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The Journal of Immunology

Fetal-Maternal Alignment of Regulatory T Cells Correlates
with IL-10 and Bcl-2 Upregulation in Pregnancy

Brigitte Santner-Nanan,*' Kathrin Straubinger,” Peter Hsu,**! Grant Parnell,*
Ben Tang,* Bei Xu,§ Angela Makris,§ Annemarie Hennessy,m Michael J. Peek,*
Dirk H. Busch,‘L’|| Clarissa Prazeres da Costa,” and Ralph Nanan*

Transplacental immune regulation refers to the concept that during pregnancy, significant cross-talk occurs between the maternal
and fetal immune system with potential long-term effects for both the mother and child. In this study, we made the surprising
observation that there is a strong correlation of peripheral blood regulatory T (Treg) cells between the mother and the fetus. In
contrast, there is no significant Treg cell correlation between paternal fetal dyads (pairs), suggesting that the specific context of
pregnancy, rather than the genetic parental similarity to the fetus, is responsible for this correlation. Gene microarray analysis of
Treg cells identified a typical IL-10-dependent signature in maternal and fetal Treg cells. In addition, a direct correlation of serum
IL-10 protein levels between maternal fetal dyads was observed. Furthermore, we show that maternal serum IL-10 levels correlate
with serum estradiol and estriol, implicating hormonal involvement in this alignment. Interestingly, we show that Treg cells
possess higher expression of IL-10 receptor o and that Treg cell IL-10 receptor o expression directly correlates with their Bcl-2
expression. Indeed, in vitro data in both humans and mice demonstrate that IL-10 upregulates Bcl-2 specifically in Treg cells but
not non-Treg cells. Our results provide evidence for transplacental regulation of cellular immunity and suggest that IL-10 may
influence Treg cell homeostasis through its effect on Treg cell Bcl-2 expression. These novel findings have important implications

on immune tolerance in pregnancy and beyond in areas of autoimmunity, allergy, and transplantation. The Journal of Immu-

nology, 2013, 191: 145-153.

he mother and the fetus are highly interdependent entities

that share a close physical and physiological relationship

in which the fetus is thought to be subject to significant
maternal influences. In contrast, they are separated by placental and
fetal membranes, which are unique in humans among other mam-
mals in their developmental timing, anatomy, and function (1).
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Immunologically, it is well known that maternal IgG Abs se-
lectively cross the fetal-maternal barrier from early gestation,
conveying temporary passive immunity (2). In contrast, cellular
components are generally separated by the placenta, with some
leakage in both directions without preference toward a specific
cell type (3). Nevertheless, maternal regulatory T (Treg) cells have
been shown to populate the fetal lymph nodes and are thought to
induce fetal immune tolerance toward maternal alloantigens (4).
Several other lines of evidence support the notion of transplacental
immune regulation during pregnancy. In humans, cord blood cy-
tokine levels have been linked to subsequent development of atopy
(5). Maternal exposure to farm environment during pregnancy also
reduces atopic sensitization of the offspring (6); this appears to be
in part mediated through an increase of fetal Treg cells (7).

In the murine model, maternal Thl-type immunity during
pregnancy was shown to decrease the risk of experimental allergic
airway disease in the offspring (8). Transplacental passage of al-
lergen specific IgG also protected against asthma in the offspring
in an IFN-y—dependent manner (9). Furthermore, microbial ex-
posure of mice during pregnancy also confers protection against
the development of asthma in the offspring (10). Collectively,
these studies provide evidence that the prenatal environment in
utero has an important role in shaping the fetal immune system. In
particular, it would seem that the maternal immune system biases
the fetal immune system toward the same polarity. However, ex-
actly which part of the immune system is involved and how this
occurs during pregnancy remains largely unresolved.

Foxp3™ Treg cells are a distinct population of Th cells, which
play pivotal roles in immune tolerance. Disturbance of the Treg
cell population has been linked to multiple immunopathologies,
including allergy (11), autoimmunity (12), and cancer (13). Sev-
eral studies have shown that there is a systemic increase in Foxp3™
Treg cells on the maternal side (14); however, others have shown
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decreased percentages of CD4*CD25"Foxp3* cells (15, 16) These
differences are likely due to the different marker combinations
used to describe Treg cells. Regardless, the factors leading to this
change in Treg cell population during pregnancy are largely un-
known, although there is some suggestion of hormonal influence in
humans (15) and in mice (17, 18). Whether these influences also
affect the fetal side is clearly of great importance in the context of
transplacental immune regulation.

On the fetal side, a recent study has shown that fetal T cells may
be derived from a hematopoietic stem cell population distinct from
adult hematopoietic stem cells and are primed to develop into Treg
cells, leading to an increased proportion of Treg cells in the fetus
in mid gestation (19). The development of these Treg cells occurs
in the thymus, and these Treg cells in turn migrate and become
activated in the periphery (20). However, whether maternal factors
influence the generation of fetal Treg cells or, indeed, whether
fetal influences regulate the maternal Treg cell homeostasis is un-
known.

In this study, we present evidence for transplacental regulation
of the Treg cell compartment and demonstrate that IL-10, elevated
during pregnancy, is involved in this process. We describe in this
paper the novel finding that Treg cells are characterized by in-
creased expression of IL-10 receptor a (IL-10RA), hence making
them more sensitive to the effects of IL-10. Furthermore, in vitro
and ex vivo data suggest that IL-10 regulates Bcl-2 expression in
Treg cells, which could contribute to Treg cell survival. These find-
ings provide strong evidence for transplacental regulation of cellular
immunity and implicate the important role of IL-10 in Treg cell

physiology.

Materials and Methods

Human subjects

Peripheral blood samples were obtained from healthy pregnant patients (n =
98), their partners (n = 17), and nonpregnant volunteers (n = 25). Samples
from pregnant women were taken 2-5 h before delivery, and cord blood
was obtained at delivery. Mononuclear cells were isolated by Ficoll—
Hypaque (Amersham Pharmacia, Piscataway, NJ) gradient centrifugation.
For in vitro stimulation assays, the cells were processed fresh; for flow
cytometric analysis, the cells were stored at —196°C until use. The Ethics
Committee of the Sydney West Area Health Service approved this project
according to the Declaration of Helsinki. The human subjects for the serum
IL-10 and estradiol (E2) and estriol (E3) correlation were pregnant women
(n = 44) independently recruited with blood sampling throughout preg-
nancy. They all had normal pregnancy outcomes. The South Sydney West
Area Health Services Ethics Committee approved this part of the study.

Animals

BALB/c and CBA/J mice were purchased from Harlan Winkelmann
(Borchen, Germany). BALB/c-DEREG mice were provided by T. Spar-
wasser (Institute of Infection Immunology, TWINCORE, Centre for Ex-
perimental and Clinical Infection Research, Hannover, Germany) and bred
in the animal facilitiy of the Institute for Medical Microbiology, Immu-
nology, and Hygiene (Munich, Germany). All animals were bred and
maintained under specific pathogen-free housing conditions. All experi-
ments were performed in accordance with German and international
guidelines and were approved by local authorities. For analysis of pregnant
mice, CBA/J X Balb/c mating combination was used.

Flow cytometry

Surface Ab and intracellular staining for Foxp3 and cytokines were per-
formed as described previously (9). Data collection was performed on a
LSRII (BD Biosciences), FACSCalibur (BD Biosciences), or FACSVerse
(BD Biosciences), and data files were analyzed using FlowJo software (Tree
Star, San Carlos, CA).

mAbs and reagents

For human cells, the following mAbs and reagents were used: FITC-PE-
and eFluor450-anti-CD127, PE- and allophycocyanin-anti-CD25, biotin-
and BD V500-anti-CD4, FITC- and allophycocyanin-H7-anti-CD3, BD

V500 anti-CD8, and PE-anti—IL-10RA. Intracellular markers AF488- AF647-
and PE-anti-Foxp3, BD V450 anti-Bcl-2, PE- and eFluor450-anti—IFN-vy,
PerCPeFluor710-anti-IL-22, PE-anti-IL-10, AF647-anti-IL-17, allophy-
cocyanin-anti-IL-4, and biotin-conjugated Abs were developed with
streptavidin-PerCP. For in vitro—cultured human cells, dead cells were ex-
cluded from the analysis using the Live/Dead Fixable Dead Cell Stain Kit
(Invitrogen, Carlsbad, CA). For mouse cells, allophycocyanin anti-mouse
CD4, and for intracellular markers, PE anti-mouse Bcl-2 and FITC anti-
mouse/rat Foxp3 were used. Ethidium monoazide bromide was used for
dead cell exclusion in fixed mouse samples.

FACS

For flow cytometric sorting of human PBMCs, cells were stained using
a combination of FITC-anti-CD127, BD V500- or biotin-SA-PerCP-anti-
CD4, and PE- or allophycocyanin-anti-CD25. Cells were sorted on a
FACSAria cell sorter using our previously published gating strategy (9).
For flow cytometric sorting from s(plenocytes of DEREG BALB/c mice,
CD4*Foxp3°FF* and CD4*Foxp3°F™ cells were sorted on a FACSAria
cell sorter. Purity of the sorted populations was =95%.

In vitro T cell stimulation assays

A total of 2.5 X 10* flow cytometric sorted Treg cells (CD4*CD127"
CD25*) from healthy adult donors were cocultured with 7.5 X 10" non-
Treg cells (CD4"CD127"CD25 ™) for 3 d and stimulated in the presence or
absence of IL-10 (BD Biosciences) (200 U/ml), added on day 0. CFSE
(Invitrogen) was used to label Treg or non-Treg cells to facilitate separate
analysis of these two subsets. In some experiments, Treg cells were labeled
with CFSE, and non-Treg cells were left unlabeled. Percentage of change
in Bcl-2 expression was calculated. To determine the percentage of change
in Bcl-2 expression and Bcl-2 mean fluorescence intensity (MFI) in the
mouse system, 2.5 X 10* sorted Treg cells (CD4*Foxp3°™*) from BALB/c—
DEREG mice were cocultured with 7.5 X 10* non-Treg cells (CD4*
Foxp3GFP7). IL-10 (BD Biosciences) (400 U/ml) was added to the cultures
on days 0 and 3. On day 6, cells were harvested and analyzed for Bcl-2
expression. For stimulation of both human and murine cells, MicroBead-
coated biotinylated anti-CD3 and anti-CD28 (Miltenyi Biotec, Bergisch
Gladbach, Germany) was added using a cell to bead ratio of 2:1. For ab-
solute cell numbers of Treg cells in the mouse system, cells were cultured
with or without IL-10 (BD Biosciences) (400 U/ml) in the absence of CD3/
CD28 stimulation. On day 2, viable cell counts were determined using
trypan blue, and cells were analyzed for Bcl-2 expression and Bcl-2 MFL
The absolute number of cell populations of interest was calculated ac-
cording the percentages determined by flow cytometry.

In vitro IL-10 blocking assay

Splenocytes from female CBA/J mice were cultured with irradiated (30
Gy) male BALB/c splenocytes. Anti-mouse-IL-10 (10 pg/ml) was added on
day 0. On day 2, cells were harvested for analysis of Bcl-2 expression.

Cytokine and hormone measurements

Human serum samples were obtained after centrifugation at 1000 X g for
10 min, aliquoted and stored at -80°C. Levels of soluble IL-10, IL-6 and
TGF-B in serum were measured by standard ELISA Kits (R&D Systems,
Minneapolis). Unconjugated E2 and E3 was measured by enzyme labeled
chemiluminescent competitive immunoassay using the IMMULITE 2000
system (Siemens Healthcare Diagnostic Products).

Mouse serum IL-10 level were measured using the in vivo IL-10 capture
assay (BD Biosciences). In brief, ELISA was performed from serum from
pregnant CBA/J mice, according the manufacturer’s recommendations, 4 h
after i.p. injection of 10 g NA/LE biotin-conjugated anti-mouse IL-10
Ab. IL-10 in supernatant from splenocytes from female CBA/J mice was
measured by standard ELISA kit (eBioscience) 2 d after stimulation with
irradiated (30 Gy) male lymphocytes from CBA/J (syngeneic) or BALB/c
mice (allogeneic).

Preparation of RNA for microarray

Sorted cells were washed and resuspended in cells-to-signal lysis buffer
(Ambion, Applied Biosystems, Foster City, CA) and stored at —80°C until
further processing. Total RNA was extracted from sorted Treg cells and
non-Treg cells using the RNeasy Mini RNA Extraction Kit (Qiagen,
Germany). Total RNA quality was assessed using the Agilent RNA 6000
series II Nano Kit (Agilent Technologies, CA). Total RNA (180 ng) from
each sample was biotinylated and amplified using the Illumina TotalPrep
RNA Amplification Kit (Ambion, TX). Total RNA was reverse transcribed
to synthesize the first-strand cDNA, followed by a second-strand synthesis.
Double-stranded cDNA was then transcribed and amplified in vitro to
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synthesize biotin-labeled complementary mRNA (cRNA). cRNA sam-
ples (700 ng) were hybridized onto human HT-12_V3 expression
beadchips (Illumina, CA) profiling 48,804 transcripts per sample. Bead
chips were hybridized at 58°C for 18 h, washed, stained with strepta-
vidin, and scanned using an Illumina-BeadArray-Reader.

Microarray data analysis

Raw data were processed using Beadstudio version 3 (Illumina). Data were
exported into BRB-ArrayTools version 3.8, and quantile normalization was
applied. Paired  tests were carried out to generate differentially expressed
gene lists for further downstream analyses. A p value cutoff of 0.001 was
used. Gene lists were exported into GeneGo Metacore (St. Joseph, MI)
where tests were carried out for overrepresentation of the gene lists in
curated biological pathways. A cutoff of 5% false discovery rate was used
to determine significance of overrepresented pathways. Principal compo-
nent analysis (PCA) was performed on all samples using 101 probes found
to be Treg cell and pregnancy specific. The metric used for PCA was
centered correlation. Oligonucleotide microarray data have been deposited
in National Center for Biotechnology Information’s Gene Expression
Omnibus and are accessible through Gene Expression Omnibus Series
accession number GSE31976 (http://www.ncbi.nlm.nih.gov/geo/).

Statistical analysis

Statistical analysis was performed using Prism 4.0 software (GraphPad, San
Diego, CA). To test for associations, Pearson’s correlation coefficients were
calculated. A paired sample ¢ test was performed to compare maternal and
fetal serum cytokine levels as well as comparing Treg versus non-Treg
cells in human and murine experiments. An unpaired ¢ test was used to per-
form analysis between pregnant versus nonpregnant samples. For all tests,
p < 0.05 was considered significant. Statistical treatments of microarray
data are described above.

Results

Alignment of maternal and fetal Treg cells

To determine whether there is a relationship in the balance of Treg
cells and non-Treg cells in maternal fetal dyads (pairs), we correlated
the percentage of peripheral blood Treg cells at term. We found a
highly specific and significant correlation in the Treg cell subset,
defined as CD4*Foxp3* (r = 0.61, p < 0.0001) as well as CD4"
CD127"°CD25* (r = 0.71, p < 0.0001) (Fig. 1A, 1B), but not with

lymphocytes

147

CD4"CD25"Foxp3 ™~ activated T cells (r = 0.287, p = 0.165), between
the mother and the fetus. In contrast, there was no significant Treg
cell correlation between paternal fetal dyads (Fig. 1C), suggesting
that the specific context of pregnancy, rather than the genetic parental
similarity to the fetus, is responsible for this correlation.

As maternal microchimerism occurs in the fetus, we first decided
to determine whether the alignment of Treg cells can be explained
by migration of maternal Treg cells into the fetal Treg cell com-
partment. Using fluorescent in situ hybridization analysis, sorted
Treg cells from the cord blood of male fetuses were found to be
negative for XX chromosome-bearing cells, which indicates ab-
sence of maternal Treg cells in the cord blood. This was confirmed
by HLA typing of the fetal Treg cell population from a separate
maternal fetal dyad. Given these findings, we hypothesized that in
pregnancy the presence of a soluble factor, cytokine or hormone,
maintains this specific alignment of maternal and fetal Treg cells.

Gene microarray analysis implicates the role of IL-10 in Treg
cell regulation

To investigate the mechanism of Treg cell alignment in the most
unbiased fashion, we performed gene expression analysis by
microarray on sorted CD4*CD127'°CD25* Treg cells and CD4*
CD127"CD25~ non-Treg cells in four healthy term maternal—
fetal dyads and four healthy nonpregnant women. To identify
genes, which were Treg cell specific and pregnancy specific, we
first analyzed differentially expressed genes between Treg and
non-Treg cells independently from both nonpregnant and pregnant
women. The resulting genes from pregnant and nonpregnant women
were then compared. This yielded 93 genes (Fig. 2A; complete list
of the 93 genes is listed in Supplemental Table I), which were
uniquely expressed in Treg cells in pregnancy.

Pathway analysis of these 93 genes revealed the IL-10 pathway
as the most significant signature among immune regulation path-
ways. Within the IL-10 signaling pathway, Bcl-2, suppressor of
cytokine signaling 2, and suppressor of cytokine signaling 3 were
upregulated. On the basis of these 93 genes, we then performed
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58.6 i

cord blood

maternal blood

CD4*Foxp3* (%) CD4*CD127'°CD25" (%)

1
1

B : .

c . L]

o .. .- , \, n’

= .

£ . ' r=0.610 Yo r=0.707

J p<0.0001 *%  p<0.0001

0 H i I H 5 I I3
fetal -

FIGURE 1. Correlation of peripheral blood maternal, paternal, and fetal Treg cell frequencies. (A) Gating strategy for defining Foxp3™ and CD127
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CD25" Treg cells within CD4" T cells. (B) Scatter plot of Treg cell frequencies in term maternal fetal dyads, n = 44 for CD4* Foxp3*, n = 59 for CD4*
CDI27'°CD25". (C€) Scatterplot comparing paternal (red dots) and maternal (black dots) fetal dyads, n = 11 for CD4*Foxp3™, n = 17 for CD4*CD127"
CD25". In all cases, correlation was calculated using Pearson’s correlation coefficient, r, and p values as indicated.
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cells during pregnancy indicate the involvement of
IL-10 signaling pathway. (A) Representative den-
sity plots of sorting purities of Treg and non-Treg
cells in nonpregnant and pregnant samples. Scatter
plots of global gene expression comparing Treg and
non-Treg cells in both study groups, followed
by a Venn diagram showing the number of differ-
entially expressed genes between Treg and non-Treg
cells in nonpregnant (red circle) and pregnant (blue
circle) women. A distinct subset of 93 genes is both
Treg cell and pregnancy specific. These 93 genes
were subjected to pathway analysis, where thresh-
old of determining significant gene sets is <0.005.
The IL-10 signaling pathway was the most signifi-
cant immune response pathway. (B) PCA was per-
formed on the 93 genes. This showed separations
between nonpregnant and pregnant groups (princi-
pal component 1 [PC1]). Separation was also ob-
served between non-Treg and Treg cells (principal
component 2 [PC2]). B
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PCA to compare Treg and non-Treg cells derived from maternal
and fetal blood and from the blood of nonpregnant individuals. This
showed clustering of maternal and fetal Treg cells, with principal
component 1 being pregnancy and principal component 2 being cell
type (Fig. 2B), consistent with maternal—fetal Treg cell alignment.

Specific alignment of IL-10 at a protein level in maternal—fetal
dyads

The results from gene microarray analysis prompted us to investi-
gate IL-10 at the protein level. Interestingly, we found a significant
correlation of serum IL-10 levels between the mother and the fetus.
No significant correlation was found with other cytokines relevant to
Treg cell induction, including TGF-$ and IL-6 (Fig. 3A). Further-
more, comparison of maternal and fetal cytokine levels revealed
significantly higher levels of IL-10 and TGF- in cord blood,
whereas IL-6 levels were comparable (Fig. 3B). Because IL-2 is
important for Treg cell homeostasis (21), we measured serum IL-2
levels and found that in both maternal and cord blood samples, IL-
2 levels were below the threshold level of 7 pg/ml.

To test whether IL-10 production may be regulated by E2 and/or
E3, the predominant estrogens in pregnancy, we measured serum
IL-10, E2 and E3 levels in maternal blood, and found a modest but
significant correlation between IL-10 and both estrogens (Fig. 3C).

We next examined the intracellular cytokine production by
peripheral blood CD4" T cells in maternal—fetal dyads. There was
a significant correlation between maternal and fetal IL-10 pro-
duction by CD4* T cells. This correlation was restricted to IL-10
production and not found with other cytokines including IL-4,
IFN-v, IL-17, and IL-22 (Fig. 3D, Supplemental Fig. 1A, 1B).
These results indicate there is a synchronized production of IL-10
in maternal-fetal dyads; there is no transplacental correlation of
Th1, Th2, and Th17 CD4" T cell subsets.

Higher expression of IL-10RA in Treg cells and its relationship
to Bcl-2 expression

Because the IL-10 signaling pathway appears to be important in
Treg cells during pregnancy, we asked whether IL-10RA expres-
sion differs between Treg and non-Treg cells. We found that Treg
cells had significantly higher expression of IL-10RA (Fig. 4A)
compared with non-Treg cells. This suggests that Treg cells may
be more sensitive to IL-10 effects compared with non-Treg cells.
We then asked whether the level of IL-10RA expression might
influence the Bcl-2 expression in Treg cells, because IL-10 is known
to upregulate Bcl-2 in certain cell types such as CD34" hemato-
poietic progenitor cells (22) and B cells (23). We found a specific
correlation between Treg cell IL-10RA and Bcl-2 expression
in pregnant mothers and neonates but not in nonpregnant women
(Fig. 4B). This suggests that specifically, in pregnancy, the higher
serum IL-10 level may control Bcl-2 expression in Treg cells.

Increased Bcl-2 expression by Treg cells during human and
murine pregnancy

Because the gene microarray analysis showed an upregulation of
Bcl-2 mRNA in Treg cells during pregnancy, we investigated
whether this was also the case on the protein level. In humans, we
found that Bcl-2 expression within Treg cells was significantly
increased in pregnancy (Fig. 4C). Furthermore, we found a signif-
icant correlation of Bcl-2 expression in Treg cells between the
mother and the baby (Fig. 4D). These data demonstrate that Bcl-2
is upregulated in Treg cells in human pregnancy and is tightly
regulated between the mother and the baby. In mice, using the
allogeneic CBA/J X BALB/c pregnancy model that is known to
present normal pregnancies, we also found that pregnant CBA/J
mice had significantly higher Treg cell frequency (Fig. 5A, 5B),
paralleled by increased serum IL-10 level as measured by in vivo
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FIGURE 3. Correlation of IL-10 at a protein level in maternal-fetal dyads. (A) Scatter plots of serum levels of IL-10 (pg/ml) (n = 37), IL-6 (pg/ml) (n =
33), and TGF- (ng/ml) (n = 38). (B) Comparison of serum IL-10, IL-6, and TGF-f levels in maternal blood (M) and cord blood (O). Paired # test was used, p
values as indicated. (C) Correlation between E2 and E3 and IL-10 in maternal serum during pregnancy. (D) Scatter plots of percentages of various in-
tracellular cytokines expressed in CD3*CD8™ T cells in maternal fetal dyads. IL-10, IFN-y, and IL-17 (n = 30), IL-4 (n = 19), and IL-22 (n = 20).
Correlations between maternal fetal dyads were calculated using Pearson’s correlation coefficient, r, and p values as indicated.

capture assay (Fig. 5C) and more Bcl-2* cells within the expan-
ding Treg cell population (Fig. 5D, 5E).

IL-10 selectively upregulates Bcl-2 in human and murine Treg
cells

The data presented so far implicate an important role of IL-10 on
Bcl-2 expression in Treg cells. We tested this in vitro by cocul-
turing human Treg and non-Treg cells with anti-CD3/CD28 in the
presence or absence of IL-10. And indeed, we could observe a
significant upregulation of Bcl-2 only in Treg but not non-Treg
cells exposed to IL-10 (Fig. 6A, 6B). This result was confirmed
using cells isolated from DEREG BALB/c mice where GFP* Treg
cells in coculture with non-Treg cells upregulated their Bcl-2
expression in the presence of IL-10 (Fig. 6C, 6D). In an attempt
to isolate the effect of IL-10 on T cells and to avoid excessive cell
death because of prolonged culture, cells were cultured in the
absence of anti-CD3/CD28 with or without IL-10 for 2 d. In cul-
tures supplemented with IL-10, there was a significant increase in
absolute Bcl-2* Treg cell numbers (means + SD, 843 + 203
versus 1876 = 528; p = 0.027 with paired ¢ test). Furthermore, IL-
10 significantly increased Bcl-2 MFI in Treg cells (means * SD,
14.5 = 1.5 versus 19.9 = 1.0; p = 0.015 with paired ¢ test).

To test whether endogenous IL-10 has similar effects on Bcl-2
expression on Treg cells in vitro, we cultured female CBA/J
splenocytes with irradiated male BALB/c splenocytes to simulate
the allogeneic constellation during normal pregnancies or with ir-
radiated male CBA/J splenocytes as control. IL-10 production was
strongly induced in splenocytes from female CBA/J mice when
stimulated with allogeneic BALB/c male lymphocytes (Fig. 6E). In
these cultures, blocking of endogenous IL-10 production led to
a selective decrease in Bcl-2 expression in Treg cells but not in non-
Treg cells (Fig. 6F). These results further support the interpretation
of our in vivo data that IL-10 contributes to maintenance of Bcl-2
expression in Treg cells.

Discussion
Transplacental immune regulation is a fascinating concept, which
has important implications on the development of the immune system;
however, the underlying mechanisms of this regulation remain elusive.
Our findings summarized in this paper provide evidence of a signifi-
cant alignment between maternal and fetal cellular immunity, in
particular Treg cells, which play an important role for the overall
integrity of the immune system. Our findings suggest that this align-
ment is driven by IL-10, for which serum concentrations correlate be-
tween mother and fetus. In vitro and ex vivo human and mouse data
implicates a role for IL-10 and its effect on Bcl-2 in the fetal-maternal
alignment of Treg cells. These findings highlight an important link
between the maternal and the fetal immune system during pregnancy
and a previously unrecognized role of IL-10 in Treg cell physiology.
Interestingly, our findings point at a specific role of IL-10 in
maintaining the described Treg cell alignment during pregnancy. This
is in congruence with the potential immunomodulatory role of preg-
nancy on the fetal and maternal immune system, because IL-10 is well
known to be a pleiotropic cytokine with significant immunomodulatory
properties (24). Indeed, there is a significant increase in serum IL-10
levels in normal human pregnancy compared with nonpregnant con-
trols (25). Although IL-10 does not appear to be crucial for the success
of pathogen-free pregnancy in the murine model (26), LPS-induced
inflammation during pregnancy does lead to fetal demise in IL-10 null
mice (27), implicating the important role of IL-10 in normal preg-
nancy. However, a role of IL-10 in transplacental immune regulation
has not been reported so far. Previous studies exploring the effect of
maternal influence on development of atopy in offspring have mainly
focused on Th1 and Th2 cytokines such as IFN-y and IL-4 (5, 6, 8, 9).
Our finding that serum IL-10 levels were significantly correlated be-
tween mother and fetus was surprising, but perhaps related to a pre-
vious report showing that maternal IL-10 levels were significantly
associated with the offspring’s IL-10 level at 1 y of age (28).
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The synchronized nature of IL-10 during pregnancy is further
supported by the observation that IL-10 secreting CD4™ T cells are
significantly correlated between the mother and the fetus. This is
in contrast to IFN-y—secreting Th1 cells, IL-4 secreting Th2 cells,
and IL-17 secreting Th17 cells, which did not correlate. The IL-10
secreting CD4" Th cells probably do not represent a distinct Th
lineage but are likely composed of Foxp3* Treg cells and IL-10
secreting Trl cells. Nevertheless, the fetal maternal alignment of
this group of cells suggests a synchronized and regulated pro-
duction IL-10 during pregnancy. Importantly, it is known that
many other cells produce IL-10 during pregnancy, including fetal
trophoblasts (29), decidual NK cells, and macrophages (30), all of
which could contribute to the elevated IL-10 level in pregnancy.

Although the exact mechanism regulating IL-10 production in
pregnancy is unknown, some evidence implicates the influence
of pregnancy related hormones, such as human chorionic gonad-
otropin, E2, and E3, which have been shown to influence IL-10
production (31, 32). However, because E2 and E3 are the pre-
dominant estrogens in pregnancy (33), we measured serum IL-10
and E2 and E3 levels in maternal blood and found a modest but
significant correlation between serum IL-10 and serum E2 and E3
(Fig. 3D). Indeed, it is possible that maternal and fetal hormonal

maternal blood

levels drive the observed IL-10 alignment, because there is sig-
nificant correlation between maternal and fetal hormonal levels
(34, 35). Interestingly, E3, a pregnancy-specific hormone with
potent immunosuppressive properties used to treat multiple scle-
rosis (36), is primarily derived from the fetus (37). This implies
that the synchronization of IL-10 production and Treg cell align-
ment may be in part driven by the fetus. Further studies are re-
quired to elucidate the potential role of hormones in the regulation
of IL-10 production and the reported fetal-maternal Treg cell
alignment.

Another important finding of our study is the role of IL-10 in
Treg cell homeostasis. Although much has been noted regarding
the role of IL-10 in Treg cell function (38), the influence of 1L-10
itself on Treg cells is not well explored. Our results clearly showed
that Treg cells have increased expression of the IL-10RA, a finding
echoed in a previous study, where CD4*CD25" cells were noted
to have increased expression of IL-10RA (39). This suggests that
IL-10 itself maybe important to Treg cell homeostasis and that
Treg cells may be more sensitive to IL-10-mediated effects. In-
deed, our in vitro data show that in both humans and mice, IL-10
selectively induces Bcl-2 expression in Treg cells when compared
with non-Treg cells. Furthermore, blocking endogenous IL-10
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FIGURE 5. Significantly higher percen-
tages of Bcl-2* cells within the expanding
Treg cell population in pregnant CBA/J
mice. (A) Representative density plots
showing frequencies of CD4*Foxp3* from
splenocytes of nonpregnant versus pregnant
CBA/J mice. (B) Summary bar graph (mean =+
SEM) showing percentage of CD4 Foxp3*
cells, from nonpregnant (n = 8) or pregnant
(n = 7) animals from CBA/] X BALB/c
matings on day 8 of pregnancy. (C) Summary
bar graph (mean = SEM) showing IL-10
levels (pg/ml) in serum from nonpregnant
(n = 4) or pregnant (n = 4) animals from
CBA/J X BALB/c matings on day 8 of
pregnancy. (D) Representative density plots
of the Bcl-2 gating strategy in nonpregnant
versus pregnant Treg and non-Treg cells.
The full gating strategy applied is detailed in
Supplemental Fig. 2. (E) Summary bar graph
(mean = SEM) of cells in pregnant versus
nonpregnant mice. Paired ¢ test, p values as
indicated.
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toimmunity (40); however, the role of IL-10 was not explored in
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FIGURE 6. Differential effects of IL-10
on Bcl-2 expression in Treg and non-Treg
cells in vitro. (A) Representative density
plots showing expression of Bcl-2 in the
presence or absence of 200 IU/ml IL-
10 cocultured human non-CFSE labeled
CD4* CDI127'°CD25% Treg and CFSE-
labeled CD4*CD127"CD25 ™~ non-Treg cells.
Cells were stimulated with CD3/CD28 Abs
and analyzed on day 3. (B) Summary bar
graph (mean = SEM) showing percentage of
change in Bcl-2* cells as well as percentage
change in Bcl-2 MFI levels within these two
subsets. Data are shown from seven inde-
pendent experiments. (C) Representative
flow cytometry staining showing expression
of Bcl-2 in cocultured CD4*GFP* Treg cells
and CD4*GFP~ non-Treg cells isolated
from splenocytes of DEREG BALB/c mice
with and without 400 IU/ml IL-10 plus anti-
CD3/CD28. (D) Summary bar graphs (mean *
SEM) showing percentage of change in Bcl-2*
cells and percentage of change in Bcl-2 MFI
levels. Data are shown from 3 independent
experiments. (E) Summary bar graph (mean *
SEM) showing IL-10 level (pg/ml) in super-
natant from splenocytes from female CBA/J
mice stimulated with irradiated slenocytes
from syngeneic CBA/J males or allogeneic
BALB/c males. Data show eight and nine
animals, respectively, in each group. (F)
Summary bar graph (mean = SEM) show-
ing percentage of change in Bcl-2* cells
upon anti—IL-10 treatment as well as Bcl-2
MEFT’s in cells from female CBA/J mice,
stimulated with irradiated allogeneic male
BALB/c lymphocytes. Data show 11 ani-
mals in each group.
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this study. Interestingly, IL-10 was shown to maintain Foxp3 ex-
pression in a murine model of inflammatory colitis (41). However,
it is difficult to dissect the exact role of IL-10 on Treg cells in vivo,
because IL-10 is a pleiotropic cytokine, which affects a broad
range of immune and nonimmune cells. In a more recent study
using Treg cell-specific IL-10RA knockout mice, Chaudhry et al.
(42) showed that IL-10 endowed Treg cells with the ability to
suppress Th17 cells but did not affect the stability of Foxp3 ex-
pression. Although in this study we have not explored the effect of
IL-10 on Foxp3 stability, our results clearly show that IL-10 has
control over the expression of the major antiapoptotic molecule,
Bcl-2, in human and murine Treg cells.

The fetal-maternal alignment of Treg cells presented in this
study is highly relevant as evidence suggests that both the ma-
ternal and fetal immune system is significantly affected by preg-
nancy. It is well known that many autoimmune conditions such as
rheumatoid arthritis (43) and multiple sclerosis (44) abate during
pregnancy. Although the reason for this is not fully understood, it
is tempting to speculate that changes in Treg cell homeostasis
during pregnancy may play a role. Another important question
that arises from this study is whether the described Treg cell
alignment has any role in programming the fetal and/or maternal
immune system in the long term. Epidemiological evidence sug-
gests that nulliparous women have an increased risk of developing
autoimmune diseases such as systemic lupus erythematosus (45)
and multiple sclerosis (46). This suggests that the events occurring
during pregnancy, perhaps the described alignment of Treg cells,
may modulate the maternal immune system to decrease the risk
of future autoimmunity. Interestingly, adverse pregnancy events
may predispose the baby to the development of future immunopa-
thology such as autoimmunity and allergy (47). This indicates that
normal pregnancy may confer a protective effect for the devel-
opment of immunopathologies in the offspring. However, whether
IL-10 and the Treg cell alignment play a role in such immune pro-
gramming will require further studies.

In summary, our findings provide new insights into the unique
immunological events in human pregnancy. Importantly, we pro-
vide evidence for transplacental regulation of cellular immunity
and the previously unknown role of IL-10 on Bcl-2 maintenance in
Treg cells. These novel findings have important implications on
immune tolerance in pregnancy and beyond, in areas of autoim-
munity, allergy, and transplantation.
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