CD4 TREG may be decreased

in the placenta of NME dams compared to SPF dams (Figure 3F). In

contrast, HDFC showed an increase in the proportion of TREGs in

both the decidua and placenta of NME dams relative to SPF dams

and human samples (Figure 6A). Enumeration of the Treg numbers

in SPF and NME dams confirms the increase in TREG in NME dams

(Figure 6A). To define differences in memory CD4 T cells between

SPF and NME dams, we selected memory CD4 T cell clusters 8 and

9 for DEG analysis. Both memory CD4 T cell types that were

enriched by NME expressed high levels of transcripts associated

with TH17 cells (Rorc, Tmem176a, Tmem176b, Il17a, Il17re, Ccr4,

Ccr6, and Il22) (Figure 6B). CD4 TCM (Cluster 8) was further

defined by the expression of Sell, Klf2 and Tle5, while the decreased

expression of these genes in cluster 9 is consistent with an effector

memory phenotype (Figure 6B). HDFC analysis confirmed NME

placenta and decidua contained greater numbers of TEM and TCM

CD4 memory and TH17 cells (Figures 3G, H and 6C). Thus, natural

microbial exposure expands TREG numbers and activates CD4+

memory T cell populations at the MFI.
Maternal Microbial exposure increase
expression of killer lectin-like receptors on
T cells

Notably, the NME-expanded CD8 T cell populations at the MFI

expressed high levels of multiple genes commonly associated with

natural killer cells. Previously, we observed higher levels of Natural
frontiersin.org
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Killer Receptors (NKRs) including Killer Immunoglobulin-like

Receptors (KIRs), CD94-NKG2A (inhibitory), and CD94-NKG2C

(activating) receptors on human decidual T cells than peripheral

blood T cells (52, 53). In mice, Ly49 receptors or killer lectin-like

receptors (KLRs), while structurally dissimilar, have evolved
Frontiers in Immunology 11
similarly to human NKRs and also recognize MHC class I

molecules to promote or inhibit NK and CD8 T cell cytotoxicity.

The scRNAseq data presented here identified multiple activating

and inhibiting KLRs upregulated in MFI CD8 (clusters 3, 4, 5), and

CD4 T cells (cluster 12) (Figure 7). Of these receptors, NKG2A
FIGURE 4

NME MFI CD8 T cells phenocopy those of humans. (A) GSEA was used to identified Hallmark Pathways associated with NME CD8 T cells. (B) Gene
sets for activation/dysfunction, activation, and dysfunction were compared to DEGs from NME CD8 T cells using gene rank. (C) The top ten DEGs
defining each CD8 T cell cluster were determined using Seurat. Volcano plots showing DEGs from (D) CD8 TRM (cluster 4) and (E) CD8 TEM (cluster
5). (F) Proportion and number of CD39 and PD-1 expressing CD8 T cells in the decidua (top) and placenta (bottom) determined flow cytometrically
of NME mouse (green), SPF mouse (black), and human (blue) samples ((n = 15–18 MFI from 4–5 separate litters, 7 for human samples). (G) Granzyme
B (left) and Perforin (right) protein expression in T cells harvested from the MFI (decidua and placenta combined) of NME mouse (green), SPF mouse
(black), and human (blue) samples (n = 3 for SPF, 5 for NME, and 5 for human). Mann-Whitney U test was used to determine significance.
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(Klrc1) in mice recognizes the non-classical non-polymorphic

MHC class I molecule Qa-1 providing them with a receptor to

recognize placental trophoblasts; whereas NKG2D (Klrk1) binds

RAE1 (Rea-1), H60 (H60), and MULT-1 (Ulbp1) in mice, NKG2D

binds MICA/B in humans, which are upregulated on stressed or

infected target cells and provide strong pro-cytolytic signaling.

Thus, maternal microbial exposure activates T cells at the MFI

and upregulates their potential for TCR-independent recognition of

trophoblasts as well as infected or stressed target cells. Altogether,

these data demonstrate that NME conditions expand T cell diversity

that phenocopies human MFI T cells and provide maternal-fetal

tolerance and anti-microbial responses (2, 19–22, 54, 55).
Discussion

Using an innovative model of natural microbial exposure

during murine pregnancy, we demonstrate the profound effects of

microbial exposure driving increased T cell activation,

differentiation, and tissue residency at the maternal-fetal interface.

One of the profound changes observed was the significant increase

in CD4 and CD8 memory T cells, whereas TREG, NK, and B cell

populations had fewer differences between SPF and NME dams.

Most notably, NME conditions reduced frequencies of naïve T cells,

significantly expanded CD8 T cell numbers and memory CD8 and
Frontiers in Immunology 12
CD4 T cell diversity with signatures of activation and dysfunction

unique to the MFI that phenocopy signatures observed in humans.

We and others have demonstrated NME enhances peripheral TEFF

and TEM cells, which characteristically traffic through a broad range

of non-lymphoid tissues (36, 37, 41). These observations are

consistent with the hypothesis that TEM cells have greater ability

to access decidual and placental tissues through CXCR3 expression.

The relative paucity of these cell types in SPF mice likely limit T cell

accumulation at the MFI. However, NME conditions may also

enhance T cell recruitment and differentiation by altering the

expression of integrins, cytokines, and chemokines at the MFI.

Once in the MFI, T cells may acquire further unique phenotypes.

Whether NME alters the MFI microenvironment to augment MFI

T cell differentiation needs to be investigated further.

In this study, we used syngeneic matings to focus on the effects

of natural microbial exposure on the MFI immune cell states. In

most cases, NME generated immune cell states in the MFI that were

much more, but not completely, aligned with human MFI immune

cell diversity. The remaining gap between NME and human T cell

metrics may be due to additional immune activation and regulation

induced by paternal alloantigen exposure that is much reduced in

syngeneic breeding. In addition, the NME and SPF dams were of

similar age, healthy weight, and only primary pregnancies were

used. These clinical variables likely influence T cell characteristics

and should be investigated in further detail. Most notably,
FIGURE 5

NME induces the expansion of cells expressing a residency phenotype. (A) GSEA using gene sets for resident and circulating cells was performed on
NME differentially expressed genes (DEGs) from MFI CD8 T cells. (B, C) Number (B) and proportion (C) of CD69 and CD103 expressing CD8 T cells
from SPF (black), NME (green) and human (blue) decidua (left) and placentas (right). Sample size is 14–15 MFI from 4–5 separate litters. (D) Flow
cytometric measurement of common markers of T cell residency (CD69, CD49a, and CD103) in CD45.2 IV+ and IV- NME CD8 T cells from decidua
and placenta compared to maternal blood (n = 9–12 from 4 separate litters). (E) Immunohistochemistry staining of CD103 ligand, E-cadherin, VE-
cadherin, or isotype expression with DAPI from NME frozen MFI sections.
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expanding these studies to include parity as a factor driving

immune activation and memory diversity as has been observed in

humans would be of high interest (56, 57).

We took a microbial agnostic approach to our experimental

design, choosing to focus on the diversity of microbial exposure

over the presence of individual microbes. The microbial

communities of pet store mice are diverse and variable,

containing bacteria, fungi, viruses, and parasites. NME dams were

co-housed with a single pet store mouse throughout mating and

gestation. Therefore, while the microbial exposure of an individual

dam may be unique from that of others in the group, it represents a

very high diversity of commensal and pathogenic microbial

communities. Data from our group and others using microbial

naturalization models demonstrate that the effects of diverse
Frontiers in Immunology 13
microbial exposure are notably consistent and generally have a

similar deviation as SPF mice (36, 37, 39–41, 58). While it is entirely

possible that individual microbes have specific effects on the

immunology of the MFI, our data shows remarkable stability

across litters co-housed with different pet store mice, and we have

not identified any obvious immunological effects associated with a

particular microbe.

The placenta and decidua are unique in that they are temporary

tissues; as a result, markers of tissue residency are difficult to define.

A large proportion of human decidual CD8 T cells are described as

TRM based on expression of CD69, CD103, and CD49A, however,

residency markers can be tissue dependent (19, 22). Here, we

demonstrate that decidual T cells are consistent with this

convention, as IV– decidual T cells have a resident transcriptomic
FIGURE 6

NME expands activated CD4 T cell at the MFI. (A) Proportion and number of TREGs from SPF (black), NME (green) and human (blue) decidua (left) and
placentas (right) determined flow cytometrically. (n = 16-18, three separate litters). (B) DEGs from scRNAseq data for CD4 TCM (cluster 8) and CD4
TEM (cluster 9). (C) Proportion and number of TH17 cells from SPF (black) and NME (green) in decidua (left) and placenta (right) determined flow
cytometrically (n = 16-18, three separate litters).
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profile and express higher levels of CD69, CD103, and CD49a in the

decidua. We also describe placental T cells that, while in contact

with the circulation, express features that indicate they are unique

from circulating T cells and may be resident in the placenta. For

example, we observed IV+ placental T cells expressing higher levels

of CD103 than T cells in the blood. E-cadherin, a ligand for CD103,

is strongly expressed in the placental labyrinth and chorionic plate,

supporting a placental tissue-specific role for CD103 in T cell

homing. KLF2 is a transcription factor that regulates migration of

T cells by inducing the expression of S1PR1, which permits egress

from lymphoid tissues via binding to S1P. Therefore, KLF2 is

considered a marker of circulating T cells, i.e., naïve and central

memory T cells. Unexpectedly, high Klf2 expression was associated

with the TEM population (Sell low Cd44+ cluster 4) at the MFI.

However, S1P is expressed in the placenta; therefore, KLF2

expression may be important for T cell migration to and

retention in the MFI (59). Altogether, both HDFC and scRNAseq

data demonstrate maternal microbial exposure increases T cells

with a residency phenotype at the MFI.

To evade killing by maternal CD8 T cells, human fetal

trophoblasts reduce the expression of HLA-A and HLA-B in

favor of HLA-C and non-classical HLA-E and HLA-G, which are

thought to induce tolerance in T cells via modulation of myeloid

cells or direct engagement of inhibitory NK cell receptors or KIRs

(10, 52). In mice, the non-classical MHC molecules Qa-1b and Qa-2

are expressed on trophoblasts. Qa-1b is a homologue of HLA-E and
Frontiers in Immunology 14
provides surveillance of antigen processing defects (60). Qa-2 is

proposed as a functional homologue to human HLA-G and

involved in immune tolerance (61). We have previously

demonstrated KIR expression is increased in human MFI CD4

and CD8 T cells relative to peripheral T cells (52). Here, we

discovered high levels of KLR (Ly49) expression (similar function

to human KIRs) in subsets of murine CD4 and CD8 T cells at the

MFI. The Klra6 (Ly49F)+ Ikzf2 (Helios)+ cluster 3 exhibited

similarities to intraepithelial lymphocytes (IELs) and appeared to

make up a smaller proportion of T cells under NME conditions, as

did the cytotoxic CD4 T cells cluster (Klrb1+ Gzma+). Conversely,

memory CD8 T cells in the MFI (clusters 4 and 5) were expanded by

NME conditions and expressed multiple cytotoxic molecules and a

mix of activating and inhibiting KLRs. Whether the expression of

KLRs increases the potential for TCR-independent recognition of

infected and stressed cells or modulates T cell activity to maintain

tolerance or enhance cytotoxicity requires further investigation.

In addition to activated CD8 T cells, maternal microbial exposure

also enhanced activated CD4 T cell subsets at the MFI. TREGs are

critical for restraining active immune responses and maintaining

tolerance at the MFI (6, 11, 62). Unsurprisingly, HDFC analysis

showed TREGs increased in number and proportion at the MFI in

response to maternal immune activation, presumably to regulate

active immune cells and maintain tolerance. This was not evident in

the scRNAseq data, likely owing to differences in sensitivity to detect

bona fide TREGs between the two methods. TH17 cells were found to

be preferentially expanded by NME conditions at the MFI in both

scRNAseq and HDFC datasets. TH17 cells secrete proinflammatory

cytokines (IL-17, IL-21, IL-22, and IL-26) to assist in the defense

against extracellular bacteria and fungi (63). Overactive TH17

responses can lead to inflammation and tissue destruction and are

linked to several pregnancy complications (e.g., preeclampsia,

gestational diabetes mellitus, and preterm birth) (64). TH17 cells

can also play a pathologic role in allograft rejection as the balance

between TH17 and TREG cell responses is crucial in reducing the risk

of rejection (65, 66). While the expansion of TREGs at the MFI may be

sufficient to control cytotoxic and TH17 cells, we also observed a

corresponding expansion of Il23r expressing gd T cells, which have

been described to identify a subset of gd T cells that suppress TH1 and

TH17 cells by absorbing the available IL-23 (67). Altogether, maternal

microbial exposure enhanced anti-microbial and immune regulatory

T cell populations providing insight into the cellular mechanisms that

balance host defense and tolerance at the MFI in the context of

physiological microbial exposure and a healthy pregnancy.

Our data demonstrate maternal microbial exposure dramatically

enhanced T cell heterogeneity to replicate the T cell landscape of the

human MFI more accurately. However, there still exist differences

between human and NME mouse MFI T cells. While we observed

that NME increases the number and proportion of T cells at the MFI,

T cells only comprised ~6% of immune cells at 14.5 dg, well below the

20-60% at the human MFI at the beginning of the third trimester (3,

17, 68). This could reflect differences in the length of gestation

between humans and mice, as memory T cells accumulate in the

MFI over time. Differences in the anatomy of human and murine

MFI and the average number of concepti per pregnancy are
FIGURE 7

KLR and NK marker expression by T cells at the MFI. Percent
expressed (size of the circle) and average expression (based on color
spectrum) of select KLR genes and markers associated with NK cells
across all T cell clusters from scRNAseq data determined using Seurat.
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limitations of the model that are not feasibly altered but may also

impact MFI T cell immunology.

Cumulatively, this study presents an improved model of human

pregnancy, creating opportunities for detailed mechanistic studies

of microenvironmental signals driving T cell function and

recruitment. The extent to which maternal microbial exposure

alters T cell influx and diversity to the MFI is vast, and careful

and comprehensive investigation into how these cells contribute to

tolerance, immunity, and inflammation in healthy and pathogenic

pregnancies is warranted.
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SUPPLEMENTARY FIGURE 1

Example H&E staining of NME and SPF MFI frozen sections. Images are

labeled with maternal (m) and fetal (f) sides.

SUPPLEMENTARY FIGURE 2

Frequency of IV labeled immune cells in the placenta and decidua.
(A) Example CD45.2 IV+ labeling of leukocytes from decidua, placenta, and

maternal blood. (B) Proportion of IV+ leukocytes in decidua, placenta, and
maternal blood (n = 10–12 MFI from 4 separate litters). (C) Example CD45.2 IV

+ labeling of T cells from decidua, placenta, and maternal blood.
(D) Proportion of IV+ T cells in decidua, placenta, and maternal blood

(n = 10–12 MFI from 4 separate litters).
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SUPPLEMENTARY FIGURE 3

Leukocyte composition at the MFI. (A) Top ten DEGs for each

scRNAseq leukocyte cluster. (B, C) Cytometric enumeration of NK cells,

CD8 T cells, CD4 T cells, B cells, and macrophages in the decidua (B) and
placenta (C).

SUPPLEMENTARY FIGURE 4

NME conditions associated with increased Jun expression. Volcano
plot of DEGs from (A) Macrophage clusters, (B) B cell clusters, (C) NK

cell clusters.

SUPPLEMENTARY FIGURE 5

Example flow cytometry gating strategy. (A) gating strategy used to identify T
cells populations. (B) gating strategy used for FACS sorting of CD45+ IV+ and

IV- leukocytes in preparation for single cell sequencing.

SUPPLEMENTARY FIGURE 6

T cell composition at the MFI. (A) Top ten DEGs for each scRNAseq T cell
cluster. (B, C)Cytometric enumeration of T cell subsets in the decidua (B) and
placenta (C).
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