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Abstract

Regulatory T cells (Tregs) are critical immunomodulators during early pregnancy by preventing maternal T-cell activation against
fetal cells. However, how populations of maternal Tregs vary during and after pregnancy in humans is still unclear. Therefore, we
investigated Treg subsets in the peripheral blood of pregnant women from late pregnancy through the postpartum period. To
accomplish this, the following circulating Treg subsets were analyzed in 43 healthy pregnant women and 35 nonpregnant women
by flow cytometry during the third trimester, on the day of delivery, and postpartum: CD4”"™CD25"", CD4"CD25""Foxp3*, and
CD4"CD25"'CD127/¥™. Additionally, the expression levels of the transcription factor Foxp3 in CD4°™CD25" Treg were
analyzed. We have found that CD4”"™CD25"" Treg subset significantly decreased in the pregnant women on the day of delivery
relative to the third trimester (P < .05), and that all Treg subsets significantly increased postpartum compared to the third tri-
mester and the day of delivery (P <.05). Moreover, the Foxp3 expression ratios within the CD4°"™CD25"" Treg subset decreased
during pregnancy and until delivery compared to those measured in the nonpregnant women and significantly increased post-
partum compared to the third trimester and the day of delivery (P < .05). Thus, despite their established role in offering
immunoprotection to the fetus in early pregnancy, the number of circulating Tregs also varies from late pregnancy to the
postpartum period. Our results offer an explanation for the possible effects of pregnancy on the clinical outcomes of some
autoimmune diseases during the postpartum period.
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Background populations remains one of the most common analytical stra-
tegies used to identify Treg subsets.>'>""°

Treg expansion in the decidua of normal pregnant women is
most robust during early pregnancy and decreases as term
approaches, suggesting that the immune regulatory processes
that occur at the maternal-fetal interface are dynamic and

The survival of a semiallogeneic fetus is a unique immunolo-
gical challenge during pregnancy. Regulatory T cells (Tregs)
are a specialized T-cell subpopulation involved in preventing
autoimmunity and graft rejection,' as they are potent suppres-
sors of inflammatory immune responses. Additionally, Tregs
prevent maternal T-cell activation against fetal cells, and this
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provide immune protection for the fetus.*'® Variations in Treg
numbers during human pregnancy occur not only at the decidua
but also in the maternal peripheral blood.®!”

Treg subsets in peripheral blood have been explored in nor-
mal human pregnancy and during the postpartum period in
several studies; however, the results have been highly variable,
with some reports showing a decrease'® or an increase®!*-!%2
in the first trimester, a decrease'®** or an increase!%!%2%2% in
the second trimester, or a decrease*!%18-2%22 or ap increase®*
in the third trimester, and others showing either no changes®* or
a decline'®?* during labor and a decrease®'*'? or an increase?”
in the postpartum period. These discrepancies can be attributed
to differences in study design, as some studies do not include
the postpartum period,*'®2°?** and in others, not all women
contribute samples at all time points.*'*#20%2> Contrasting
reports of Treg patterns may also be attributed to differences in
sample size or the use of different and sometimes nonspecific
markers for Treg subsets. Therefore, the currently available
data on variations in maternal Treg subsets during pregnancy
need reevaluation. Consequently, the aim of this study was
to characterize the evolution of Treg subsets (defined
as CD4P™cD25™ cD4"CD25M Foxp3 ™, and CD4"CD25™
CD127 /%™ T cells) and the expression of Foxp3 within
CD4”™CD25™ Treg subset in the peripheral blood of normal
pregnant women from late pregnancy through the postpartum
period and to compare these measurements with those taken
from nonpregnant women.

Materials and Methods
Study Population

This was a prospective observational study that followed
healthy pregnant women overtime to characterize (through
cell quantification and phenotype identification) peripheral
blood Tregs (CD4”™CD25" cD4"CD25M Foxp3™, and
CD4"CD25M™CD127 /9™ T cells) and Foxp3 expression in
CD4”™CD25™ Tregs from late pregnancy through the post-
partum period. Furthermore, changes in the above parameters
were compared between the pregnant women and nonpregnant
women to identify associations with pregnancy.

We recruited sequential nonlaboring pregnant women with
singleton pregnancies who were attending routine obstetrical
care while in the third trimester of pregnancy. Furthermore, we
also recruited sequential nonpregnant women who were attend-
ing routine annual well-woman examinations.

Pregnant women were recruited if their fetuses exhibited
appropriate growth (as measured by uterine fundal height and
by an ultrasound performed after 28 weeks of gestation) and if
they had no pregnancy complications (either prior or after
study inclusion). The following exclusion criteria were applied
to all of the women: diabetes, hypertension, autoimmune or
vascular disease, infection (HIV, syphilis, or hepatitis B or
C), or smoking during the 6 months prior to study inclusion.
Furthermore, pregnant women were excluded if they had a
preterm delivery (<37 weeks of gestation), signs of infection,

if they required labor induction, or if they required administra-
tion of prenatal medication (other than vitamins and iron sup-
plements). We also excluded nonpregnant women who were
taking oral contraceptives, as these drugs may influence
peripheral blood lymphocytes.*®

All of the women were recruited between July 2013 and
March 2014 from CUF Descobertas Hospital in Lisbon (Por-
tugal). The ethics committee of the hospital approved our study
protocol, and all the recruited women provided written
informed consent before study inclusion.

Study Procedures

To characterize peripheral blood Tregs and Foxp3 expression
from late pregnancy through the postpartum period, 3 blood
samples were collected: the first was collected during the third
trimester of pregnancy, the second was collected on the day of
delivery (within 15 minutes after placental expulsion and oxy-
tocin administration), and the last was collected during the
postpartum period (at least 6 weeks after delivery). A single
peripheral blood sample was taken from the nonpregnant
women at a planned visit, which occurred during the follicular
phase of the menstrual cycle.

Demographics, anthropometrics (body mass index [BMI]),
obstetric history, and systolic and diastolic blood pressures
were collected as baseline data for all the women. Gestational
age (at baseline and at delivery), type of analgesia and/or
anesthesia, and mode of delivery were collected only for the
pregnant women. Gender, birth weight, and 1-minute and
5-minute Apgar scores were collected for the newborns.

Flow Cytometry Analysis and Laboratory Measurements

Blood samples (anticoagulated with EDTA) were evaluated by
multicolor flow cytometry in a BD FACS Calibur (BD Bio-
sciences, San Jose, California) equipped with 2 lasers (488 nm
air-cooled argon—ion laser and 635 nm red diode laser). All
samples were processed within 24 hours of collection.

A BD Multitest IMK kit (BD Biosciences) was used to
obtain absolute counts of lymphocyte subsets and to character-
ize these subsets according to the manufacturer’s instructions.

For Treg phenotyping, a panel of monoclonal antibodies
(mAbs) including anti-CD3-FITC (clone SK7; BD Bio-
sciences), anti-CD25 PE (clone BC96; Biolegend, San Diego,
California), anti-CD4 PerCP Cy5.5 (clone SK3; Biolegend),
and anti-CD127 Alexa Fluor 647 (clone A019D5; Biolegend)
antibodies was employed with a lyse—wash protocol using BD
FACS lysing solution (BD Biosciences). The Human FoxP3
Buffer Set (BD Pharmingen, San Jose, California) was also
used to characterize Foxp3 expression. In brief, cells were
lysed, washed, and then incubated with the surface mAbs
anti-CD4 and anti-CD25 (referred to the above). Staining with
Anti-Foxp3 Alexa Fluor 488 (clone 259D/C7; BD Pharmingen)
was performed after fixing and permeabilizing the cells with
the reagents supplied in the Human FoxP3 Buffer Set kit. A
minimum of 10 000 CD4 T cells were acquired per tube, and
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Figure 1. Gating strategy for the identification of Tregs. A, Lymphocyte gate on FSC/SSC. B, Identification of CD4 T cells within lymphocyte
populations (CD3"CD4" T cells). C, Identification of CD4*CD25MCD 127 /4™ Tregs. D and E, Identification of CD4*CD25 " Foxp3* Tregs
with dot plots of fluorescence minus one (FMO) (D) and Foxp3 (E) tubes. F, CD4 versus CD25 dot plots showing the identification of
CD4°P™CD25" Tregs. G, Histogram for the evaluation of Foxp3 expression in CD4°™CD25™ Tregs (red line), overlaid on that for the
expression of Foxp3 within CD4~ lymphocytes (black line). Tregs indicates regulatory T cells; FSC/SSC, Lymphocyte gate on forward scatter/
side scatter.

data analysis was performed using CellQuest software (BD
Biosciences).

The expression of the transcription factor Foxp3 was assessed
within the CD4”™CD25" Treg subset using the geometric

The gating strategies used are described in Figure 1. In brief,
CD4 T cells were gated within the lymphocyte cluster using a
combined Boolean gating strategy. Bivariate dot plots of CD25
versus CD127, CD25 versus Foxp3, and CD25 versus CD4
were further used to identify CD4”™CD25Hi
CD4"CD25"Foxp3™, and CD4TCD25MCD127 /4™ regula-
tory subsets, which were quantified as percentages of total
CD4 T cells. Fluorescence minus one tubes and internal
cell populations were used as negative controls to assess
CD25, CDI127, and Foxp3 positivity.?”-*®

mean values of mean fluorescence intensity (MFI) units, which
were converted into a ratio (MFI of Foxp3 in CD4P™CD25™
Treg/MFI of Foxp3 in CD4~ lymphocytes) as previously
described to reduce the impact of day-to-day variation.’

Statistical Analysis

Data normality was assessed using Shapiro-Wilk test. Baseline
data were presented as means (+ standard deviations) if nor-
mally distributed or as medians and ranges if not normally
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Table 1. Demographic and Clinical Characteristics of Nonpregnant
Women and Pregnant Women and Their Newborns.

Nonpregnant Pregnant
Characteristic Woman (n = 35) Women (n =43)
Age, median (range), years 35.0 (20-40) 32.0 (25-41)*
Parity: nulliparous, n (%) 5(14.3) 24 (55.8)*
Gestational age, median
(range), weeks
Third trimester 33.0 31-35)
Day of delivery 39.0 (37-41)
Postpartum evaluation, median 45 (41-58)
(range), days
Mode of delivery, n (%)
Vaginal 18 (41.8)
Cesarean 25 (58.2)
Newborns

Birth weight in grams, mean
(£ standard deviation)

3265.0 (+393.5)

Gender: male, n (%) 22 (51)
Apgar score, median (range)

I-minute Apgar score 9 (6-10)
5-minute Apgar score 10 (9-10)

*Statistically significant differences (P < .05) identified between the healthy
pregnant women and the healthy nonpregnant women.

distributed. Categorical variables were described using abso-
lute and relative frequencies. Treg counts and percentages were
presented as medians and ranges. If normally distributed,
2 independent groups were compared using Student ¢ tests;
otherwise, Mann-Whitney U tests were used. If normally dis-
tributed, paired data were compared using paired Student
t tests; otherwise, Wilcoxon signed-rank tests were used. For
normally distributed data, comparisons between more than
2 groups were performed using analysis of variance; otherwise,
Kruskal-Wallis tests were used. Statistical significance was
defined by a P value <.05. The P values for the comparisons
of Treg subsets and Foxp3 expression levels at different time
points were adjusted for multiplicity using the Benjamini and
Yekutieli method.>® All of the data were analyzed using
R software, version 3.12 for Windows.

Results

Baseline Characteristics

Our study included a total of 78 healthy women (43 pregnant
and 35 nonpregnant). The demographic and clinical data col-
lected for all the participants and their newborns are presented
in Table 1. The mean BMI was 21.5 (+2.8) kg/m? for the
nonpregnant women and 26.2 (+2.8) kg/m2 for the pregnant
women. All the women had normal blood pressures (mean
systolic blood pressure: 119.8 [+10.5] mm Hg for the non-
pregnant women and 115.7 [+9.3] mm Hg for the pregnant
women; mean diastolic blood pressure: 74.7 [ +7.4] mm Hg for
the nonpregnant women and 67.4 [ +7.4] mm Hg for the preg-
nant women). The median time since the last pregnancy
(regardless of whether the pregnancies were interrupted or

resulted in a live birth) for the nonpregnant women was 169
(23-449) weeks. For the pregnant women, the median gesta-
tional age at the third trimester of pregnancy was 33.0 (31-35)
weeks, and on day of delivery, it was 39.0 (37-41) weeks. The
group of pregnant women was significantly younger (P < .05)
and included significantly more nulliparous women (P < .05)
than the group of nonpregnant women.

All vaginal deliveries were spontaneous and received epi-
dural analgesia during labor. All cesarean sections were per-
formed with regional anesthesia. All women were discharged
from the hospital 2 days after a vaginal delivery or 3 days after
a cesarean section. Postpartum evaluations were undertaken at
a median of 45 (41-58) days after delivery.

Characterization of Tregs

The Treg characterization results for all of the enrolled women
are presented in Figure 2. Relative to during the third trimester,
on the day of delivery, a significant decrease in the percentage
of CD4P™cD25M Tregs (P < .05) was found, but no other
significant differences were identified for percentages of Tregs
between any of the other study visits. However, postpartum,
there was a significant increase (P < .05) in the absolute counts
of Tregs (CD4°™CD25" CD4"CD25" Foxp3™, and
CD4"CD25MCD1277/%™) compared with the values obtained
during the third trimester and on the day of delivery. The abso-
lute counts and percentages of CD4”™CD25" Tregs,
CD4"CD25" Foxp3™ Tregs, and CD4"CD25"CD127 /4™
Tregs did not significantly differ (P > .05) between the non-
pregnant and pregnant women at any of the study visits.

Foxp3 Expression in CD4°™CD25 Tregs

The ratios of Foxp3 expression in CD4”™CD25™ Tregs for all
of the enrolled women are presented in Figure 3. This ratio was
significantly lower (P <.001) during the third trimester and on
the day of delivery in the pregnant women compared to the
nonpregnant women. Postpartum, the ratios of Foxp3 expres-
sion in CD4”™CD25™ Tregs significantly increased (P <.001)
compared to the values measured during the third trimester and
on the day of delivery, reaching expression levels similar to
those observed in the control group of nonpregnant women. No
statistically significant differences (P > .05) were identified for
this ratio between the third trimester and the day of delivery.

Discussion

In the present study, we investigated whether Treg subsets
varied in the peripheral blood of normal women between late
pregnancy and the postpartum period. We found that percen-
tages of CD4P™CD25M Tregs in pregnant women decreased
significantly on the day of delivery compared to those mea-
sured during the third trimester (P < .05). This variation was
not observed in the other tested subsets of Tregs
(CD4"CD25"Foxp3™ and CD4+TCD25MCD127 /4™ T cells),
which can be explained by the heterogeneity of Treg
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Figure 2. Absolute counts and percentages of regulatory T cells (Tregs) in peripheral blood samples. Delivery, within 15 minutes after placental
expulsion; postpartum, at least 6 weeks after delivery. The bottom of the box represents the 25th percentile, the top of the box represents the
75th percentile, the horizontal line inside the box represents the median, the bottom whiskers represent the minimum value, and the top

whiskers represent the maximum value. *P < .05; **P < .001.
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Figure 3. Foxp3 expression in CD4P™CD25" regulatory T cells
(Tregs). Delivery, within |5 minutes after placental expulsion and
postpartum, at least 6 weeks after delivery. The bottom of the box
represents the 25th percentile, the top of the box represents the 75th
percentile, the horizontal line inside the box represents the median,
the bottom whiskers represent the minimum value, and the top whis-
kers represent the maximum value. *P < .05; **P < .001.

populations. For example, Loewendorf et al’' demonstrated
that defining Tregs as CD4"CD25"CD127 /4™ underesti-
mates the number of CD4 T cells that express Foxp3.

Our results are consistent with those of previous human
studies showing that Treg subsets in peripheral blood decrease
on the day of delivery. These studies'®** suggest that Tregs
play a role in the immunological changes that occur before
labor, and that human labor may be initiated as an effect of the
decrease in Tregs. In addition, similar to the results published
by Galazka et al** that demonstrated a decrease in Tregs in the
decidua during labor, the decrease in Tregs in peripheral blood
might also reflect an activation of the inflammatory immune
system on the day of delivery. Furthermore, hormone changes
owing to pregnancy appear to impact Treg populations in
humans. Xiong et al® showed that Treg subsets in peripheral
blood are positively correlated with estrogen levels, a relation-
ship that might play an important immunomodulatory role
during pregnancy. Additionally, another study recently
demonstrated that membrane progesterone receptor o is present
on Tregs, suggesting an association between the immune sys-
tem and the initiation of human labor; notably, in the refer-
enced study, the highest Treg values were measured during the
third trimester, and these values decreased on the day of deliv-
ery.>® However, the decrease in Tregs on the day of delivery
found in our study is small compared to those reported in pre-
ceding studies.'®** This difference in Tregs’ variation might be
explained by the use of different approaches to characterize

Treg subsets and by different sample sizes. Therefore, the exact
mechanism of Tregs’ decline in peripheral blood on the day of
delivery remains unclear.

In the present study, we used 3 analytical strategies to char-
acterize Treg subsets (CD4”™CD25™ CD4*CD25"Foxp3™,
and CD4+CD25MCD127 /4™ T cells) and found similar pat-
terns overall, namely, that significantly higher counts of Tregs
were present in circulating blood in the postpartum period
compared to the third trimester and the day of delivery (P <
.05). These results are consistent with the conclusions of
Wegienka et al*® but are inconsistent with earlier studies.>'*"?
The increase in absolute Treg counts suggests that an immu-
nosuppressed environment, which allows maternal—fetal toler-
ance in pregnancy, is also present postpartum. According to our
findings, we hypothesize that Treg expansion is a potential
physiological mechanism for downregulating the activation
of maternal immunological events (ie, causing less susceptibil-
ity to systemic inflammatory responses) that occur during the
postpartum period. Nevertheless, an explanation for the Tregs’
increase during this period is still under investigation.

We also studied Foxp3 expression levels in CD4”™CD25™
Tregs. We found that during pregnancy and until delivery,
Foxp3 expression was lower within the CD4°™CD25™" Tregs
in the pregnant women compared to the nonpregnant women. It
has been reported that progesterone and 17-estradiol reduce
Foxp3 expression in Tregs in midpregnancy.”> Our data are
consistent with these findings, which probably extend through
the third trimester and delivery. Postpartum, Foxp3 expression
increased significantly compared to the third trimester and the
day of delivery, reaching levels similar to those measured in the
control group of nonpregnant women. This confirms that preg-
nancy causes modulation in Foxp3 expression.

Furthermore, postpartum, we observed fluctuations in
Foxp3 expression that showed a similar pattern to that previ-
ously described for CD24™CD38" regulatory B cells in
healthy human pregnancies, namely, absolute counts and per-
centages increased significantly compared to those measured
during the third trimester of pregnancy and on the day of deliv-
ery.>* These results are concordant with recent studies in
human cell lines, demonstrating that regulatory B cells play
an important role in Treg differentiation by increasing Foxp3
expression in these cells.*>-°

Our study included only women with a normal singleton
pregnancy between 37 and 41 weeks of gestation to obtain a
relatively homogenous sample and reduce potential bias. In
addition, all the enrolled pregnant women contributed samples
at all of the study’s time points (third trimester, delivery day,
and postpartum). Preferably, samples from additional time
points, such as during the first and second trimesters of preg-
nancy, would be included, as well as the monitoring of women
from before becoming pregnant through the postpartum period.
However, these additional time points were beyond the scope
of this study.

We also accounted for the phase of the menstrual cycle
during which the samples were collected from the control
group. Peripheral blood samples were collected from the



Lima et al

1031

nonpregnant women during the follicular phase of the men-
strual cycle, as hormone status during the luteal phase is com-
parable to that during pregnancy.’’” However, a previous
study’® reported that Treg subsets expand during the follicular
phase, reaching a peak immediately before ovulation (to induce
immune tolerance to facilitate implantation) and then decline in
the subsequent luteal phase. This may have contributed to the
absence of significant differences in Treg numbers between the
nonpregnant and pregnant groups. Additionally, because cru-
cial immunological events are more likely to occur at the fetal—
maternal interface, it is important that future studies compare
Tregs in both the peripheral blood and the decidua from the
same healthy pregnant women.

In this study, we performed complementary measurements
of both percentages and absolute counts of different Treg sub-
sets. The use of percentages allows for the interpretation of the
relative fluctuations in Treg cell subsets from late pregnancy
through the postpartum period. Although absolute counts were
also measured, pregnancy is characterized by variable degrees
of hemodilution, during which changes in total numbers of
circulating Tregs may not necessarily reflect variations in these
subsets. Further functional and epigenetic experiments are
required to identify T cells, expressing Foxp3 as Tregs because
activated T cells without regulatory function can also present a
Foxp3-positive phenotype.*’

In conclusion, we found that CD4"CD25™ Treg subset
decreases significantly on the day of delivery compared to
those measured during the third trimester in healthy pregnant
women. We also showed significant increases in circulating
Treg subsets and in Foxp3 expression in CD4”™CD25" Treg
subsets in the postpartum period compared to during the third
trimester and on the day of delivery. Our results support that
Tregs, despite their established immunoprotective role for the
fetus in early pregnancy, present dynamic behavior in the post-
partum period. Although enhancement of Treg function may
contribute to systemic changes that occur in the maternal
immune system, modifying for instance the clinical course of
some autoimmune diseases,***! this does not necessarily
increase maternal susceptibility to infections. We suggest that
variations in Treg numbers from late pregnancy through the
postpartum period are reflective to pregnancy’s effect on the
maternal immune system and may permanently affect
the immune status of a woman and have implications for
future pregnancies.
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