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Abstract

Maternal immune tolerance of fetal engraftment is critical for the establishment and maintenance of pregnancy, but the exact
mechanisms permitting this semi-allograft in the maternal host are not completely understood. Further, failure of the embryo to
implant in the uterus accounts for at least 30% of the best prognosis in vitro fertilization cycles when a perfect embryo is
transferred to a normal uterus. We hypothesized that T regulatory cells (T eg), defined by CD4"CD25hi surface expression and
the FoxP3+ transcription factor, play an important role in the initiation of the earliest stages of pregnancy, specifically implan-
tation of the embryo. In this study, we evaluated the role of T4 in the establishment of pregnancy using a conditional depletion of
T\eg transgenic mouse model. We found that embryo implantation in the syngeneic mating was defective as evidenced by smaller
litter sizes after T, depletion and that embryo implantation could be restored by adoptively transferring T, into the mating
mice. In allogeneic mating, litter sizes were not different but breeding efficiency was significantly decreased. These data reveal that
T\egs are important for the establishment of the earliest stages of pregnancy and may be a potential cause of infertility due to
recurrent implantation failure, which may be amenable to cellular or pharmacologic therapy to improve maternal immune tol-
erance of embryo implantation.
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development of naturally occurring T,e, populations.®:'°
T regulatory cells provide a strong suppressive effect on
T-helper type 1 (Thl) cells in pregnancy, allowing for
immune tolerance and normal pregnancy.3 In human pregnan-
cies, when this suppressive mechanism is weak, a spectrum of
adverse reproductive conditions, such as infertility (early
defect) to miscarriage (mid gestation defect) to preeclampsia
and intrauterine growth restriction (late defect), associated
with abnormal placentation are thought to occur.’

Introduction

Understanding the mechanisms of immune tolerance is
central to many areas of medicine, including organ transplan-
tation, cancer therapies, and human reproduction. Although
advancements have been made since Sir Peter Medawar first
described acquired immune tolerance in the early 1950s,’
understanding of maternal immune tolerance to the fetus con-
tinues to puzzle clinicians and researchers. It is known that
successful embryo implantation requires a receptive endome-
trium with a state of maternal immunological tolerance of the
fetal semi-allograft; however, the specific mechanisms
responsible for endometrial receptivity and maternal toler-
ance remain incompletely elucidated.
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Evidence points to the importance of T regulatory cell
(Tyeg) function in both abnormal and normal implantation,
early pregnancy, and even initiation of labor.>® T regulatory
cells, defined by CD4"CD25hi FoxP3+ expression, are a
subpopulation of T cells, which control and suppress a range
of immune responses. FoxP3, a member of the forkhead-box/
winged-helix transcription factor family, is a unique marker
of Tiegs and an essential gene controlling the function and
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Prior studies have experimentally targeted T,cos during the
peri-implantation period, which demonstrated that T,..s were
associated with miscarriage in murine models.''"'* These ear-
lier studies used a less specific anti-CD25 antibody depleting
approach to knock down or abolish T,cg. These results sug-
gested an importance for CD25" T cells in embryo implanta-
tion and successful early pregnancy. However, this approach is
less specific to true T,e, function due to the expression of CD25
on activated conventional T cells, which confounds interpreta-
tion of the role of T,y specifically. A more targeted depletion
of Tyeg using a transgenic mouse with an inducible, conditional
depletion of T regulatory cell (DEREGs) was developed by
Lahl et al.'®'” This transgenic mouse is termed DEREG
(C57BL/6-Tg(FoxP3-DTR/EDFP)23.2Spar/Mmjax; Jackson
Labs, Bar Harbor, Maine). The DEREG mice express a
diphtheria toxin (DT) receptor-enhanced green fluorescent pro-
tein (GFP) fusion protein under the control of the FoxP3 pro-
moter, allowing for both detection and inducible depletion of
FoxP3+ T regulatory cell with the administration of DT.

We sought to delineate more precisely to the reproductive
mechanisms involving T, at the time of implantation. Through
these studies, we have elucidated a role for T, in implantation,
where we found lower pregnancy rates and smaller litters due to
deficits in embryo implantation. The importance of T,y in
implantation was supported further by our findings that replace-
ment of T,.. by adoptive transfer (ie, Ty, transfusions) cor-
rected the defective embryo implantation in this model.

Materials and Methods
Study Approval

Institutional review board approval was given through the
National Institutes of Health (NIH) Animal Care and Use Com-
mittee protocol number H-0216. The care and use procedures
for the mice were in accordance with the Institutional Guide for
Laboratory Animals. Mice were housed under a 12/12-hour
light/dark cycle at 25°C and 30% humidity and were fed ad
libitum with a standard diet and water. Nulligravid, 6- to
8-week-old mice were used for the experiments. Wild-type
(WT) mice were obtained through colony breeding as
described below. The DEREG mice were originally provided
previously to our research laboratory by Ethan Shevach at the
NIH under a material transfer agreement (MTA) agreement.
The BALB/c males (Jackson Laboratory, Sacramento, Califor-
nia) were used in allogeneic mating experiments.

The DEREG Genotyping

Mating pairs were set up using either DEREG females with a
WT male or vice versa. Pups were weaned on day of life 21.
Mice were analyzed for the presence of the DEREG transgene at
around 5 to 6 weeks of age. Candidate mice were ear tagged and
blood was collected via tail vein bleeding. The blood sample was
red blood cell depleted via an ammonium chloride potassium
(ACK) lysis protocol. Analysis for FoxP3 using GFP expression

was performed using flow cytometry (Becton Dickinson Bio-
sciences, San Jose, California). Those mice found to contain the
transgene were identified as DEREG positive and used in sub-
sequent experiments. Those mice without the transgene were
identified as DEREG negative and used as WT controls.

Blood and Uterine Tissue T Regulatory Cell
Depletion Analysis

Wild-type or DEREG mice were given 1, 2, or 3 continuous days
of intraperitoneal (IP) injections of either 1 pg DT or phosphate-
buffered saline (PBS). The first day of injections was marked as
day 0. Injections were given once a day on day 0, days 0 and 1, of
days 0, 1, and 2. Intraperitoneal injections were administered via
an insulin syringe and needle. Blood and tissue levels were then
analyzed on days 3, 10, 21, and 28 after the initial injection on
day 0. Whole blood was collected via tail vein bleeding and red
cell depleted. To obtain uterine tissue, mice were euthanized by
CO, gas with confirmation by cervical dislocation. The abdo-
men was opened, the mullerian tract identified, dissected out,
and placed in 10 mL of media (dulbecco’s modified eagle
medium [DMEM] + fetal bovine serum [FBS]). Excess fat,
connective tissue, and the oviductal complex were dissected off.
The uterine tissue was placed in 10 mL of fresh media and each
uterine horn was transected into 4 to 5 donut-shaped pieces. The
uterine tissue was then placed into a gentle magnetic antibody
cell sorting (MACS) C tube (Miltenyi Biotech, San Diego, Cali-
fornia) containing 10 mL of digest media (DMEM + FBS, 1 mg/
mL collagenase, 1 mg/mL dispase, and 0.5 mg/mL of deoxyr-
ibonuclease [DNase]). The tissue was minced using a tissue
dissociator (Miltenyi Biotech). The tissue was then placed in
an incubator at 37°C with gentle agitation for 45 minutes. The
tissue was centrifuged, the supernatant removed, and 10 mL of
fresh digestion media added. The tissue was minced again and
placed in an incubator at 37°C for an additional 30 minutes. The
cells were centrifuged, the supernatant removed, and 1 mL of
0.05% trypsin was added with manual pipetting for 5 minutes.
Trypsinization was stopped with 2 mL of fresh media
(DMEM+FBS). The cells were then washed through a 40-uL
strainer. The solution was centrifuged, the supernatant removed,
and the resultant cell pellet was taken for cell staining. All
experiments were performed in triplicate.

Cell Staining and Analysis

Cell pellets from whole blood and uterine tissue preparations
were washed and resuspended in 1000 uL of PBS. Cell staining
was performed using a mouse T regulatory cell staining kit
(eBioscience, San Diego, California). Cells were divided
equally into the control and experimental tubes. A volume of
2 pL of the following antibodies were added to (1) antigen
presenting cell (APC) mouse IgG2 (isotype control), (2) APC
anti-mouse CD45 (positive control), and (3) APC anti-mouse
CD4 (experimental control) and incubated in the dark at 4°C
for 4 to 6 hours per manufacturer’s recommendations. The cells
were then fixed and permeabilized per manufacturer’s
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Figure I. Time line demonstrating injection and mating schedules. Injections were given once a day on day 0; days 0 and I; or days 0, I, and 2.
Alterations in mating timing allow for implantation to occur during T regulatory cell (T,cg) nadir in the peripheral blood (A) or uterine tissue (B).

(C) Time line of injection, mating, and adoptive transfer of T, .

recommendations. Intracellular staining was performed by
overnight incubation in the dark at 4°C with 5 pL of (1)
CD45 PE antibody (positive control) and (2) FoxP3 antibody.
Compared to CD25 or CD4, FoxP3 staining is a more specific
marker for Tyg. The following morning the cells were washed
and analysis was performed via flow cytometry. Ten thousand
cells were counted and the proportion of T,egs to Thl cells was
used for comparison.

Mating Experiments

Injection and mating schedules were adjusted to have the
window of implantation occur during the blood T,., nadir,
which we have termed ‘“‘immediate mating” (Figure 1).
Females were caged together prior to mating to sync estrous.
Soiled bedding from the male housing cages was placed in the
breeding cage at the time of male placement. Wild-type or
DEREG mice were given either 1 pL IP injection of saline or
DT for 2 consecutive days. The day of first injection was
marked as day 0. Harem mating (1:2, male and female) with
age-matched, WT males was done in the afternoon of the first
day of injection. Examination for a vaginal copulation plug
was performed daily. Visualization of a copulatory plug was
noted as day 1 (e+1). Those mice not demonstrating a copu-
latory plug after 2 checks were removed. Mice were either
sacrificed at e+14 to 18 and implantation sacs counted or
were allowed to deliver. Those mice allowed to deliver were

checked early each morning to assess for overnight delivery
and the number of live-born pups counted.

Next we sought to determine if implantation was impaired
during the time of maximal uterine tissue T,., depletion. The
injection and mating schedules were adjusted in order to time
implantation during the uterine tissue T, nadir, which we
termed “delayed mating” (Figure 1). The first of 2 consecutive
days of injections was counted as day 0, consistent with the
prior mating protocol. Mice were mated with WT males on
postinjection day 7. Mice were checked daily for evidence of
a copulatory plug and allowed to deliver as described above.

Previous studies have observed even more dramatic differ-
ences in miscarriage/embryo resorption, when breeding with an
allogeneic male. Reasoning that allogeneic mating would pose a
stronger immunologic barrier and require a larger T, suppres-
sive effect, we hypothesized implantation defects would be more
pronounced in the setting of allogeneic mating after T,., deple-
tion. To test this, DEREG females were mated with age-matched
WT BALB/c (Jackson Labs) males following the same T,., deple-
tion and immediate mating procedures as previously described.

Superovulation

Next we sought to determine if decreased litter sizes and preg-
nancy rates were due to preimplantation defects. Therefore,
oocyte numbers and fertilization rates were assessed between
the experimental groups. Mice underwent a superovulation
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protocol as previously described.'® On day 0, both DEREG and
WT mice were given a 5-IU IP injection of pregnant mare
serum gonadotropin (PMSG). At 38 to 40 hours post-PMSG
injection, mice were given 1 pL of either saline or DT as
described earlier as a placebo or to induce T,., knock down
respectively, followed by an IP injection of 5 IU human chor-
ionic gonadotropin (HCG) 8 hours later to trigger ovulation.
The females were then immediately placed in a cage with an
age-matched WT male. The following morning, 24 hours post-
DT injection, mice were evaluated for evidence of a copulation
plug. Those mice exhibiting a plug were then sacrificed by
cervical dislocation; the ovarian—tubal-fat pad complex was
harvested and placed in media. The oviduct was gently opened,
flushed with media, and the oocytes obtained. The oocytes were
placed in M2 media (GlobalStem, Rockville, Maryland) and the
cumulus oocyte complex was removed using 5% hyaluronidase
(Irvine Scientific, Santa Ana, California). All embryos were
then cultured in a 1 pL microdrop of M16 EmbryoMax media
(EMD Millipore, Billerica, Massachusetts) and placed in an
incubator at 37°C with 5% CO, overnight. Percentage of ferti-
lization was calculated by dividing the number of 2-cell
embryos by the number of oocytes obtained.

Murine Ultrasound

To evaluate whether postimplantation pregnancy reabsorption
might account for the reduction in pregnancy rates and litter
sizes, murine uterine ultrasound was performed to compare
implanted pregnancy sacs to delivered litter sizes. Injection and
mating schedules were performed as previously described.
Transabdominal ultrasound was performed 7 to 10 days after
identification of copulatory plug. Pregnant mice were induced
and maintained under anesthesia with 1% to 5% isoflurane. The
abdominal hair was removed using Nair (Church and Dwight,
Ewing, New Jersey). The mice were continuously monitored
using electrodes and rectal temperature probe. Uterine images
were captured using the VoluSonic 2100 ultrasound (Visualso-
nics, Toronto, Canada) with a 30 to 40 mHz abdominal probe.
Each uterine horn was imaged from the cervix to the fundus
and the number of implantations recorded. The mice were then
removed from anesthesia, recovered, and transferred back to
the housing facility where they were cared for and observed
until delivery. Litter sizes were compared to ultrasound-
visualized implantations.

T Regulatory Cell Adoptive Transfer

We next evaluated if the induced reproductive defect could be
reversed by adoptively transferring T,.os from sex-matched,
nonpregnant, litter mate mice lacking the bacterial artificial
chromosome (BAC) transgene. The DEREG female mice were
given IP DT injections for 2 days, consistent with previous
experiments and mated with WT males in the afternoon of the
first DT injection. On day 2 postinjection, nonpregnant sex-
and litter-matched WT mice were selected as donors and leth-
ally bled. Tail vein bleeding was performed and spleen was

harvested from donor mice. Splenic tissue was pulverized
through a 40-pm filter, combined with the whole-blood sam-
ples, refiltered, and red cell depleted. T regulatory cell isolation
was carried out with T, isolation kit (Miltenyi Biotech) and
MACS through an MS MACS column (Miltenyi) per manufac-
turer’s recommendations and the cells were counted. The pur-
ified T,cos Were then resuspended in no more than 0.3 mL of
0.01% bovine serum albumin in sterile saline and injected back
into recipient mating females via tail vein injection. Mice were
then allowed to deliver and pups counted per previous
experiments.

Statistical Analysis

We determined 7 mating per experimental group would be
needed to detect a 50% decrease in littler size with an o of
0.05 and a B of 0.8. Statistical analysis was performed using
Microsoft Excel (Microsoft Office 2010) and VassarStats
(www.vassarstats.net). Student # or Mann-Whitney rank-sum
tests were used to compare continuous variables between
groups. Paired ¢ test was used for paired comparisons within
each group. Differences in dichotomous outcomes between the
2 groups were analyzed using %> or Fisher exact test. Analysis
of variance testing with Tukey correction for multiple compar-
isons was used to analyze comparisons between multiple
groups. P value <.05 was considered statistically significant.

Results

Diphtheria Toxin Injection Results in T,., Knockdown
in Whole Blood and Uterine Tissue

Depletion of T,,s following IP DT injections was confirmed
as previously described,'? where 1, 2, or 3 days of DT pro-
vided equivalent depletion of T, in peripheral blood,
spleen, and bone marrow. Baseline (day 0) levels of Ty in
whole blood were not significantly different between 1, 2, and
3 days of DT injection (Figure 2A). Representative plots of
T,eq percentages following IP injection of DT for 2 consecu-
tive days are shown in Figure 2D and E, which were signif-
icantly decreased in whole blood on day 3 compared to day
0(1.71% + 0.08% vs 0.4% + 0.1%, P <.05). Depletion was
transient as levels returned to day 0 levels by dayd 21 and 28
postinjection (Figure 2C).

In uterine tissue, baseline levels (day 0) of T were 2.7%
+ 0.05%. Similar to whole-blood analysis, there was no dif-
ference in T,., percentages between 1, 2, and 3 days of DT
injection (Figure 2B). Intraperitoneal injection of DT for 2
consecutive days decreased uterine tissue T, percentages
maximally at days 10 (0.65% + 0.05% vs 2.7% + 0.05%,
P <.05) and 21 (0.7% + 0.2% vs 2.7% + 0.05%, P < .05)
compared to day O levels (Figure 2F-H). After 21 days, T,
levels trended back to baseline, which fully recovered by
28 days postinjection (Figure 2C). These results reconfirmed
reliable and consistent depletion in our model system in both
peripheral blood and the organ of interest. As a result of these
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Figure 2. T regulatory cell (T,.g) depletion in peripheral blood and uterine tissue is equivalent between |, 2, and 3 days of injection. Whole-
blood T,g nadir occurs earlier compared to uterine tissue nadir. (A) Comparison of whole-blood FoxP3 percentages after |, 2, or 3 days of |
ng intraperitoneal (IP) diphtheria toxin (DT) injection at days O to 3 and 10 days post day | injection. (B) Comparison of uterine tissue
percentages of FoxP3 after |, 2, or 3 days of IP DT injection at days 0 to 3 and 10 days postinjection. (C) Comparison of whole-blood and
uterine percentages after 2 days of IP DT injection at days 0 to 3, 10, 21, and 28 days postinjection. Significant differences (P < .05) were noted
between day 0 and day 3 in whole-blood percentages and between day 0 and day 10 and day 21 uterine tissue percentages. (D-H) Flow
cytometry analysis of FoxP3 antibody staining. (D) Day 0—whole blood, (E) whole blood postinjection day 3, (F) day O—uterine tissue, (G)
uterine tissue postinjection day 10, and (H) uterine tissue post injection day 21. Student t test was used for analysis. Experiments were
performed in triplicate.

findings, all future knockdown experiments were performed immediately after T,., depletion via DT injections had signifi-
using 2 days of IP DT injections. cantly smaller litter sizes compared to WT animals given saline
(7.5 vs 4.5 pups per litter, respectively, P < .01; Figure 3B).
Analysis was done to compare M-F sex ratios. No difference
Decreased Embryo Implantation With Treg Depletion in M-F sex ratios of live-born pups was seen when comparing
experimental mating groups to either control mating groups or

Implantation timed to occur during the blood T, nadir (imme- historical colony breeding ratios (data not shown).

diate mating) exhibited a subtle implantation defect, where the
overall pregnancy rates (percent of mice which became preg-
nant) were similar among experimental groups (Figure 3A), but - Decreased Pregnancy Rates With Uterine T, Nadir
the number of embryos able to implant per pregnancy were o . . . .

statistically lower (Figure 3B). Wild-type mice given saline |mplantation timed with uterine Tye, nadir exhibited an all-or-
injections were used to determine the baseline number of nothing effect, where significantly fewer. D EREG mice grven
embryos that implant per pregnancy in these mice, as evidenced DT became pregnant compared to WT mice given DT (27% vs

by the number of pups that are born per litter (Figure 3B). Next 7_2%’ respectlvely', P= '(_)4; F‘g“re 3C), but the litter sizes were
we sought to test if the DT injection itself was associated with s1mllar‘among mice W.thh did become pregnant (8.4 vs 7.0,
smaller litter sizes; WT mice given DT had similar number of ~TesPectively, P =.5; Figure 3D).

pups per litter as WT mice given saline (7.6 vs 7.5, respectively;

pot signiﬁcant). Similarly, we sought to test if the.re was an . avion and Fertilization Are Not Affected by T,
implantation defect associated with the transgenic model; . €
DEREG mice given saline injections were also found to have Depletion
similar numbers of pups per litter as WT mice (7.3 vs 7.5, Oocyte numbers were not different between the 4 groups (P =
respectively, not significant). In contrast, DEREG mice mated .6; Figure 4A). Similarly, there was no difference in the
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Figure 3. Conditional knockdown of T regulatory cells (T,g;) followed by immediate mating timed to whole-blood T,z nadir leads to a subtle
implantation defect, where fewer embryos are able to implant (as evidenced by smaller litter sizes) but showed similar pregnancy rates (breeding
efficiency) overall. T,z knockdown with delayed mating timed to uterine T,., nadir results in a more pronounced reproductive phenotype,
where the overall breeding efficiency was significantly decreased. Breeding efficiency (A) and litter size (B) comparison after conditional T,eg
knockdown and immediate mating timed to blood T, nadir. Breeding efficiency (C) and litter sizes (D) after conditional T,z knockdown and
delayed mating timed to uterine T, nadir. Analysis of variance with Tukey test for multiple comparisons was used for analysis. *P < .05, **P < .0l.

fertilization rates between the groups, suggesting no preim-
plantation defects associated with the DT treatment or with the
transgenic mouse (P = 0.5; Figure 4B). These results demon-
strated that each of our experimental groups were starting with
a statistically similar number of oocytes and embryos, isolating
the reproductive defect to implantation or later.

T Regulatory Cell Depletion Is Not Associated With
Pregnancy Loss

Ultrasound evidence of implanted pregnancy sacs at 7 to 10
days of gestation correlated well with observed delivered litter
sizes in each of the 4 cohorts (Figure 5A). Wild-type females
given saline had an average of 7.1 gestational sacs observed
implantations on ultrasound and 7.5 pups delivered per litter
(P = .47). Wild-type mice given DT had 7.0 implanted sacs on

ultrasound and 7.6 pups delivered per litter (P = 0.65). The
DEREG mice given saline had 6.6 visualized implanted sacs
and 7.2 pups delivered per litter (P = 0.39). The DEREG mice
given DT had 4.4 visualized implantations and 4.5 pups deliv-
ered per litter (P = 0.18).

Implantation Defects Associated With T,., Depletion Are
Correctable With T,., Adoptive Transfer

The DEREG mice with conditional depletion of T,ce followed
by adoptive transfer of T, had significantly increased litter
sizes compared to DEREG mice with conditional depletion not
adoptively transferred with Ties (6.7 vs 4.5 pups per litter,
respectively, P < .05; Figure 6A). No relationship between the
number of cells transferred (5-32 million) and delivered pups
was evident (Figure 6B).
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sizes compared to WT mice given saline (7.5 vs 7.4 pups per
litter, respectively, P = 0.4; Figure 7B).

Decreased Breeding Efficiency With Allogeneic Mating

The DEREG mice with conditional depletion of T,ee bred with
an age-matched, WT BALB/c male had significantly decreased
pregnancy rates compared to WT mice given saline (29% vs

82%, respectively, P = 0.04; Figure 7A). An all-or-nothing
effect was observed, although the litter sizes of mice achieving
pregnancy were similar, the overall pregnancy rates were
markedly lower. The DEREG mice given DT had similar litter

Discussion

Human reproduction is inefficient. Each month, the most fertile
couples only have up to a 25% chance of pregnancy and up to
75% of failed human conceptions are attributed to failure of
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mice given diphtheria toxin (DT), and DEREG mice which were adoptively transferred (ie, transfused) with T regulatory cells (T,eg) after DT-
induced T,.g depletion. (B) No correlation between the number of adoptively transferred T,z and litter size. Analysis of variance with Tukey
test for multiple comparisons was used for analysis. *P < .05, ¥**P < .01.
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Figure 7. Allogeneic mating timed to blood T regulatory cells (T,s) knockdown significantly decreased breeding efficiency. (A) Litter size
comparison after conditional knockdown and immediate mating with BALB/c wild-type (WT) male. (B) Breeding efficiency (pregnancy rates)
after conditional knockdown and immediate mating with BALB/c WT male. Analysis of variance with Tukey test for multiple comparisons was
used for analysis. *P < .05.

implantation.”® Understanding the complex and unique nature of ~ regulatory cells has been demonstrated to be essential for the
human pregnancy has challenged clinicians and researchers for establishment and maintenance of pregnancy.

decades. In 1956, Medawar first published a proposed relation- Previous murine studies have suggested the importance of
ship of regulatory mechanisms in the maternal immune system.!  subpopulations of T cells for fetal implantation. In 1 study, in
We now understand that successful organ transplantation the absence of CD47CD25™ T cells, allogeneic fetuses were
requires long-term immune tolerance in order to allow indefinite  uniformly rejected, while there was no difference in syn-
allograft engraftment. Similarly, establishment of pregnancy geneic pregnancies.'' Chen et al, depleted CD25" cells the
requires immune tolerance to allow engraftment of the semi- day prior to mating and demonstrated equivalent number of
allogeneic (or allogeneic for pregnancies resulting from donor implantations between control and depleted mice but
oocytes) fetus during gestation. Our understanding of the increased fetal resorption in the CD25"-depleted cohort.'?
immune system in pregnancy has improved over the subsequent  Both studies used an anti-CD25 antibody to deplete T,egs,
decades, however, much remains unknown. How does a semi- which is not as specific as currently available techniques and
allogeneic fetus, which expresses paternal major histocompat- models used in this study such as the conditional FoxP3-
ibility antigens, evade maternal immune rejection and develop in  specific knockdown DEREG mouse. Samstein et al recently
the mother’s uterus? A delicate balance between effector and demonstrated that T,., depletion led to increased fetal



1022

Reproductive Sciences 24(7)

resorption in semi-allogeneic matings.>' These findings cor-
relate well with our data and continue to strengthen the evi-
dence for the importance of T,.4s in embryo implantation and
establishment of pregnancy. Teles et al published a study that
used DT knockdown of Tregs.22 Their study employed a dif-
ferent injection schedule and duration of injections. When
evaluating the percentage of females with decreased implanta-
tions, it was demonstrated that DT mice had about a 50%
decrease in the percentage of observed implantations. However,
the P value was reported to be <0.1. The significance level that
was set for this study is not clearly stated in the section on
statistical methods. Regardless, in our study we used a P value
of <0.05 for statistical significance. Our results correspond to
those in the Teles et al study, but at a lower P value.

These data are different from prior reports, which show that
Tcgs are important for maternal tolerance of the embryo during
midgestation after expression of the paternal antigens occurs.
However, our data clearly show that prior reports of midgesta-
tion absorption may not have detected an earlier effect of Tyegs
important for implantation. First, we do see a subtle implanta-
tion defect, even with syngeneic mating, suggesting the effect
of T,egs is not tolerance of the paternal antigens. While we
know that even autoimmunity can occur in a single individual,
our data suggest that T,.. are also critical for early implanta-
tion events. Our decreased litter size data support prior work
suggesting a conventional role of T,., in midgestation after
expression of the paternal antigens occurs, where we confirmed
prior evidence of decreased litter sizes in allogenic matings.
We were able to isolate the reproductive defect to an earlier
time point suggested by prior data. Regarding circulating ver-
sus uterine Ty in our model, we only found a reproductive
phenotype when implantation was timed to occur during the
serum nadir, but not the uterine nadir, suggesting that circulat-
ing T,.qs are more important for implantation.

However, our timing experiments of the uterine nadir
(which are not previously carefully described) show that uter-
ine Ty, are maximally suppressed at days 10 to 21 but not
depleted around the time of implantation. When implantation
occurred at the time of whole-blood T,es nadir, a subfertile
reproductive phenotype was observed where fewer embryos
were able to implant in syngeneic matings. In contrast, when
implantation occurred at the time of uterine tissue Ty, nadir, a
more pronounced phenotype was observed where pregnancy
rates were decreased. The uterine T, depletion phenotype
appeared to be an all-or-nothing effect, where the mice that did
become pregnant had litter sizes similar to controls, although
statistical analysis was limited by the small number of mice
which did become pregnant. Similarly, when the immunologic
challenge was increased by mating females with allogeneic
males, a difference in pregnancy rates was observed during
whole-blood nadir. It is possible that litter sizes could also be
smaller in the small group of mice that did become pregnant at
the time of uterine T,., nadir, but these experiments would
require significantly greater numbers of mice in order to be
powered appropriately. Alternatively, it is also possible that
T,eqs Were incompletely depleted in the mice that did become

pregnant or had reached some critical threshold for implanta-
tion as they were returning to normal, which the nonpregnant
mice had not yet reached.

To further implicate the importance of Ty in implanta-
tion, we demonstrated that pregnancy rates and litter sizes
could be corrected by replacing T,.qs through adoptive trans-
fer. Adoptive transfer of T,.,s has been shown to treat and
even prevent disease along with preventing graft rejection and
graft versus host disease (GVHD) in animal models.***> Zen-
clussen et al previously demonstrated, using an abortion-
prone CBA/J mouse model, adoptively transferred purified
Tregs from pregnant mice prevented fetal loss." In this study,
we did not identify a specific number of cells or a threshold
level of T, percentage needed for implantation. Improve-
ments in litter sizes were seen with levels as low as 5 million
and as high as 32 million transferred cells, but the small
numbers of cases prohibit adequate statistical analysis of crit-
ical cell numbers. These results, however, provide a concep-
tual base for further targeted studies investigating adoptive
T,cq transfer studies or other therapies (drugs) to increase Tgs
in vivo.

In this study, we confirmed reliable and consistent blood
Teg depletion in the DEREG mouse model system that are
congruent with those results reported by Litzinger et al. The
previous study used a slightly different method of T,
knockdown with denileukin toxin, a fusion protein of IL-2
and DT, but the results are consistent with the timing and
reliability of T,., knockdown between our 2 studies. In addi-
tion, we were also able to determine the kinetics of T,.q
depletion in uterine tissue, which has not previously been
reported. Knowing the precise time of maximal T, deple-
tion in the blood and uterus allowed us to test the effects of
each on pregnancy establishment.

A strength of our study is that we carefully narrowed the
reproductive defect by assessing for pre- or postimplantation
defects associated with this model. By demonstrating nonsta-
tistically different numbers of oocytes/embryos and no postim-
plantation fetal resorption, the time period for the observed
reproductive defect was narrowed to the window of implanta-
tion. We also used a novel approach of murine ultrasound
uterine imaging of implantation sites during early gestation
to assess gestational sac number in order to compare it to the
number of delivered pup numbers. During these experiments, it
was noted that the accuracy of gestational sac counts was best
with smaller sac numbers. As the number of implanted gesta-
tional sacs increased, the uterine horn became more tortuous,
thereby increasing the difficulty of accurate sac counts. How-
ever, as the goal of ultrasound was to detect resorption, under-
estimation of gestational sacs compared to pups born makes
fetal resorption in this model less likely. Although we cannot
demonstrate exactly if the defect was lack of implantation or
implantation and then rejection, in either case, there is an
underlying defect in embryo—uterine interaction.

A potential weakness of this model is that it induced a
transient, as opposed to a permanent, knockdown of Ty,
which likely resulted in a more subtle implantation defect
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rather than complete infertility. In addition, this is a conditional
knockdown instead of knockout model of T,., depletion. How-
ever, using a conditional knockdown model is arguably more
appropriate than a complete knockout for 2 reasons. First, com-
plete knockout of T, creates a “scurfy-like” condition'®!” in
which the mice are extremely immunologically challenged,
leading to death within the first 25 days of life. A human
correlate condition of T,y knockout, which is similar to
mice, exists as a fatal autoimmune disease called immune
dysregulation polyendocrinopathy, entropathy, X-linked.
This disease is characterized by a mutation in the FoxP3 gene
and can be rapidly fatal.”® Second, it is not likely that repro-
ductive conditions, if they are related to T,., function, are
complete deficiencies. It is more likely that T,., are
decreased or in other ways altered, thus leading to observed
reproductive complications.

In this study, we characterized a reproductive model of
whole-blood and uterine tissue T,., depletion, where we
demonstrated that T, are critical for embryo implantation.
Further, we have demonstrated that T,., transfusions are able
to correct impaired implantation in this model. Advancements
in assisted reproductive technologies to optimize embryo pro-
duction have allowed clinicians to overcome many deficiencies
in human reproduction, allowing many previously infertile
couples to have children. Despite these advances in assisted
reproductive technology, one large void still remains to be
filled: specific treatments to improve the embryo implantation.
In in vitro fertilization, even the healthiest blastocyst embryos
fail to implant in a normal uterus 30% of the time. Treatments
to increase Ty.zs may be an important therapy to help couples
having infertility due to defective implantation. These types of
approaches are a promising area of future research to address
the so-called “endometrial factor” infertility, for which there
are currently no effective treatments.
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