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Abstract

Autoimmune Regulator (AIRE) regulates central immune tolerance by inducing expression of
tissue-restricted antigens in thymic medullary epithelial cells, thereby ensuring elimination of
autoreactive T cells. Aire mutations in humans and targeted Aire deletion in mice result in mul-
tiorgan autoimmune disease, known in humans as autoimmune polyglandular syndrome type 1
(APS-1). APS-1 is characterized by the presence of adrenal insufficiency, chronic mucosal candidi-
asis, and/or hypoparathyroidism. Additionally, females often present with gonadal insufficiency
and infertility. Aire-deficiency (KO) in mice results in oophoritis and age-dependent depletion of
follicular reserves. Here, we found that while the majority of young 6-week-old Aire-KO females
had normal follicular reserves, mating behavior, and ovulation rates, 50% of females experienced
embryonic loss between gestation day (GD) 5.5 and 7.5 that could not be attributed to insufficient
progesterone production or decidualization. The quality of GD0.5 embryos recovered from Aire
KO mice was reduced, and when cultured in vitro, embryos displayed limited developmental ca-
pacity in comparison to those recovered from wild-type (WT) mice. Further, embryos flushed from
Aire KO dams at GD3.5 were developmentally delayed in comparison to WT controls and had re-
duced trophoblastic outgrowth in vitro. We conclude that AIRE does not play a direct role in uterine
decidualization. Rather, reduced fertility of Aire-deficient females is likely due to multiple factors, in-
cluding oophoritis, delayed preimplantation development, and compromised implantation. These
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effects may be explained by autoimmune targeting of the ovary, embryo, or both. Alternatively,
altered embryonic development could be due to a direct role for AIRE in early embryogenesis.

Summary Sentence

Although mating and ovulation were normal, oocyte and embryo quality were reduced; peri-
implantation embryonic loss was associated with reduced oocyte and embryo developmental
potential in vitro.

Key words: fertility, autoimmune disease, embryo, uterus, ovary, implantation.

Introduction

The immune system is dually tasked with the identification and re-
moval of pathogens while remaining tolerant to self-antigens. An
appropriate balance between activation and tolerance is essential
for reproductive viability in females in several respects. The female
immune system must remain tolerant not only to reproductive tract
antigens, but also to a host of neoantigens associated with pregnancy,
particularly the fetus and the placenta, all the while maintaining
its ability to combat infection. Further, immune cells and their se-
creted products play essential supportive roles in many reproductive
processes, including ovulation, development, and regression of the
corpus luteum, implantation, placentation, and uterine remodeling
[1–4].

Autoimmune disease is broadly defined as an adaptive immune
response mounted against self-antigens, and occurs when there is a
loss of or failure to develop tolerance to those antigens. Most au-
toimmune conditions cannot be attributed to a single factor, but
instead involve a complex interplay between genetic and environ-
mental factors [5]. Conversely, monogenic autoimmune diseases are
rare, but can be fatal at an early age [6]. Autoimmune polyglandu-
lar syndrome type 1 (APS-1) is one such disease, and results from
functional mutations in the gene-encoding AIRE (autoimmune regu-
lator) [7, 8]. APS-1 is a multiorgan, autosomal recessive disease that
is diagnosed based on the presence of at least two of three clinical
signs including adrenal insufficiency, chronic mucocutaneous can-
didiasis, and hypoparathyroidism [9]. Patients also develop a broad
range of secondary autoimmune-mediated complications, including
autoimmune hepatitis, gastritis, vitiligo, type I diabetes, and primary
gonadal insufficiency with infertility [9]. Additionally, some alleles of
Aire behave in a dominant negative manner and cause a later-onset,
less penetrant disease than that which occurs with complete Aire de-
ficiency [10, 11]. Although many autoimmune diseases preferentially
affect women, APS-1 is not sex-specific [12].

The Aire gene encodes a 58-kDa transcriptional regulator ex-
pressed predominantly in the thymus, where developing T cells
gain immunological competence and are selected for self-tolerance.
Specifically, in both mice and humans, AIRE protein localizes to
the nuclei of a subset of medullary thymic epithelial cells (mTEC)
[13]; a primary function of the protein is to induce ectopic expres-
sion of self-antigens in these cells that are otherwise restricted to
only one or a few tissues [14]. AIRE acts not as a conventional
transcription factor but rather, together with its binding partners, it
targets markers of inactive chromatin such as nonmethylated H3K4
to induce transcriptional elongation by releasing stalled RNA poly-
merase, thus inducing expression of genes that would otherwise be
silenced [15–18]. Induced tissue-restricted antigens are then prote-
olytically processed and presented in the context of major histo-
compatibility (MHC) molecules to developing thymocytes, either
directly by mTEC themselves, or indirectly by local dendritic cells.
Recognition of AIRE-regulated self-antigens in the context of MHC

results in clonal deletion of developing autoreactive T cells, or alter-
natively, promotes development of tissue-specific regulatory T cells
(TReg) [19–23]. In these respects, AIRE plays an obligatory role in
establishment of self-immunological tolerance and prevention of au-
toimmune disease.

Infertility is estimated to affect 6%–25% of couples worldwide,
and has profound social, economic, medical, and psychological
repercussions [24, 25]. Female factor infertility accounts for more
than half of diagnosed infertility cases, and among the potential
causes are a range of autoimmune disorders targeting the ovary di-
rectly or secondarily following autoimmune thyroiditis or Addison’s
disease [26–29]. Additional targets of the immune system impor-
tant for fertility include sperm, phospholipids, and nuclear antigens
[30–32]. A major manifestation of Aire deficiency, in both women
with APS-1 and female mice with targeted disruptions in the gene,
is infertility [33–35], and in both species mTEC express a number
of genes that are restricted to the ovary, placenta, and embryo in an
AIRE-dependent manner [14, 36–38]. We previously showed that
Aire-deficient (KO) female mice on the Balb/cJ genetic background
develop infertility in an age-dependent manner, undergoing ovarian
follicular depletion coupled with lymphocytic infiltration and au-
toantibody formation [35]. By 20 weeks of age, 55% of Aire-KO
female mice lack ovarian follicles and oocytes. Even so, young Aire-
KO females invariably undergo puberty, albeit slightly delayed, and
at 6 weeks of age, exhibit mating behavior and ovulate. However,
of these young females only 50% are able to produce a litter, and
over time, infertility reaches 100%. The overtly normal reproduc-
tive parameters aside from litter production collectively suggest that
ovarian senescence alone cannot explain the infertility observed in all
of these mice. In this study, we investigate the possibility that uterine
and/or embryonic competence is impaired in female Aire-deficient
Balb/cJ mice.

Materials and methods

Animals
Mice were housed under pathogen-free conditions at the Univer-
sity of Kansas Medical Center Laboratory Animal Resources or
Michigan State University Campus Animal Resources. All experi-
ments complied with NIH Guidelines for the Care and Use of Lab-
oratory Animals and were approved by the Institutional Animal
Care and Use Committee at KUMC and MSU. Aire-deficient (KO)
mice on the Balb/cJ genetic background (>8 generations) were a
generous donation by C. Benoist and D. Mathis (Harvard Med-
ical School, Boston, MA) [14, 39] and animals were maintained
as heterozygotes. Additional Balb/cJ wild-type (WT) mice were ob-
tained from the Jackson Laboratory (Bar Harbor, ME, USA) as
needed. Genotypes were determined by PCR using the following
primer set: FWD 5′-GTCCCTGAGGACAAGTTCCA-3′; REV 5′-
GGGACTGGTTTAGGTCCACA-3′; using these primers, WT mice
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generate a 758-bp product, Aire-KO mice yield a 298-bp product,
and heterozygous animals produce both. Additional Aire-KO mice
containing the same mutation as the Balb/c mice or a different muta-
tion were purchased from the Jackson Laboratory or kindly donated
by L. Peltonen, respectively, and genotyped according to published
protocols [14, 40].

Fertility assessment
At 6 weeks of age, WT and Aire-KO females were cohabited with
a proven Balb/c WT male and checked daily for the presence of a
copulatory plug. The duration to initial mating was recorded, and
following mating their body weight was measured each morning be-
tween 9 and 10 am until sacrifice at gestation day (GD) 5.5, 7.5 or
10.5 (GD0.5 = day of observation of a copulation plug). Animals as-
sessed for pregnancy at GD5.5 received an I.V. injection of Chicago
blue dye following anesthesia for easier evaluation of implantation
sites, as previously described [41]. Number of implantation and re-
sorption sites was recorded at the time of sacrifice. Animal numbers
for each experiment are indicated in the figures and legends.

Determination of serum progesterone levels
Mice were anesthetized with 250 mg/kd avertin IP or isoflurane, and
serum was collected via cardiac puncture prior to euthanasia via
cervical dislocation. Serum progesterone levels were measured by
radioimmunoassay at the University of Virginia Center for Research
in Reproduction Ligand Assay and Analysis Core (Charlottesville,
VA). This assay has a sensitivity of 0.15 ng/mL and a range of 0.15–
40 ng/mL, with intra- and interassay coefficients of variation of 3.6%
and 9.0%, respectively.

Evaluation of implantation sites
For histological assessment of uterine sites at GD5.5, 6-week-old WT
(n = 5) and Aire-KO (n = 7) females were paired with WT males and
sacrificed on GD5.5. Whole implantation sites (1–3 per dam, for a
total of 10 and 13 sites from WT and KO dams, respectively) were re-
moved, fixed in 4% paraformaldehyde (PFA) overnight, dehydrated
through a graded series of ethanol, embedded in paraffin and stored
at 4◦C. Serial sections (5 μm) were cut, stained with hematoxylin
and eosin (Dako, Carpinteria, CA), and viewed by light microscopy.
The section with the widest cross-sectional area of the embryo was
selected for digital capture and area measurement of the implanta-
tion site (excluding myometrium), the primary decidual zone, and
the embryo [42]. Area measurements were recorded using ImageJ
software (NIH, Bethesda, MD).

Artificial decidualization
To test whether decidualization was impacted by the absence of
AIRE in mice, artificial decidualization was performed in WT (n = 5),
Aire-heterozygous (n = 3), or Aire-KO (n = 3) mice as previously
described [43]. Briefly, WT, heterozygous, or KO mice were ovariec-
tomized and allowed to recover for 2 weeks, at which time the mice
received daily subcutaneous injections of 100 ng estradiol for 3 days.
The mice were rested for 2 days, and again injected daily with 6.7
ng estradiol and 1 mg progesterone for 7 days (Sigma-Aldrich). On
the third day of estradiol and progesterone treatment, 6 h after the
estradiol/progesterone treatment, the left uterine horn was exterior-
ized, and using a burred needle, the endometrium scratched on the
anti-mesometrial side to stimulate decidualization, while the right
horn served as a nondecidualized control. On the eighth day, the

mice were sacrificed, and uterine horns were dissected, weighed and
processed for RNA analysis.

Quantitative reverse transcription and polymerase
chain reaction
Transcripts for BMP2, CX45, and DPRP in artificial deciduae
were quantified by quantitative reverse transcription and polymerase
chain reaction (RT-qPCR). RNA was extracted using TRI Reagent
(Applied Biosystems, Foster City, CA). Total RNA (1 μg) was re-
verse transcribed using Superscript III Reverse Transcriptase and ran-
dom primers (Invitrogen, Carlsbad, CA). TaqMan Gene Expression
Assay kits (BMP2, Mm01340178 m1; CX43, Mm00439105 m1;
Dprp, Mm01135453 m1; GAPDH, Mm99999915 g1) were pur-
chased from Applied Biosystems (Grand Island, NY). PCR reac-
tions included 20 ng of cDNA combined with TaqMan Universal
PCR Master Mix per the manufacturer’s instructions in an optical
reaction plate before being amplified using an Applied Biosystems
7300 Real Time PCR machine. All RT-qPCR samples were run in
triplicate, and the average of the three CT values for each sample
and primer set was used in subsequent calculations. Fold changes
were calculated using the ddCt method, using average values of WT
decidua as a reference.

Transcripts for Aire in reproductive tract tissues and thymus
were also quantified. For reproductive tract analysis, 6- to 10-week-
old WT females were euthanized at diestrus or estrus, or mated to
WT males and euthanized at GD3.5, GD5.5, or GD7.5 to collect the
ovaries, oviducts, uteri, and thymus. Estrus cycle stage was evaluated
by vaginal cytology, and pregnancy in GD3.5 mice was confirmed
by flushing uterine cavities to detect preimplantation blastocysts.
Implantation sites at GD5.5 and 7.5 were confirmed macroscop-
ically. RNA was extracted using TRIzol Reagent (ThermoFisher)
and reverse transcribed using QuantiTect Reverse Transcriptase
(Qiagen). RT-qPCR was performed using the StepOnePlus system to-
gether with Taqman primer/probe set for Aire (Mm00477461). Fold
changes were calculated using the ddCt method, using the diestrus
thymus as a reference.

Immunofluorescence
Expression of AIRE in the female reproductive tract was evaluated by
immunofluorescence. Wild-type females were euthanized at diestrus,
estrus, or GD3.5, 5.5, or 7.5 as described above. Uterine tissues
with visible implantation sites were collected, fixed, and sectioned at
5 μm thickness. The sections were permeabilized with 0.1% Triton-
X100 in phosphate-buffered saline (PBS) and blocked with 10% goat
serum in PBS to prevent nonspecific antibody binding. Sections were
then incubated with rat anti-AIRE primary antibody (clone 5H12,
5 μg/mL; ThermoFisher) at 4◦C overnight, washed, and probed
with secondary goat anti-rat antibody conjugated to Alexa Fluor
488 (10 μg/mL; catalog number A-11006, Thermo Fisher). Sections
were mounted using ProLong Gold Antifade Mountant with DAPI
(Thermo Fisher), and images were obtained using a Nikon Eclipse
Ti-U inverted microscope system.

Blastocyst culture and trophoblast outgrowth
To examine early embryonic development prior to implantation and
address the ability for trophoblast cells to proliferate in vitro, 6-
week-old WT (n = 4) and Aire-KO (n = 4) females were paired
with a WT male and sacrificed on embryonic day 3.5 as described
above. The collection, staging, and culture of GD3.5 blastocysts was
performed as previously described [44]. Briefly, after removing the
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reproductive tract, each uterine horn was isolated by cutting the
distal and proximal ends of each uterine horn and was just below
the fallopian tube and just above the cervix, respectively. Blasto-
cysts were flushed from each uterine horn using a 26-G needle and
400 μl of embryonic stem cell medium (DMEM containing
15% heat-inactivated fetal bovine serum, 0.2% glutamine, 0.2%
nonessential amino acids, 0.1 mM 2-mercaptoethanol, 0.2% sodium
pyruvate and 50 μg/mL penicillin-streptomycin) washed through
fresh microdrops of medium. Each blastocyst was transferred to a
single well of a 24-well collagen Type I coated plate (EMD Millipore,
Billerica, MA) and covered with fresh media. The number and devel-
opmental stage of the GD3.5 embryos was determined at collection
[44]. Additionally, images of trophoblast outgrowth were recorded
on an inverted light microscope 48- and 96-h postcollection. Total
outgrowth area was determined for embryos derived from WT fe-
males (n = 30 embryos from 4 mice) and Aire-KO females (n = 30
embryos from 4 mice) using ImageJ software (NIH, Bethesda, MD).

Gestation day 0.5 embryo culture
To assess the quality and developmental potential of GD0.5 em-
bryos, 6-week-old WT (n = 11) and Aire-KO (n = 10) females were
sacrificed the afternoon following detection of a copulation plug, and
oviducts were flushed with FHM-Hepes (EMD Millipore, Billerica,
MA) and incubated in 0.3 mg/mL hyaluronidase (Sigma-Aldrich, St.
Louis, MO) for 10 min to remove cumulus cells. Fertilized eggs and
embryos were counted and evaluated for quality as described [44].
Briefly, oocytes/embryos with fragmentation or dark granular cyto-
plasm were considered poor quality. All pronuclear embryos were
washed through and cultured in microdrops of KSOM with amino
acids and D-Glucose (EMDMillipore, Billerica, MA). At 24 and
96 h of culture, embryos were counted and staged using an inverted
microscope.

Statistical analysis
Data on duration to initial mating, gene expression, implantation
site and embryo areas, trophoblast outgrowth area and number of
ovulations between WT controls and Aire-KO mice were analyzed
by two-tailed Student’s t-test or, if found to be non-normally dis-
tributed, by Mann–Whitney Rank Sum test. Measurements were
collected with the operator blinded to genotype. Progesterone val-
ues were measured by one-way ANOVA, and weight change over
time was analyzed by two-way repeated measures ANOVA. When
necessary, data were log10 transformed to normalize. Proportions of
mice that mated, ovulated, their pregnancy rates, and developmen-
tal stages of embryos were compared by Chi-square analysis. Results
were considered significantly different with a P ≤ 0.05.

Results

Peri-implantation embryonic loss in Aire-deficient mice
Our previous studies showed that only 50% of 6-week-old female
Aire-KO mice on the Balb/cJ genetic background are fertile, with a
further reduction in proportion of fertile animals with advancing age.
Although ovarian senescence eventually occurs in more than half of
Aire-KO mice by 20 weeks, only 25% of mice exhibited abnormal
ovarian morphology at 8 weeks, and there were no statistically signif-
icant differences in mating behavior or ovulation rate [35]. Thus, the
data suggested that the observed fertility rate is lower than could be
explained by lack of ovarian function at that age. In agreement with
previous results, we found that only 48.5% of 6-week-old Aire-KO

female mice cohabitated with WT males became pregnant, despite
93.9% (n = 33) of animals having overtly normal ovaries at this
age. Further, the average number of days between pairing and ob-
servation of a copulatory plug (WT: 2.06 ± 0.26 days, n = 17; KO:
2.42 ± 0.20, n = 33) and the proportion of total mice to mate (WT:
100%, n = 35; KO: 97.6%, n = 42) were similar between WT and
KO mice (P > 0.05), suggesting that ovarian endocrine function is
intact at this age. We therefore sought to determine whether low
fertility could be the result of embryonic or fetal loss in Aire-KO
mice. Aire-KO or WT female mice were mated with intact WT male
mice and sacrificed on GD5.5, 7.5, or 10.5, at which time implanta-
tion sites were counted. While there was no difference between WT
and KO dams in the rate of pregnancy at GD5.5 (P = 0.2), there
was a significant reduction in proportion of female mice with viable
implantation sites at GD7.5 and 10.5 (Figure 1A; P = 0.03 and
0.01, respectively). Among those with viable implantation sites, the
numbers of sites were not different between controls and KO mice
on any observed day of gestation (Figure 1B) except for GD10.5,
whereby the average number of implantation sites per KO animal
was reduced (P = 0.001). Additionally, the timing of pregnancy loss
corresponded with a lack of weight gain after GD5.5 (Figure 1C);
this was not likely to be caused by impaired food intake by Aire KO
females, as weight gain between 4 and 20 weeks in these females was
identical to control mice (data not shown).

To determine whether impaired progesterone production could
contribute to embryonic loss, we measured serum progesterone con-
centrations in mated WT controls and Aire-KO females. At GD5.5,
serum progesterone concentrations in KO mice were not significantly
different from WT mice, regardless of pregnancy status (P = 0.17;
range, 11.37–25.8 ng/mL vs. 17.1–29.5 ng/mL progesterone in KO
and WT dams, respectively; Figure 1D), suggesting that progesterone
production in KO mice is not impaired and that luteal insufficiency
is not the cause of embryonic loss at this stage. By GD7.5 and 10.5,
serum progesterone was significantly reduced in KO females found
to be nonpregnant (P < 0.05), which is consistent with the timing of
loss in serum progesterone in pseudopregnant mice [45, 46].

To assess the quality of implantation sites prior to embryonic
loss, we next performed histological examination of GD5.5 implan-
tation sites from WT or Aire-KO females mated to WT males. While
no overt inflammation of the implantation sites was noted, morpho-
metric analysis revealed that implantation sites, primary decidual
zones, and embryo sizes were smaller in KO females than in WT
females (Figure 2A and B). This relationship held true whether each
site was considered as a discrete experimental unit (Figure 2B), or
when sites were averaged within dams and then considered a sep-
arate biological replicate (decidual zone, WT: 76.04 ± 6.1, decid-
ual zone, KO: 58.09 ± 4.02 μm; P = 0.020) (implantation site,
WT: 247.54 ± 10.12, implantation site, KO: 206.78 ± 9.83 μm;
P = 0.017) (embryo, WT: 17.41 ± 1.69, embryo, KO: 11.91 ± 1.04
μm; P = 0.036).

Since decidual areas were found to be smaller in Aire-KO animals,
and because a defect in decidualization could have a profound nega-
tive impact on embryonic survival, we asked whether a defect in the
decidual reaction could be responsible for the smaller implantation
sites and reduced embryonic growth. Gene expression of the decidual
markers BMP2, Cx43, or DPRP was not altered in Aire-KO females
as determined by RT-qPCR (Figure 2C). To examine the possibility
that AIRE is expressed in the uterus and directly impacts uterine func-
tion during implantation, the temporal expression patterns of Aire
mRNA and protein in the female reproductive tract were examined,
using WT and Aire KO thymus as positive and negative controls,
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Figure 1. Timing of embryonic loss, pregnancy-associated weight gain, and progesterone production in Aire-KO mice. (A) Mean percentage of 6-week-old WT
and Aire-KO female mice with implantation sites at GD5.5, 7.5, and 10.5. Data were analyzed by Chi-square analysis. (B) Quantification of implantation sites in
6-week-old WT and Aire-KO mice at GD5.5, 7.5, and 10.5. Each data point represents the number of implantation sites in individual dams; the grey data point
represents the mean number of sites per dam. Data were analyzed by Student’s t-test (GD5.5 and 7.5) or Mann–Whitney (GD10.5) within gestation day. (C)
Weight deviation from baseline in mated 6-week-old WT and Aire-KO females between GD0.5 and GD10.5. Data were analyzed by two-way repeated measures
ANOVA on weight; ∗, P < 0.05; ∗∗, P < 0.01; ∗∗∗, P < 0.001. (D) Mean values for serum progesterone concentrations. Data were analyzed by one-way ANOVA on
ranks (GD5.5) or one-way ANOVA (GD7.5, 10.5). A and D, Numbers inside bars represent n for each condition.

respectively. Transcripts for Aire were low in all tissues examined
compared to the thymus, with the possible exception of the uterus at
GD3.5 (Supplementary Figure 1). Immunofluorescence revealed no
or only background levels of staining in the ovary, oviduct, or uterus
(Figure 3A). This included decidua at GD5.5 or 7.5, although some
punctate staining was observed in the ectoplacental cone of GD7.5
in samples incubated with either anti-AIRE antibody or rabbit IgG
control antibody. Antibody quality and specificity was verified using
thymus of Aire WT mice, in which antibody-reactive nuclear speck-
les could be observed in medullary epithelial cells; thymuses of Aire
KO mice failed to react with the antibody (Figure 3B).

Because these results differed from those previously reported [47],
a possible role for AIRE was investigated using an in vivo artificial
decidualization assay. Decidualization was strongly induced in Aire

WT, heterozygous, and KO mice (P < 0.001), with no influence of
genotype for Aire on responsiveness of uteri to a decidualization
stimulus (Figure 4A and B; P = 0.9). Additionally, although biolog-
ical variability was noted, the levels of induction of BMP2, Cx43,
and DPRP were not different (P > 0.05; data not shown). Similar to
the lack of expression in GD5.5–7.5 deciduae, Aire mRNA in the ar-
tificially decidualized uterus was virtually undetectable (Figure 4C).

Lastly, we examined the effect of Aire deficiency on the repro-
ductive phenotype of mice on the C57Bl/6 genetic background, rea-
soning that if Aire plays a critical role in decidualization, this role
would be conserved across different strains of the same species. In
contrast to the impaired fertility of Aire-deficient mice on the Balb/c
background, two different strains of Aire KO mice (n = 3 of each
strain) on the C57Bl/6 genetic background gave birth to multiple
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Figure 2. Histological evaluation of early implantation sites and expression of decidualization markers. (A) Representative images of GD5.5 implantation sites
from pregnant WT and Aire-KO female mice, oriented with the mesometrial side to the left. m, myometrium; pdz, primary decidual zone; is, implantation site;
e, embryo. Images were taken at using a 4× objective; bar = 50 μm. Dotted lines delimit area measurements used in B. (B) Area measurements of implantation
sites, primary decidual zones, and embryos taken from the serial sections. Each data point represents individual deciduae, implantation sites or embryos; 1–3
sites per dam were measured for a total of 10 sites from 5 WT dams, and 13 sites from 7 KO dams. The grey data point represents the mean, and data were
analyzed by t-test. (C) mRNA expression for decidualization markers from GD5.5 deciduae. Relative quantity (RQ) indicates fold change over controls. BMP2,
Bone morphogenetic protein 2; CX43, Connexin 43; Dprp, Decidual prolactin related protein. Data were analyzed by Student’s t-test.

consecutive litters (2–5) of sizes comparable to controls WT lit-
termate controls (Aire/J: 6.2 ± 0.76/litter, n = 10 litters; Aire/H:
5.9 ± 0.53/litter, n = 13 litters).

Embryos from Aire-deficient dams have delayed
embryonic development in vivo and compromised
trophoblast growth in vitro
We next examined the kinetics of preimplantation development. Six-
week-old WT or Aire-KO females (n = 4 per genotype) were mated

to WT males, and the heterozygous embryos were flushed from the
uteri of the females on GD3.5. There was no difference in the num-
bers of embryos collected (WT: 7.5 ± 0.5; KO: 7.5 ± 0.29 embryos
per dam; P = 1.0). Differences were evident, however, in the de-
velopmental stages of the embryos between strains. In WT dams,
embryos of the blastocyst stage were present within all four dams,
with the proportion of embryos within dams having reached this
stage ranging from 57% to 100%. In KO dams, however, blasto-
cysts were found in only two of the dams, and within these, only one
of eight (12.5%) and five of eight (62.5%) embryos had reached the
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Figure 3. Immunofluorescence analysis of Aire in the female reproductive tract. WT Balb/c females were euthanized at diestrus (n = 3), estrus (n = 3), GD3.5
(n = 2), GD5.5 (n = 2), and GD7.5 (n = 2). Ovary, oviduct, and uterus were obtained and stained with anti-Aire antibody. (A) Aire immunoreactivity above isotype
background levels was not detected in any of the reproductive organs. (B) Aire immunoreactivity in the thymus of WT mice, and absence in Aire KO mice.
Images were captured at 200× (A) or 400× (B); insets show digitally magnified regions of interest. Scale bars, 50 μm. EPC, ectoplacental cone; D, decidua.

blastocyst stage. In total, 80% and 20% of all of embryos recovered
from WT and KO females, respectively, had reached the blastocyst
stage (P < 0.05); in the WT, the remaining 20% were morula, while
in KOs the remaining were either morula (30%), two to eight cell
embryos (37%), or remained undeveloped (13%) (Figure 5A and B).

To assess the developmental competence of the GD3.5 embryos
recovered from KO dams, embryos were cultured, and trophoblast
outgrowth measured at 48 and 96 h. By 48 h postcollection, 87% of
all embryos from WT females had evidence of outgrowth, compared
to only 17% of embryos from Aire-KO females (P < 0.05). By 96
h postcollection, all embryos from WT females had trophoblast cell
outgrowth, compared to 63% from Aire-KO females (P < 0.001). At
both time points, the mean outgrowth area was significantly larger
for blastocysts from WT females compared to those from Aire-KO
females (P < 0.0001) (Figure 6A and B). Additional differences were
noted when data were broken down into embryonic development
according to dam. Embryos from all four WT dams exhibited out-
growth at 48 h, whereas in three of the four KO dams, none of the
embryos had grown (Figure 6C). From the fourth dam (dam #2 in
Figure 6C), five of seven embryos had grown to sizes comparable
to those from the WT dams. By 96 h, all embryos from the four
WT dams had greatly expanded, whereas all embryos from only

KO dam #2 grew comparably (Figure 6C). One KO dam (#3) had
no growing embryos; the remaining two had embryos ranging from
undeveloped, underdeveloped, and normally developed.

In vitro culture of GD0.5 embryos from Aire-deficient
dams is compromised
Because embryonic delay could already be observed at GD3.5, prior
to implantation, we next asked whether early embryonic develop-
ment was also compromised. GD0.5 embryos from 6-week-old WT
controls and Aire-KO females mated with WT males were flushed
from oviducts and cultured to the blastocyst stage. The total number
of ovulations was comparable between WT (8.36 ± 1.05) and Aire-
KO (7.4 ± 1.23) dams (P = 0.5), and all WT (11/11) and all but
one KO (9/10) ovulated. However, the proportion of high-quality
eggs from Aire-KO females was reduced (Figure 7A; P < 0.0001).
Embryos from WT females were able to develop to the blastocyst
stage with an overall success rate of 60%, whereas only 27% of em-
bryos from Aire-KO dams reached the blastocyst stage (Figure 7B;
P < 0.001). Growth arrest of these embryos became significant at
the morula stage (P < 0.05).
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Figure 4. Lack of decidualization defect in Aire-KO mice. (A, B) Ovariectomized
mice (+/+, WT, n = 5; +/–, heterozygous, n = 3; –/–, KO, n = 3) were subjected
to hormonal stimulation followed by surgical induction of decidualization.
In all three groups, there was a highly significant increase in uterine horn
weight in response to the decidualization stimulus, with no genotype × treat-
ment interaction. ∗∗, P < 0.001, two-way ANOVA on log10-transformed data.
(C) mRNA expression for Aire in undecidualized uterus, decidualized uterus,
and thymus. Data are expressed as fold difference in quantity relative to the
undecidualized uterus samples.

Discussion

The discovery of AIRE and its role in central immune tolerance
has fundamentally changed our understanding of how the immune
system discriminates between self and nonself. Expression of tissue-
restricted proteins in mTEC under the control of AIRE results in
the exposure of self-peptide antigens to developing autoreactive thy-

mocytes, which, as a result, are either deleted or directed toward a
regulatory T cell phenotype, and thus prevented from causing au-
toimmune disease. A number of genes otherwise restricted to the fe-
male reproductive tract, the embryo, and the placenta are expressed
in mTEC and regulated by AIRE, suggesting that AIRE is required
for immune tolerance to these organs, and therefore fertility [14, 18,
36, 38]. Consistent with this model, mice with targeted deletion of
AIRE exhibit autoimmune targeting of the ovary, and women with
APS-1 suffer from high rates of infertility [33, 35].

Several mechanisms could explain the loss of fertility in fe-
male Aire-KO mice, including direct roles of Aire in the thymus,
ovary/early embryo, or oviduct/uterus or a combination of these.
AIRE’s role in the thymus, in which autoimmune disease is pre-
vented, is supported by several lines of evidence, including the grad-
ual increase in proportion of females exhibiting complete and abrupt
loss of ovarian follicles, together with the infiltration of T cells into
the ovary. However, because ∼50% of peripubertal Aire-KO mice
were infertile yet had normal ovulation rates and ovarian reserves
[35], we hypothesized that additional postovarian lesions in fertility
occur in these mice, and found that indeed, embryonic loss occurs in
about half of young Aire-KO females around the time of implanta-
tion. Although this timing was suggestive of insufficient progesterone
and inappropriate immune responses can impair progesterone pro-
duction [48, 49], we found that serum progesterone in KO animals
at GD5.5 were all within the range of WT females, suggesting that
impaired luteal progesterone production was not a causative factor
of embryonic loss.

We also asked whether it is likely that AIRE plays a direct role
in uterine function, a notion supported by the observation that Aire
mRNA can be detected in murine decidual tissue at GD10.5 [50].
Further, Soumya et al. reported that AIRE protein is found in the
primary decidual zone of GD5–8 implantation sites, and that local
delivery of Aire siRNA impaired implantation [47]. Our present re-
ports, however, are not consistent with these findings. In contrast to
Soumya et al., we found only low levels of mRNA in the decidua
and failed to observe significant protein expression in this tissue;
indeed, both mRNA and protein were low or undetectable through-
out the reproductive tract. Lack of availability of the same antibody
clone used in previous studies prevented us from making a direct
comparison of results; however, our study used stringent positive
(thymus) and negative (irrelevant IgG, Aire KO thymus) controls,
whereas the Soumya et al. study lacked these controls. Additional
evidence countering a direct role of AIRE in decidualization is that
global loss of the Aire gene had no significant impact on expression
of markers of decidualization in GD5.5 implantation sites. Artificial
decidualization stimuli were equally able to cause dramatic increases
in uterine wet weight and expression of decidualization genes in KO
and WT animals. Finally, Aire deficiency negatively impacts female
fertility in mice only on the Balb/c genetic background, whereas fer-
tility of Aire KO mice on the C57Bl/6 background is unimpaired.
These differences are most likely explained by differences in MHC
haplotype between the two strains (Balb/c: H-2d; C57Bl/6, H-2b),
since this feature determines ability to present particular autoanti-
gens to T cells [39]. The lack of conservation of a role for AIRE in
fertility across strains of mice argues against a role for this protein in
uterine function, since a requisite direct role in fertility would likely
be conserved. Taken together, the lack of expression of AIRE in the
uterus, the lack of impaired decidualization in Aire-KO mice, and
the lack of conserved effect of AIRE deficiency on fertility between
background strains of mice, we conclude that uterine AIRE does not
play a direct role in decidualization.
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Figure 5. Embryonic stage of GD3.5 embryos from WT and Aire-KO mice. (A) Assessment of developmental stage at GD3.5 of embryos collected from WT and
KO dams mated to WT males. (B) Representative images of embryos from mated WT and Aire-KO female mice collected at ED3.5. Circled numbers represent
stages of development: (1), undeveloped; (2) two–eight cells (2-cell and 4-cell shown); (3) morula; (4) early blastocyst; (5) expanded blastocyst. Images were
captured at 200× magnification; scale bar, 50μm.

On the other hand, our results revealed pronounced effects of
maternal Aire deficiency on embryonic growth. Flushing of ova at
GD0.5 revealed that although the ovulation rate was similar between
WT and KO animals, Aire-KO animals had a higher rate of oocyte
degeneration, suggesting that in at least some mice, oocyte quality
could have already been impacted by an aberrant immune response
prior to ovulation. This idea is supported by multiple lines of evi-
dence. First, ovarian antigens are well-known to be capable of driving
an autoimmune response [51–53]. Second, we previously identified
abnormal T cell accumulation within the ovaries of Aire-deficient
mice as early as 3 weeks of age, and sera from Aire-deficient mice
contains autoantibodies to 60–75 kDa ovarian proteins that localize
to granulosa cells, luteal cells, and the oocyte [14, 35, 38]. Finally,
WT ovaries transplanted into Aire-KO females experienced rapid,
near complete follicular depletion in recipients whose ovaries were
likewise devoid of oocytes, suggesting a rapid, ovary-specific recall
immune response [35]. An incipient anti-ovarian immune response
prior to fulminant autoimmune-associated follicular depletion could
result in diminished quality of ovulated ova.

Aside from clearly degenerating ova, the developmental po-
tential of zygotes recovered at GD0.5 was also reduced. Indeed,
significant arrest occurred at the 8-cell stage with consequent

reduction of embryos developing to the morula and blastocyst stages.
Consistent with this was the finding that embryos obtained from
GD3.5 Aire-KO dams were skewed towards earlier stages of devel-
opment as compared to those from WT dams. These results might
reflect an anti-ovarian autoimmune response as described above,
or could indicate a direct role of AIRE in early embryogenesis.
Either of these could cause reduced developmental competence or
delayed embryonic growth; our finding that implantation rates at
GD5.5 were similar in WT and KO dams suggests that, in vivo,
embryos did not arrest but rather were developmentally delayed.
In some dams, embryos were unable to complete implantation, as
evidenced by their smaller size and attrition at GD7.5. Consistent
with this, when GD3.5 embryos recovered from Aire-KO dams
were allowed to grow in vitro, they did not exhibit as extensive
outgrowth of trophoblast as did their WT counterparts. It is pos-
sible that this slowed growth resulted in asynchrony between the
embryo and maternal environment, which could in turn result in
failed completion of implantation. Indeed, implantation and suc-
cessful pregnancy require precise coordination between embryonic
development and uterine receptivity [54, 55]. Embryonic develop-
mental disruption can derail this alignment and result in infertility
[56–58].
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Figure 6. In vitro growth of GD3.5 embryos from WT and Aire-KO mice. GD3.5 embryos were cultured on collagen-coated plates for 48 and 96 h, and outgrowth
area quantified by phase-contrast microscopy. All images were taken using a 10× objective. (A) Average outgrowth area of embryos recovered from four WT
and four KO dams. ∗∗∗, P < 0.0001, Student’s t-test. (B) Representative images of embryos recovered from WT and KO dams at 48 and 96 h of culture. (C) Area
measurements of embryonic trophoblast outgrowth from WT and Aire-KO dams at 48 h postcollection. (D) Similar to (C), except at 96 h postcollection. Numbers
on x-axis in C and D represent individual dams, while each data point represents individual embryos. Images were captured at 200× magnification; scale bar,
50μm.

Some studies have suggested a direct role of AIRE in embryonic
growth. As Aire-KO mice are born in Mendelian ratios (our colony:
28% KO, 21% WT, 51% heterozygous), the gene is not mandatory
for embryonic development. However, AIRE expression is found in
early embryos and stem cells [59, 60], and a role for AIRE in the
oocyte and in stem cell self-renewal has been suggested [61]. Con-
sistent with this, we have also detected Aire mRNA in M2-stage
oocytes (unpublished data). Intriguingly, a recent study identified
AIRE as a mitotic spindle-associated protein with a role in centro-
some number and spindle assembly [62]. Further, embryos produced
after maternal zygotic deletion of Aire had delayed development at
GD3.5, with reduced formation of blastocyst-stage embryos. This

phenotype is similar to our observation in global Aire-KO dams,
raising the possibility of a critical role for AIRE in early embryo
development.

Taken together, it is likely that the observed infertility in 50%
of Aire-deficient mice is a result of reduced oocyte quality due to
incipient anti-ovarian autoimmune disease, a direct role for AIRE in
embryonic growth, and an asynchrony between embryonic growth
and the uterine implantation window, altogether resulting in em-
bryonic demise shortly after implantation. Fulminant autoimmune
disease later becomes responsible for wholesale follicular depletion.
This demonstration of the impact of the absence of AIRE on oocyte
and embryonic health extends our understanding of premature
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Figure 7. In vitro embryonic development culture. (A) Mean proportions of
healthy and degenerated GD0.5 oocytes from mated 6-week-old WT (n = 11)
and Aire-KO (n = 9) female mice. Numbers inside bars represent total num-
bers examined. (B) Mean percentage of flushed oocytes collected at ED0.5
from mated 6-week-old WT (n = 9 dams) and Aire-KO (n = 4–7 dams, depend-
ing on stage) female mice to reach 2-cell, 4-cell, 8-cell, morula and blastocyst
stages following culture for up to 96 h. Numbers inside each bar represent to-
tal number of oocytes or embryos analyzed at each stage. Data were analyzed
by Chi-square analysis.

ovarian failure, and infertility experienced by APS-1 patients, and
further, has important implications on the fundamental mechanisms
of embryonic growth and implantation.

Supplementary data

Supplementary data are available at BIOLRE online.

Supplementary Figure 1. Aire mRNA in thymus and female repro-
ductive organs. Real-type quantitative PCR was conducted to mea-
sure the expression of Aire transcripts from Balb/c female repro-
ductive organs at diestrus (n=3), estrus (n=3), GD3.5 (n=2), and
GD5.5 (n=2). Ovary at GD3.5 and 5.5, oviduct at GD5.5 were not
examined; thymus was examined only at diestrus. GADPH was used
as a housekeeping gene to calculate �CT values, and the �CT value
of the diestrus thymus was used to calculate fold change (FC) ex-
pression of Aire in each sample. Compared to the Aire transcript
levels detected in the thymus at diestrus, amplification was low or
undetectable from all organs examined. FC, fold change.
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