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M A T E R N A L - F E T A L  I M M U N O L O G Y

Extrathymic Aire-expressing cells support  
maternal-fetal tolerance
Eva Gillis-Buck1, Haleigh Miller2,3,4, Marina Sirota3,5, Stephan J. Sanders6,7, Vasilis Ntranos2,3,4, 
Mark S. Anderson4,8, James M. Gardner1,4*†, Tippi C. MacKenzie1,5,7*†

Healthy pregnancy requires tolerance to fetal alloantigens as well as syngeneic embryonic and placental antigens. 
Given the importance of the autoimmune regulator (Aire) gene in self-tolerance, we investigated the role of Aire- 
expressing cells in maternal-fetal tolerance. We report that maternal ablation of Aire-expressing (Aire+) cells during 
early mouse pregnancy caused intrauterine growth restriction (IUGR) in both allogeneic and syngeneic pregnancies. 
This phenotype is immune mediated, as IUGR was rescued in Rag1-deficient mice, and involved a memory response, 
demonstrated by recurrence of severe IUGR in second pregnancies. Single-cell RNA sequencing demonstrated 
that Aire+ cell depletion in pregnancy results in expansion of activated T cells, particularly T follicular helper cells. 
Unexpectedly, selective ablation of either Aire-expressing medullary thymic epithelial cells or extrathymic Aire- 
expressing cells (eTACs) mapped the IUGR phenotype exclusively to eTACs. Thus, we report a previously un-
described mechanism for the maintenance of maternal-fetal immune homeostasis and demonstrate that eTACs 
protect the conceptus from immune-mediated IUGR.

INTRODUCTION
Healthy pregnancy requires maternal tolerance to antigens expressed 
by the conceptus. In addition to paternal antigens, which are allogeneic 
to the mother, there are also multiple placental and embryonic anti-
gens encoded in the maternal genome, produced when the mother 
herself was a fetus. Such pregnancy-associated antigens (PAAs) are 
therefore technically “self”-antigens for the mother but, in postnatal 
life, are only encountered in the context of pregnancy. Whether 
maternal self-tolerance to PAAs protects pregnancy is an important 
biological question. Early pregnancy loss and intrauterine growth 
restriction (IUGR) are substantial health problems worldwide, and 
although there is a clinical association between autoimmunity and 
these pregnancy complications (1, 2), the immune mechanisms of 
this association have not been described.

The autoimmune regulator gene (Aire) plays an essential role in 
preventing autoimmunity by facilitating expression of tissue-restricted 
self-antigens in medullary thymic epithelial cells (mTECs), leading 
to clonal deletion (3) or regulatory conversion (4) of self-reactive 
T cells. Extrathymic Aire-expressing cells (eTACs), myeloid antigen- 
presenting cells in the secondary lymphoid organs, may also play a 
role in the maintenance of immune tolerance and further prevent 
autoimmunity (5, 6). Aire-regulated tissue-restricted antigens include 
placental antigens in mouse and human mTECs (7), and thymic Aire 
expression is sexually dimorphic in reproductive-aged mice and 
humans (8, 9). Roles for Aire in decidualization and embryo im-
plantation have also been proposed (10–12). Although patients with 

AIRE mutations on appropriate hormone replacement therapy can 
achieve pregnancy, these are nonetheless complicated by fetoplacental 
insufficiency, IUGR, and placentas with diffuse lymphocytic infil-
tration of the decidual plate, suggestive of placental autoimmunity 
(13, 14). However, whether Aire-expressing cells are functionally 
involved in maternal-fetal tolerance has not been investigated.

To study the role of Aire+ cells in maternal-fetal tolerance, we 
used transgenic Aire diphtheria toxin receptor (AireDTR) mice, in 
which Aire-expressing cell populations can be deleted by injection 
of diphtheria toxin (DT) (15); this model allowed us to avoid the 
potential confounders of chronic endocrine organ autoimmunity seen 
in constitutive Aire-deficient mice that can affect hormonal cycling 
and oocyte quality before pregnancy (11, 16, 17). We thus depleted 
Aire+ cells selectively during early pregnancy, because maternal 
adaptive immune tolerance of the fetus has been shown to be essential 
in this period in both syngeneic and allogeneic settings (18, 19).

RESULTS
Aire-expressing cell depletion in allogeneic and  
syngeneic pregnancies
To ablate maternal Aire+ cells in allogeneic and syngeneic pregnancies 
and control for off-target effects of DT and the AireDTR transgene, 
we used a combination of breeding approaches (Fig. 1A). We con-
firmed mTEC and eTAC depletion using flow cytometry and in situ 
hybridization (Fig. 1B). Implantation rates (Fig. 1C) and litter size 
did not differ significantly among experimental groups (Fig. 1D), 
indicating a postimplantation phenotype.

We detected a significant increase in resorption (fetal wastage) 
rate after Aire+ cell depletion in allogeneic pregnancies compared 
with nondepleted allogeneic pregnancies (Fig. 1, E and F). Further, 
we detected fetal growth restriction even in pregnancies without 
resorption: The average weight of implantation sites was significantly 
lower in the AireDTR + DT allogeneic pregnancies (group #1) than 
in the wild-type (WT) + DT allogeneic controls (group #2) (Fig. 1, 
E and G). More than half of AireDTR + DT pregnancies had an 
average implantation site weight of less than the 10th percentile 

1Department of Surgery, University of California, San Francisco, CA, USA. 2Department 
of Epidemiology and Biostatistics University of California, San Francisco, CA, USA. 
3Bakar Computational Health Sciences Institute, University of California, San Francisco, 
CA, USA. 4Diabetes Center University of California, San Francisco, CA, USA. 5Depart-
ment of Pediatrics University of California, San Francisco, CA, USA. 6Department of 
Psychiatry and Behavioral Sciences, Weill Institute for Neurosciences, University of 
California, San Francisco, CA, USA. 7Center for Maternal-Fetal Precision Medicine, 
University of California, San Francisco, CA, USA. 8Department of Medicine, University 
of California, San Francisco, CA, USA.
*Corresponding author. Email: tippi.mackenzie@ucsf.edu (T.C.M.); james.gardner@
ucsf.edu (J.M.G.)
†These authors contributed equally to this work.

Copyright © 2021 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim  
to original U.S. 
Government Works

mailto:tippi.mackenzie@ucsf.edu
mailto:james.gardner@ucsf.edu
mailto:james.gardner@ucsf.edu


Gillis-Buck et al., Sci. Immunol. 6, eabf1968 (2021)     16 July 2021

S C I E N C E  I M M U N O L O G Y  |  R E S E A R C H  A R T I C L E

2 of 11

of the WT + DT group and met criteria 
for IUGR (20). This was not a transgene- 
intrinsic effect, because AireDTR + 
phosphate-buffered saline (PBS) allogeneic 
pregnancies (group #3) had pregnancy 
outcomes and implantation site weights 
comparable with those of WT + DT dams 
(Fig. 1, F and G).

To determine whether these effects were 
due to the expression of paternal alloanti-
gens by the embryo/placenta, we also de-
pleted Aire+ cells in syngeneic pregnancies 
(groups #4 and #5). Resorption rates in 
Aire-depleted pregnancies tended to be 
higher than in controls (Fig. 1F), and the 
IUGR phenotype persisted with Aire+ cell 
depletion in syngeneic matings (Fig. 1G), 
indicating that Aire+ cells support tolerance 
to the conceptus, even when the fetus does 
not express paternal alloantigens. These 
results further suggested that the IUGR 
phenotype may be a more robust marker 
than resorption for Aire’s role in pregnancy 
complications.

We next investigated whether embryonic Aire+ cell depletion 
could account for these phenotypes, by breeding AireDTR males to 
WT females such that AireDTR expression (and potential depletion 

by DT) would be restricted to the embryo (group #6). Litter size 
(Fig. 1D), resorption rate (Fig. 1F), and average implantation site 
weight (Fig. 1G) were all similar to WT pregnancies without Aire+ 
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Fig. 1. Maternal Aire+ cell ablation during preg-
nancy increases risk of resorption and IUGR. 
(A) Experimental design: B6.AireDTR or B6.WT females 
were bred as indicated and treated with DT or PBS 
every other day from the day of plug (E0.5) until 
harvest (E9.5). (B) Flow cytometry of maternal thymi 
gated on CD11c− CD45− EpCAM+ mTECs (left) and 
in situ hybridization for Aire transcript (red) on ma-
ternal thymus (middle) and uterine-draining lymph 
nodes (right) of WT and AireDTR females treated with 
DT. (C) Implantation rate (percentage of plugged 
females with visible implantation sites at E9.5). n, 
number of plugged females. (D) Litter size at E9.5. 
(E) Gross pathology and H&E stain of pregnancy 
outcomes at E9.5: (top) AireDTR + DT uterus with re-
sorbing embryos, (middle) AireDTR + DT uterus with 
live embryos, and (bottom) WT + DT uterus with 
live embryos. (F) Resorption rate at E9.5. n, number 
of implanted pregnancies. (G) Average weight of im-
plantation site (uterus weight per number of embryos). 
Dotted line, 10th percentile (pct.) of implantation 
weight in the allogeneic (Allo) WT + DT group. Syn, 
syngeneic. Red circles indicate concepti below the 
10th percentile. ns, not statistically significant. 
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 
by Fisher’s exact test for (C) and (F). Tukey’s multiple 
comparison test for (D) and (G).
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cell depletion, indicating that the phenotypes of resorption and 
growth restriction are secondary to depletion of maternal, not 
embryonic, Aire+ cells.

Maternal immune response after Aire-expressing 
cell depletion
Immunofluorescent microscopy of the uterus in these experiments 
demonstrated marked infiltration of CD3+ cells into the myometrium 
(Fig. 2A), suggesting an immunologic mechanism. To formally test 
whether the adaptive immune system was required for pregnancy 
complications in Aire-ablated mice, we next crossed the AireDTR 
transgene onto RAG1−/− mice, which lack functional T and B cells. 
AireDTR+RAG1−/− and AireDTR−RAG1−/− dams did not differ sig-
nificantly in implantation rate, litter size, resorption rate, or average 
implantation site weight at embryonic day 9.5 (E9.5) (Fig. 2, B and C, 
and fig. S1, A and B). RAG1−/− dams were less likely to become 
pregnant after mating and had higher rates of baseline resorption, 
regardless of Aire+ cell ablation (fig. S1A), which we have noted in 
prior experiments with this strain. These findings indicate a role for 
maternal adaptive immunity in the pregnancy complications ob-
served in AireDTR + DT pregnancies.

To further confirm whether this phenotype was immunologic in 
origin, we next asked whether there was a memory component, by 
examining the outcomes of second pregnancies—i.e., repeat expo-
sure to PAAs—after selective Aire+ cell ablation only during the first 
pregnancy. AireDTR and WT females were treated with DT during 
their first pregnancy, bred a second time without DT exposure, and 
harvested at E9.5 (Fig. 2D). Time between first plug and second 
plug, implantation rate, litter size, and resorption rate did not differ 
significantly (Fig. 2, E and F, and fig. S1, C and D), but a severe 
IUGR phenotype occurred selectively in AireDTR+ dams, indicating 
a memory response to PAAs (Fig. 2, G and H). These experiments 
further support the immunologic nature of the IUGR phenotype.

As patients with Aire mutations and Aire knockout mice develop 
systemic autoimmunity, especially in endocrine organs (21), we 
thought this pregnancy phenotype might be a secondary result of 
autoimmunity targeted against other endocrine organs. However, 
we found no evidence of lymphocytic infiltration or other pathology 
in AireDTR + DT and WT + DT maternal adrenal glands, pancreatic 
islets, pituitary glands, or ovaries during the short course of these 
experiments (fig. S2A). We also found no significant differences in the 
number of corpora lutea, which produce the progesterone required to 
maintain pregnancy (fig. S2B). To investigate whether maternal pro-
gesterone deficiency made AireDTR + DT pregnancies vulnerable to 
resorption, we measured maternal serum progesterone at E6.5 and 
studied correlation with future pregnancy outcomes (live versus re-
sorbed embryos) at E9.5. There were no significant differences between 
AireDTR + DT and WT + DT maternal serum progesterone at E6.5, 
regardless of E9.5 pregnancy outcome (fig. S2C). To rule out a role for 
progesterone deficiency in this phenotype (22), we next gave exoge-
nous progesterone to dams on days E4.5 to E8.5 (peri-implantation), 
which did not prevent resorption or IUGR in AireDTR + DT dams (fig. 
S2, D and E). Thus, pregnancy complications in this model do not 
appear to be due to systemic autoimmunity or progesterone deficiency.

To better understand the immune mechanisms underlying this 
phenotype, we next performed single-cell RNA sequencing (scRNA-seq) 
on leukocytes obtained from the secondary lymphoid organs (uterine- 
and nonuterine-draining lymph nodes) of WT and AireDTR pregnant 
dams during allogeneic pregnancy. All samples merged well (fig. S3), 

and we were able to identify distinct lymphoid and myeloid popula-
tions (Fig. 3A). Feature mapping and per-cell similarity projections 
against reference populations from the Immunological Genome 
Project (ImmGen) database (23) allowed us to clearly validate the 
identity of subpopulations of naïve, mature, and regulatory lymphoid 
and myeloid cells (Fig. 3, B to D, and fig. S4, A and B). Analysis of 
differential population distributions in WT and AireDTR mice 
demonstrated a significant shift from naïve to effector CD4+ and 
CD8+ T cells as a result of the loss of Aire-expressing cells (Fig. 3, D and E). 
Among mature CD4+ T cells, there was a significant shift away 
from regulatory T cells (Tregs) and toward mature T effectors 
(Fig. 3, F to H), most notably T follicular helper (TFH) and T helper 
17 (TH17) cells (Fig. 3I). Together, these results are consistent with 
the idea that Aire+ cell ablation leads to loss of normal immune 
homeostasis, with increased activation of CD4+ and CD8+ T effec-
tors and a concomitant shift from regulatory to effector lymphocyte 
populations in maternal lymph nodes.

Differentiating the role of mTECs versus eTACs in  
maternal-fetal tolerance
Despite the well-established significance of Aire in the thymus, the 
short duration of Aire+ cell ablation and the specific expansion of 
TFH populations in the previous experiment suggested a potential 
role for eTACs in this process; TFH cells depend on inducible co-
stimulator (ICOS/ICOS)–ligand (ICOS-L) signaling and mediate 
T cell–B cell cross-talk (24), and eTACs are known to cluster at T-B 
boundary regions and express high levels of ICOS-L (5). Further, 
loss of extrathymic Aire has previously been suggested to lead to 
expansion of TFH populations (25). We therefore investigated the 
relative contributions of thymic and eTACS to this pregnancy pheno-
type. We first investigated transcriptional changes in Aire+ cells in 
mTECs and eTACs using the Aire-driven Igrp (islet-specific glucose-
6- phosphatase-related gene)–green fluorescent protein (GFP) (Adig) 
reporter mouse (5). We sorted mTECs and eTACs from virgin Adig 
females and E9.5 pregnant Adig dams for bulk RNA-seq (fig. S5A). 
Although we found no differences in the frequency or absolute num-
ber of mTECs or eTACs (fig. S5B), or of Aire expression in mTECs 
or eTACs (fig. S5C) during pregnancy, we did find a significant 
number of differentially expressed (DE) transcripts during pregnancy 
in splenic eTACs, and almost no changes in mTECs (Fig. 4, A to C, 
and fig. S5, D to F). Pathway analysis of splenic DE genes revealed 
enrichment for erythrocyte development (fig. S5G) and included a 
number of putative PAAs such as embryonic hemoglobin theta. 
Although these transcriptional changes may represent eTAC-intrinsic 
expression of PAAs, pregnancy also causes increased maternal hema-
topoiesis (26) and passage of fetal nucleated RBCs into the maternal 
circulation (27), and the immunologic relevance of this phenome-
non requires further study.

However, these results prompted us to ask formally whether the 
IUGR phenotype could be mapped to the ablation of mTECs or 
eTACs. We thus performed reciprocal thymic “swap” experiments 
in which we thymectomized WT and AireDTR females and simul-
taneously transplanted WT or AireDTR donor thymi under the 
kidney capsule. This approach allowed us to ablate mTECs, eTACs, 
both, or neither in dams during pregnancy (Fig. 4, D and E). We 
again found no significant differences in rates of implantation, litter 
size, or resorption among the groups (fig. S6, A and B). Unexpectedly, 
the profound IUGR phenotype persisted but only in eTAC-ablated, 
not mTEC-ablated, dams (Fig.  4F). Ablation of both cell types 
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resulted in IUGR, whereas ablation of mTECs alone was equiva-
lent to ablation of neither cell type, suggesting that loss of eTACs 
was both necessary and sufficient for this phenotype. There was 
an increase in the proportion of TCR+ CD3+ CD4/8− cells, a 

previously described rare population with effector function (28, 29), 
in the uteri of dams with ablated eTACs (Fig. 4, G and H). Thus, the 
phenotype of IUGR is functionally tied to loss of eTACs and associ-
ated with enrichment of adaptive immune cells in the uterus.
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tration of CD3 T cells in the uterus after Aire depletion. Scale bars, 100 m. (B) Resorption rate and (C) average implantation site weight at E9.5 in AireDTR+RAG1−/− and 
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DISCUSSION
These results suggest a previously unrecognized role for Aire- 
expressing cells in maternal-fetal immune homeostasis. We have 
shown that depletion of Aire+ cells during pregnancy results in 

immune-mediated IUGR, that 
this phenomenon requires 
adaptive immunity and has 
immunologic memory, and 
that a significant immune 
activation phenotype is seen 
in the secondary lymphoid 
organs characterized by effec-
tor T cell, particularly TFH 
cell, activation. These results 
prompt the conclusion that the 
repertoire of antigens import-
ant for maternal-fetal toler-
ance must include syngeneic 
and paternal alloantigens ex-
pressed by the conceptus. Thus, 
these experiments provide a 
mechanistic insight into the 

known association of IUGR with autoimmune disease (1, 2).
Our findings also support a previously undescribed role for 

eTACs in maintaining maternal tolerance to the fetus. eTACs have 
previously been shown to mediate functional inactivation or deletion 
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of cognate T cells and expansion of Treg 
populations (5, 6). In the context of 
pregnancy, they may promote tolerance 
to the fetus through Aire-driven expres-
sion of PAAs or by a range of means 
including suppression of T cell activation 
and induction of regulatory populations. 
In the absence of eTACs, maternal ef-
fector T cells escape such regulation 
and infiltrate the uterus, contributing to 
adverse pregnancy outcomes (Fig. 5). 
IUGR has been linked to impaired 
maternal tolerance in early pregnancy, 
possibly as a result of impaired Treg 
induction (30).

A critical aspect of maternal-fetal tol-
erance is tolerance to male-specific 
antigens (31). Some of these could be 
considered PAAs: encoded in the mater-
nal genome but only expressed by male- 
specific tissues and thus only encountered 
during pregnancy with a male fetus. 
For example, autosomal prostate-specific 
antigens could be expressed in the male 
fetus but are potentially previously un-
seen antigens for the maternal immune 
system. However, Aire-dependent Tregs 
specific to prostate-specific antigen are 
found in both male and female mice, 
despite the lack of prostate tissue in fe-
males (32). Conversely, Y chromosome–encoded minor antigens, 
such as H-Y, are also present in both allogeneic and syngeneic preg-
nancies, but these are not PAAs because the maternal genome does 
not include a Y chromosome. In our AireDTR model, we observed 

IUGR or resorption of all implantation sites, as opposed to 50% of 
implantation sites if male embryos were selectively affected, as we have 
seen in a prior model of allospecific resorption (33). However, be-
cause expansion of antigen-specific effector T cells against a subset of 
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pregnancy and prevent growth restriction. 
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RNA-seq of CD3− CD19− NK1.1− MHCIIhi GFP+ cells 
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of E9.5 pregnant (P; n = 5) and virgin (V; n = 6) 
Adig females. (D) Experimental design: AireDTR 
and WT females underwent thymectomy and 
received either a WT or AireDTR donor thymus 
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txp, transplant. (E) In situ hybridization for Aire mRNA 
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the litter can have an adverse impact on the entire pregnancy in 
other settings (34, 35), the potential contribution of maternal im-
mune reactivity against male antigens when Aire-expressing cells 
are depleted deserves further investigation. 

The precise role of Aire in this process also remains unclear. 
Although Aire may promote expression of PAAs, it is also possible 
that eTACs support pregnancy independent of the action of the 
Aire gene itself or that Aire plays a different role in this population. 
Further work is required to understand the cell-intrinsic role of 
Aire itself in peripheral tolerance induction.

However, the concept that Aire-expressing cells, traditionally rec-
ognized for their role in immune self-tolerance in mTECs, also play a 
role outside the thymus in reproductive fitness suggests a previously 
undescribed mechanism for maintaining maternal-fetal tolerance. 
More broadly, this demonstrates that loss of extrathymic Aire- 
expressing populations leads to a breakdown in normal immune 
homeostasis. If Aire-driven expression of PAAs in eTACs induces 
maternal tolerance to the embryo and placenta, then this evolution-
ally important mechanism may be hijacked by cancers that express 
PAAs and could explain why those cancers are so aggressive (36). A 
better understanding of these systems may lead to therapies targeted 
to Aire-expressing populations to protect pregnancy, and more broad-
ly for a wide range of clinical applications in immune tolerance.

MATERIALS AND METHODS
Study design
The aim of this study was to determine the role of maternal Aire- 
expressing cells during pregnancy. We used the AireDTR transgenic 

mouse and DT injections to ablate Aire- 
expressing cells during the first half of 
pregnancy and confirmed mTEC and 
eTAC depletion using flow cytometry 
and in situ hybridization. To test whether 
the pregnancy phenotype was due to 
progesterone deficiency, we gave preg-
nant AireDTR and WT mice supplemental 
progesterone. To test whether the adap-
tive immune system was responsible 
for the observed phenotype, we bred 
AireDTR.RAGKO mice. We studied at 
least 20 plugged females in each experi-
mental group to power the study given 
the rate of pregnancy loss in unmanipu-
lated controls. To investigate the maternal 
immune response of Aire+ cell depletion, 
we used immunofluorescent microscopy, 
flow cytometry, and scRNA-seq to ana-
lyze T cells from the thymus, lymph 
nodes, spleen, and uterus of AireDTR + 
DT and WT + DT pregnant mice. To 
compare mTEC and eTAC transcripts 
with pregnant and nonpregnant mice, 
we used Adig transgenic mice and flow 
cytometry to isolate the mTECs and 
eTACs and bulk RNA-seq to compare 
the populations. Last, to differentiate the 
effect of mTEC loss versus eTAC loss, 
we performed thymectomies and thymus 

transplants on AireDTR and WT mice before pregnancy.

Mice and genotyping
All DNA primers were synthesized by Integrated DNA Technologies 
(Coralville, IA). C57BL/6 AireDTR transgenic mice were acquired 
from M. Anderson, and the transgene was maintained in hetero-
zygosity for all experiments. Offspring were screened for the 
presence of the AireDTR transgene using the genotyping primers 
5′-GGACCTTTTGAGAGTCACTTTATCCT-3′ and 5′-CCCGT-
GCTCCTCCTTGCT-3′. AireDTR genotyping was also performed 
by Transnetyx using real-time polymerase chain reaction (PCR). 
C57BL/6 Adig transgenic mice were also acquired from M. Anderson 
and maintained in heterozygosity. Offspring were screened for the 
presence of the IGRP (islet-specific glucose-6-phosphatase-related 
protein)-GFP transgene using the genotyping primers 5′-AAGTT-
CATCTGCACCACC-3′ and 5′-TCCTTGAAGAAGATGGTGCG-3′. 
AireDTR genotyping was also performed by Transnetyx using 
real-time PCR. C57BL/6 mice were obtained from Charles River 
Laboratories (Wilmington, MA). BALB/c and RAG1−/− (B6.129S7- 
Rag1tm1Mom/J) mice were acquired from the Jackson laboratory 
(JAX stock #002216). RAG1−/− mice were crossed with AireDTR 
transgenic mice to achieve RAG1−/−AireDTR+/− experimental females, 
with RAG1−/−AireDTR−/− females as controls. RAG1 genotyping was 
performed by Transnetyx using real-time PCR. Males were mated 
with individual females once per week. Experimental females were 
bred to BALB/c males in allogeneic breedings or C57BL/6J males in 
syngeneic breedings, unless otherwise noted. The day of the copula-
tion plug was designated at E0.5. All mice were maintained in 
microisolator cages and treated in accordance with National Institutes 
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of Health (NIH) and American Association of Laboratory Animal 
Care standards and consistent with the animal care and use regula-
tions of the University of California, San Francisco.

DT treatment
DT (Enzo Life Sciences, Farmingdale, NY) was administered intra-
peritoneally at a dose of 15 to 25 ng/g in sterile PBS, every other day, 
from E0.5 to E8.5.

Lymphocyte preparation for flow cytometry and RNA-seq
Lymphocytes were prepared for flow cytometry by mashing thymi, 
lymph nodes, and spleens, which were then filtered through a 70-m 
cell strainer. Red blood cells were lysed by incubating peripheral 
blood and spleen samples in ammonium-chloride-potassium lysing 
buffer (Lonza BioWhittaker, Basel, Switzerland) for 10 min. If preg-
nant, then embryos were removed from the maternal uterus, which 
was then minced with razor blades and digested for 15 min at 37°C 
with 5% CO2 in collagenase D (2 mg/ml) (Roche, Basel, Switzerland) 
and deoxyribonuclease I (DNase I) recombinant (10 g/ml) (Roche, 
Basel, Switzerland) as previously described (33). Digested cells were 
resuspended in cold fluorescence-activated cell sorting (FACS) buffer 
[Dulbecco’s PBS (DPBS) containing 0.5% bovine serum albumin 
(BSA) and 0.2 mM EDTA] and filtered through a 70-m cell strainer. 
Cells were resuspended in anti-Fc receptor blocking antibody clone 
2.4G2 for 10 min and then incubated on ice for 30 min with anti-
body cocktails. Samples were fixed, permeabilized, and incubated 
with 1:100 FoxP3 antibody using an intranuclear staining kit (Thermo 
Fisher Scientific, Waltham, MA). Stained samples were acquired on 
an LSR II (BD Biosciences, San Jose, CA), and flow cytometry data 
were analyzed using FlowJo (FlowJo LLC, Ashland, OR) and Prism 
software (GraphPad Software, San Diego, CA).

For bulk RNA-seq, stromal cells were prepared for cell sorting 
by mincing thymus, lymph nodes, and spleen with razor blades and 
then by digesting for 30 min at 37°C in DNase I (Roche) and Liberase 
TM (Roche) (100 g/ml) before filtering through a 70-m cell 
strainer. Density gradient centrifugation was used to enrich for 
stromal cells, using a three-layer Percoll PLUS gradient (Sigma-Aldrich) 
with specific gravities of 1.115, 1.065, and 1.0. Cells isolated from 
between the 1.065 and 1.0 layer were resuspended in anti-Fc receptor 
blocking antibody clone 2.4G2 for 10 min and then incubated on ice 
for 30 min with an antibody cocktail. 4′,6-diamidino-2-phenylindole 
(DAPI) was added to exclude dead cells before sorting on a FACSAria II 
(BD Biosciences, San Jose, CA). CD3− CD19− NK1.1− MHCII+ 
GFP+ cells were sorted directly into cold RPMI with 2% fetal bovine 
serum, washed with PBS twice, and then resuspended in lysis buffer 
and snap-frozen for RNA isolation and sequencing.

For scRNA-seq, lymphocytes were prepared by mashing lymph 
nodes, which were then filtered through a 70-m cell strainer. The 
maternal uterus was minced with razor blades and digested for 
15 min at 37°C with 5% CO2 in collagenase D (2 mg/ml) (Roche, 
Basel, Switzerland) and DNase I recombinant (10 g/ml) (Roche, 
Basel, Switzerland) as previously described (33). Digested cells were 
resuspended in cold FACS buffer (DPBS containing 0.5% BSA and 
0.2 mM EDTA) and filtered through a 70-m cell strainer. Density 
gradient centrifugation was used to enrich for lymphocyte cells, using 
a three-layer Percoll PLUS gradient (Sigma-Aldrich) with specific 
gravities of 1.115, 1.065, and 1.0. Cells isolated from between the 
1.065 and 1.115 layers were resuspended in anti-Fc receptor blocking 
antibody clone 2.4G2 for 10 min and then incubated on ice for 30 min 

with an antibody cocktail. Live CD45+ CD3+ cells were sorted into 
PBS with 2% BSA following the 10x Genomics protocol for multi-
plexing and single-cell sequencing. Libraries were constructed using 
the Single Cell 3′ Library Kit V3 (10x Genomics). Once prepared, 
indexed cDNA libraries were sequenced with paired-end reads on 
an Illumina NovaSeq 6000 (Illumina).

Single-cell sequencing analysis
Preprocessing and demultiplexing
Gene expression matrices were generated by preprocessing the raw 
reads from each batch with the kallisto | bustools pipeline (37–39). Tag 
count matrices were generated from the raw reads of the barcoding ex-
periment with kITE (kallisto Index Tag Extractor) (40) and kallisto | 
bustools. To assign tag identity to a cell, we calculated the proportion of 
counts from each tag in the cell. A multinomial confidence interval was 
calculated for each proportion using the Goodman approximation 
method implemented with the Python package statsmodels.stats.
proportions. A tag was assigned to a cell if the lower confidence interval 
value of the most abundant tag was two times the high confidence inter-
val value of the next most abundant tag. This strict measure for cell 
identity allows us to filter out doublets. In addition, cell barcodes (i) with 
more than 5% mitochondrial reads, (ii) with a total number of counts 
or number of genes above the 99.5 percentile, or (iii) with less than 
10 observed counts were removed from each batch. Uterus samples 
were further excluded from the dataset due to a low number of detected 
cells (only 20 cells were confidently demultiplexed and assigned to uter-
us samples across batches, compared with 6919 and 4442 cells assigned 
to brLN (brachial lymph nodes) and udLN (uterine-draining lymph 
nodes), respectively). The resulting preprocessed and demultiplexed 
count matrices from each experiment were concatenated for further 
analysis and downstream processing with scanpy (41).

Normalization, clustering, and visualization
The demultiplexed data were normalized to have 10,000 counts per 
cell and were log1 P transformed. Highly variable genes were calcu-
lated using the scanpy function highly_variable_genes using Seurat 
(42) flavor with the default parameters (min_mean = 0.0125, max_
mean = 3, and min_disp = 0.5). Only highly variable genes were 
used for further analysis. The total number of counts per cell was 
regressed out, and the gene expression matrix was scaled using the 
scanpy function scale with max_value = 10. Dimensionality reduction 
was performed using principal components analysis with 50 principal 
components. Batch balanced kNN (k-nearest neighbors) (43), im-
plemented with scanpy’s function bbknn, was used to compute each 
cell’s top neighbors and normalize batch effects. The batch-corrected 
cells were clustered using the Leiden algorithm (44) and projected 
into two dimensions with uniform manifold approximation and pro-
jection (UMAP) (45) for visualization. Initial cluster identity was 
determined by finding marker genes with differential expression 
analysis preformed using a t test on log1 P–transformed raw counts 
with the scanpy function rank_genes_groups. Clusters associated with 
(i) erythrocyte markers, (ii) coexpression of B cell and T cell markers, 
and clusters of ambiguous identity representing less than 0.1% of the 
total number of cells were filtered out.

Cell type annotation/ImmGen similarity scores
To assign identities to the resulting cell subpopulations/clusters in 
an unbiased way, we developed an approach to query the similarity 
of scRNA-seq profiles against all 224 publicly available reference 
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microarray profiles in the ImmGen database; all ImmGen primary 
data were downloaded from Haemosphere (www.haemosphere.
org/datasets/show). The similarity measure we used is based on the 
cosine distance between appropriately normalized microarray/gene 
expression profiles, considering only genes that were identified as 
highly variable in scRNA-seq. For each reference subpopulation, 
the corresponding ImmGen microarray profile was normalized to 
unit sum. The single-cell gene expression profiles were first scaled 
to 1 × 104 total counts and logarithmized before being normalized 
to unit sum. For each single-cell profile, the resulting cosine similar-
ities to all ImmGen profiles were further standardized (by removing 
the mean and scaling to unit variance) to obtain the final ImmGen 
similarity scores shown in Fig. 3 (B to D) and fig. S4 (A and B). Final 
cell type annotation was carried out in a semi-supervised way, cross- 
validating the resulting ImmGen scores with subpopulation-specific 
gene expression of known markers (Fig. 3, F and G, and fig. S4C).

Cell type proportions
We modeled treatment (AireDTR versus WT) as an explanatory 
variable in a binomial generalized linear model (GLM) in which a 
count from the cell type of interest was a successful outcome in a 
binomial experiment. We fit the binomial GLM with the Python 
package statsmodels.stats to count data from each biological replicate. 
Cell type composition changes were considered to be significant if 
the P value from the binomial GLM was less than 0.05. Multinomial 
confidence intervals for each cluster proportion were calculated via 
the Goodman method.

UMAP differential density estimation
To visualize the differences in density across cell subpopulations 
between AireDTR and WT samples, we used an approach based on 
Kernel density estimation. The AireDTR and WT densities were 
computed independently using the UMAP coordinates of the 
corresponding cells as input and were extrapolated to the entire 
two-dimensional space, using the nonparametric kernel_density.
KDEMultivariate() function from the statsmodels Python package. 
For each point in the UMAP space, we then calculated and visualized 
the logarithm of the estimated densities ratio and log(AireDTR_density/
WT_density) as a proxy for the likelihood of a UMAP region being 
associated with increased (positive log density ratio) or decreased 
(negative log density ratio) proportions of AireDTR cells.

P value significance levels for plots
****P ≤ 0.0001; ***0.0001< P ≤ 0.001; **0.001 < P ≤ 0.01; and 
*0.01 < P ≤ 0.05.

Bulk RNA-seq and analysis
We used standard mRNA-seq protocols used by the UCSF Functional 
Genomics sequencing core. After library construction with SMART-Seq/
Nextera XT (Illumina, San Diego, CA), cDNA fragments underwent 
50–base pair single-end sequencing on an Illumina HiSeq 4000. 
Sequencing provided was 2.53 billion total reads with an average of 
83.6% of these reads aligning uniquely to the human genome 
(Ensembl human GRCh38.78). STAR (Spliced Transcripts Alignment 
to a Reference) (46) version 2.5.2b was used to align reads to the 
mouse genome, version GRCm38.78, and no adapter clipping or filter-
ing was performed before alignment. Reads uniquely mapped to known 
mRNAs were used to assess expression changes between genes. Pairwise 
comparisons were made between pregnant and virgin mice in the 

thymus, spleen, uterine-draining lymph node, and nonuterine- draining 
lymph node using DESeq2 (47) in R. Transcripts were combined by 
geneID, and transcripts with 0 counts were removed, resulting in 
21,478 transcripts across 48 samples. False discovery rate (FDR) 
multiple hypothesis correction was applied, and genes with adjusted 
P value < 0.05 and absolute value log fold change > 1 were considered 
significant. We used six mice per biological replicate. Pathway analysis 
was carried out with clusterProfiler (www.ncbi.nlm.nih.gov/pmc/
articles/PMC3339379/) using the Kyoto Encyclopedia of Genes and 
Genomes database (www.ncbi.nlm.nih.gov/pmc/articles/PMC5210567/).

Histology
For hematoxylin and eosin (H&E) staining, tissues were fixed over-
night at 4°C in 10% neutral buffered formalin (Thermo Fisher 
Scientific, Waltham, MA) and then dehydrated in 70% ethanol before 
being sent to HistoWiz (Brooklyn, NY) for paraffin embedding, 
5-m sectioning, staining, and evaluation for lymphocyte infiltration 
by a pathologist employed by HistoWiz who was blinded to experi-
mental groups. For in situ hybridization, fresh-frozen tissues were 
sectioned at 10 m and then fixed overnight at 4°C in 10% neutral 
buffered formalin before proceeding with an RNAscope RED 2.5 HD 
Chromogenic Assay kit (Advanced Cell Diagnostics, Newark, CA) 
for detection of Aire mRNA. For immunofluorescence, fresh-frozen 
tissues were sectioned at 10 m and fixed in 1:1 methanol:acetone 
solution for 20 min at −20°C, blocked with goat serum, and then 
incubated in the Rabbit anti-CD3 Clone SP7 (Invitrogen) over-
night. Secondary staining was completed the next day using the 
goat anti-rabbit IgG Alexa Fluor 555 Tyramide SuperBoost Kit 
(Invitrogen) and mounted with Fluoromount-G mounting medium 
with DAPI (Invitrogen).

Serum progesterone level measurements
Serum was collected by submandibular bleeds and stored at −80°C 
before being sent to Cayman Chemical Company for enzyme-linked 
immunoassay (Ann Arbor, MI).

Progesterone supplementation during pregnancy
Progesterone (Sigma-Aldrich, St. Louis, MO) was dissolved in 
sesame seed oil (Sigma-Aldrich, St. Louis, MO) and administered 
subcutaneously at a dose of 2 mg/100 l, daily, from E4.5 to E8.5, as 
described in (22).

Thymectomy and thymic transplant
Donor thymi were collected from euthanized neonates and then cul-
tured with 1.35 mM 2′-deoxyguanosine monohydrate (Sigma-Aldrich) 
for 5 to 7 days to deplete endogenous lymphocytes. Four- to 6-week-old 
recipient mice were anesthetized, and a small incision was placed 
along the midline of the first three ribs to enter the thorax and ex-
pose the area around the thymus. A sterile pipette was inserted into 
the thorax, and the thymus was removed using a vacuum. The inci-
sion was closed with surgical clips. A left flank incision was used to 
expose the left kidney, and the donor neonatal thymus was trans-
planted under the kidney capsule. The peritoneum was closed with 
sutures and the skin with surgical clips, which were removed 14 days 
after procedure, at which time mice were bred for experiments. At 
time of euthanasia, the thorax was examined to confirm complete 
thymic excision, and the kidney was examined for the presence of 
the transplanted thymus; if the transplanted thymus was not present, 
then that mouse was excluded from experimental analysis.

http://www.haemosphere.org/datasets/show
http://www.haemosphere.org/datasets/show
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3339379/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3339379/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC5210567/
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Statistical analysis
Implantation rate (percentage of plugged females with visible im-
plantation sites at E9.5) and resorption rate (percentage of completely 
resorbed pregnancies of all pregnancies with visible implantation sites 
at E9.5) were analyzed using Fisher’s exact test. Litter size, weight of 
implantation site, and percentages of flow cytometry cell subsets 
were analyzed using Tukey’s multiple comparison test (when com-
paring three or more experimental groups) or unpaired t test (when 
comparing two experimental groups). For all tests, not significant = 
P > 0.05 and significant = *P < 0.05, **P < 0.01, ***P < 0.001, and 
****P < 0.0001. Error bars represent normal-based 95% confidence 
interval. For scRNA-seq, we fit the binomial GLM with the Python 
package statsmodels.stats to count data from each biological replicate. 
Cell type composition changes were considered to be significant if 
the P value from the binomial GLM was less than 0.05. Multinomial 
confidence intervals for each cluster proportion were calculated via 
the Goodman method. For bulk RNA-seq, FDR multiple hypothesis 
correction was applied, and genes with adjusted P < 0.05 and abso-
lute value log fold change > 1 were considered significant. We used 
six mice per biological replicate.

SUPPLEMENTARY MATERIALS
immunology.sciencemag.org/cgi/content/full/6/61/eabf1968/DC1
Figs. S1 to S6
Data file S1

View/request a protocol for this paper from Bio-protocol.
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