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During pregnancy, the mother allows the immunologically distinct fetoplacental unit
to develop and grow. Opinions are divided as to whether this represents a state of
fetal-specific tolerance or of a generalized suppression of the maternal immune system.
We hypothesized that antigen-specific T cell responses are modulated by an inhibitory
T cell phenotype and modified dendritic cell (DC) phenotype in a gestation-dependent
manner. We analyzed changes in surface markers of peripheral blood T cells, ex vivo
antigen-specific T cell responses, indoleamine 2,3-dioxygenase (IDO) activity (kynurenine/
tryptophan ratio, KTR), plasma neopterin concentration, and the in vitro expression of
progesterone-induced blocking factor (PIBF) in response to peripheral blood mononu-
clear cell culture with progesterone. We found that mid gestation is characterized by
reduced antigen-specific T cell responses associated with (1) predominance of effector
memory over other T cell subsets; (2) upregulation of inhibitory markers (programmed
death ligand 1); (3) heightened response to progesterone (PIBF); and (4) reduced propor-
tions of myeloid DC and concurrent IDO activity (KTR). Conversely, antigen-specific T cell
responses normalized in late pregnancy and were associated with increased markers of
T cell activation (CD38, neopterin). However, these changes occur with a simultaneous
upregulation of immune suppressive mechanisms including apoptosis (CD95), coinhibi-
tion (TIM-3), and immune regulation (IL-10) through the course of pregnancy. Together,
our data suggest that immune tolerance dominates in the second trimester and that it is
gradually reversed in the third trimester in association with immune activation as the end
of pregnancy approaches.

Keywords: pregnancy, immune modulation, immune response, tolerance, activation

INTRODUCTION

Changes occurring in the maternal immune system during pregnancy allow the semiallograft
fetoplacental unit to develop and grow. To a degree HLA discordance assists fetal development
and reduces the risk of vertical virus transmission such as HIV-1 (1). However, tight immu-
nomodulation is required at the maternal-fetal interface to prevent fetal rejection. The observation
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that some immune disorders such as rheumatoid arthritis and
multiple sclerosis typically improve during pregnancy supports
the idea that pregnancy is associated with a state of immune
tolerance (2-4). However, not all aspects of the immune system
are downregulated, for example, innate immune responses
are enhanced and have been associated with preterm labor.
Conversely, regulatory T cell (Treg) responses are suppressed,
and pro-inflammatory T cell activity is increased in conditions
such as pre-eclampsia (5-7).

Various regulatory mechanisms repress maternal immune
function and the response against fetal antigens, in particular
at the maternal-fetal interface. Programmed death-1 (PD-1)
expression on T cells may promote apoptosis of T cells specific
for paternal antigens (8, 9). Furthermore, progesterone-regulated
HLA-G expression on trophoblast initiates Fas/Fas-ligand
(CD95/CD95L)-mediated apoptosis of maternal CD8" T cells
specific for paternal antigens (10).

Regulatory T cells have been suggested to modulate the
function of the maternal immune system during pregnancy by
suppressing effector T cell function (11). For example, Tregs pro-
mote effector T cell anergy and inhibit proliferation and cytokine
secretion by CD4*CD25~ T cells under polyclonal stimulus
(12), independent of antigen specificity (13). Tregs also mediate
immune suppression by reducing the expression of costimulatory
molecules CD80 and CD86 on antigen-presenting cells (APCs),
and stimulating indoleamine 2,3-dioxygenase (IDO) enzymatic
activity in dendritic cells (DCs) and macrophages (13-15).
IDO is an enzyme that catalyzes the rate limiting step of the
breakdown of the essential amino acid tryptophan (trp) into the
kynurenine (kyn) pathway. The combination of trp depletion and
accumulation of downstream bioproducts of kyn exert inhibitory
activity on T cells in vitro (16), IDO inhibition in vivo causes
immune-mediated fetal rejection in semiallogeneic but not syn-
geneic pregnancies in mice (17). Pregnancy appears to promote
immature/tolerant DCs and suppresses their pro-inflammatory
cytokine responses (18). Under steady state conditions, with
abundant antigenic stimulation, the majority of peripheral DCs
display an immature phenotype (19). When matured under
the influence of IL-10, immature DCs develop a tolerant DC
(DC™ ) phenotype. These DCs secrete reduced quantities of
pro-inflammatory cytokines and express low levels of MHC
class 1 and 2 and costimulatory molecules (19). Tolerogenic DCs
classically encourage CD4* T cell differentiation into Treg and
T-helper 2 (Th2) subtypes (20).

The majority of DCs are IFN-y producing plasmacytoid
(pDC) and non-lymphoid conventional or myeloid DC (cDC/
mDC) (21, 22). Typically, pDC secretes large quantities of
IFN-vy in response to virus and prime cytotoxic T cells against
viral antigens, whereas mDC maintains self-tolerance and
induces specific immune responses to foreign pathogens (23).
In pregnancy, proportions of mDC and pDC have been shown
to fall in the second trimester but subsequently increase in late
pregnancy (24-26). The ratio of mDC and pDC shows a similar
increase that is consistent with a predominance of mDCs.
In addition, these DC populations become more activated during
pregnancy, expressing increasing proportions of costimulatory
markers and inflammatory cytokines (24, 26). Neopterin is an

established biomarker of immune activation which is a product
of guanosine-5'-triphosphate (GTP) catabolism in mono-
cytes (27). Type I interferons are potent inducers of neopterin
from activated human monocyte-derived macrophages and
DCs (27, 28). Unsurprisingly, neopterin concentrations have
been shown to increase with gestation in pregnancy, reflecting
increasing DC and monocyte activation (29, 30).

Progesterone is important for the establishment and main-
tenance of pregnancy and exerts immune-modulatory effects
mediated by the lymphocyte-derived protein progesterone-
induced blocking factor (PIBF) (31, 32). Effector functions
modulated by PIBF include cytokine synthesis, cytotoxic cell
activity, and arachidonic acid synthesis (6, 31, 33). PIBF is pro-
duced by activated T cell receptor (TCR)-yd* and CD56" T cells
that have interacted with trophoblast and express progesterone
receptors (PRs) (34). Serum concentrations of progesterone
increase throughout pregnancy and can reach 175-636 nmol/l
in maternal circulation mid third trimester (35). However,
compared to the maternal-fetal interface, progesterone concen-
tration peripherally is lower in humans and so systemically its
immunemodulatory effects may be determined by lymphocyte
sensitivity to the hormone (31).

Despite the influence of immune modulation, the expression
of activation markers is increased on circulating and decidual
T cells in late pregnancy and perhaps prior to the onset of labor
(36, 37). This may suggest greater maternal immune awareness
of the conceptus and trigger effector responses that could be
involved in the process of parturition. In mice, this has been
proposed as a cause of immune mediated fetal demise in fetal
intervention (38).

In this study, we analyzed the in vitro functional responses
to common recall antigens, profiled the changes in markers of
peripheral blood T cell activation and maturation associated
with pregnancy, and the in vitro expression of PIBF on lympho-
cytes in response to progesterone. Our results describe for the
first time the course of pregnancy as a transition from down-
regulation to reconstitution of immune responses associated
with modulation of T-cell and APC phenotype and function.

MATERIALS AND METHODS

Ethics Statement

The Research Ethics Committee, Chelsea and Westminster
Hospital Trust approved this study; Ref: 11/LO/0971. Human
experimentation guidelines of the author’s institution were
followed in the conduct of clinical research. Informed written
consent was obtained from each donor prior to blood collection.

Study Participants

For enzyme-linked immunosorbent spot (ELISpot) assays,
blood was taken from 15 healthy volunteers (median 25.6 years,
interquartile range, IQR 24.5-30.2 years), and 10 pregnant (Pr)
(median 33.6 years, IQR 28.0-36.8 years) longitudinally in their
second trimester (median 20.0 weeks, IQR 19.3-24.4 weeks)
and in their third trimester (median 38.4 weeks, IQR 28.0-
38.9 weeks). For peripheral blood flow cytometry, neopterin
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and trp concentrations and trp metabolic analysis, samples
were obtained from 20 healthy Pr women, of whom 10 were in
their second trimester (12-28 weeks of gestation) and 10 were
in their third trimester (greater than 28 weeks of gestation).
Median gestations were 21.6 weeks (IQR, 19.1-23.0 weeks) and
39.0 weeks (IQR 38.0-40.0 weeks), respectively, and a median
age for all Pr was 35.0 years (IQR 30.0-36.0 years). Nine healthy
non-Pr control female subjects (healthy control, HC) had a
median age of 31.0 years (IQR 27.8-38.0 years). For progester-
one cell culture experiments, blood was obtained from nine Pr
(median age 33.0 years, IQR 28.5-36.5 years) of whom four were
in their second trimester (median gestation 24.4 weeks, IQR
22.4-27.4 weeks) and five were in their third trimester (median
32.6 weeks, IQR 30.3-39.4 weeks), and five HC (median age
30.0 years, IQR 23.5-34.8 years).

Blood Collection and Separation

Blood was collected in lithium-heparin-treated vacutainers
(Becton Dickinson, Oxford, UK). Peripheral blood mononu-
clear cells (PBMCs) were isolated within 2 h of blood collection
by a standard density gradient centrifugation with lymphocyte
separation medium (PAA, Yeovil, UK), as previously described
(39). PBMCs were counted using trypan blue exclusion, and
viability was >80%.

Measurement of IFN-vy, IL-10, Granzyme B,

and IL-4 Production

IFN-y, IL-10, granzyme B, and IL-4 ELISpot assays were used
in order to quantify cellular responses following manufacturer
recommendations (Mabtech, Stockholm, Sweden) and as previ-
ously described (39-41). Briefly, 1-2 X 10° PBMCs per well were
cultured in duplicate in media consisting of RPMI 1640 (Sigma)
supplemented with penicillin, streptomycin, L-glutamine (final
concentration 100 IU/ml, 100 pg/ml, and 2 mM, respectively),
and 10% human male heat inactivated serum (Sigma), in 96-well
polyvinylidene difluoride-backed plates (Millipore, Watford,
United Kingdom) coated with anti-IFN-y, anti-IL-10, anti-
granzyme B, or anti-IL-4 monoclonal antibodies (Mabtech). Cells
were stimulated with antigens or peptides at 5 pg/ml or phyto-
hemagglutinin (Sigma) (positive control) at 5 pg/ml in culture
medium. Antigens/peptides used included CMV, EBV, HSV, and
influenza A whole lysates (Virion, Wiirzburg, Germany), measles,
tetanus toxoid (TTOX), purified protein derivative (PPD), and
flu, EBV and CMV peptide pool (FEC) (NIBSC, Potters Bar, UK).
Negative controls comprised of cells cultured in media alone.
IEN-y-, IL-10-, and granzyme B-coated plates were incubated
overnight at 37°C and 5% CO, for 48 h and IL-4-coated plates
for 96 h. Spot-forming cells (SFC) were then detected according
to the manufacturer’s instructions (Mabtech). A positive result
is defined as a score of 20 or more SFC per 10° PBMC and at least
three-fold greater than the negative control wells.

Progesterone Cell Culture

Isolated PBMCs were cultured in six-well flat bottom culture
plates (Sigma- Aldrich, Poole, UK) at a concentration of 1 X 10°
cells/ml in a final volume of 3 ml per well (3 X 10° cells in total)

and incubated for 24 h in 5% CO, at 37°C. Culture medium
consisted of RPMI 1640 (PAA) supplemented with 100 IU/ml
penicillin, 100 pg/ml streptomycin (Sigma-Aldrich), 2 mM
L-glutamine (PAA), 10% sterile filtered, and heat-inactivated
male AB serum (Sigma-Aldrich), and either no progesterone
(control), 0.64, 6.4, or 64 mM progesterone (Sigma-Aldrich).
Cells were recounted and viability assessed (>80%) prior to
flow-cytometric analysis.

Flow Cytometry

Six-color flow cytometry was used to phenotype CD4 and CD8
T cell subsets. Cells were stained with the following murine anti-
human monoclonal antibodies according to the manufacturer’s
instructions: V500 labeled anti-CD127; peridinin chlorophyll
protein (PerCP) Cy5.5-labeled anti-CD3;allophycocyanin (APC)-
H7-conjugated anti-CD8; fluorescein isothiocyanate (FITC)-
labeled anti-CD57, anti-programmed death-1 (PD-1; CD279),
and anti-CD27; phycoerythrin (PE)-conjugated anti-CD38,
anti-CD25; APC-labeled anti-CD95, anti-CD45RA, and anti-
CD28; PECy7-labeled anti-HLA-DR, anti-PD-ligand 1 (PD-L1;
CD274), and anti-CD45RO (all BD Biosciences, Oxford, UK);
and PE-conjugated anti-CCR7 (R&D Systems, Abingdon, UK).
Approximately 2 X 10° cells per tube were stained, incubated
in the dark at room temperature for 30 min, washed with PBS
and fixed with BD stabilizing fixative (BD Biosciences), before
acquisition within 24 h. At least 100,000 live events, gated
on lymphocytes, were acquired on a 3-laser flow cytometer
(BD Biosciences LSR II). Subsequently lymphocyte populations
were gated according to respective isotype controls (Figure SIA
in Supplementary Material).

In the same manner, flow cytometry was used to identify
DCs of mDC and pDC lineage, as well as the expression of
the costimulatory marker CD86. Antibodies used were as fol-
lows: FITC-labeled anti-Lin-1 (containing CD3, CD14, CD16,
CD19, CD20, and CD56) (BD), PE-labeled anti-CD123 (BD),
APC-labeled anti-CD86 (Biolegend, London, UK), PE-Cy7-
conjugated anti-CD14 (BD), PerCP-5.5-conjugated anti-HLA-
DR (eBiosciences, Hatfield, UK), and APC-H7-labeled anti-CD8
(BD). A minimum of 500,000 live events, gated on live cells, was
acquired according to the description detailed above (Figure S1B
in Supplementary Material).

Phenotyping following progesterone cell culture was per-
formed to determine expression of PIBF and TCR-y5 on lym-
phocytes using antibodies: anti-CD3, anti-CD8, TCR-yd (BD
Biosciences), and rabbit anti-PIBF (Biorbyt, Cambridge, UK).
A minimum of 200,000 events was acquired according to the
description detailed above. Analysis of flow cytometric data was
performed using FlowJo version 7.65 (Tree Star Inc, Ashland,
OR, USA).

Neopterin and IDO Activity

In a representative sample of 4 s and six third trimester preg-
nancies neopterin levels were determined by ELISA (ELItest
Neopterin, BRAHMS Diagnostica, Henningsdorf, Germany).
Kyn and Trp were measured in cell culture supernatants by
HPLC (42); the Kyn/Trp ratio was calculated as an estimate of
IDO activity.
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Statistical Analysis

All statistical analyses were performed using non-parametric tests
as sample distribution cannot be assumed to follow a Gaussian
profile. Data are expressed as median and IQR. Longitudinal
comparison between second and third trimesters was analyzed
in ELISpot responses. These data were analyzed using Wilcoxon
matched-pairs signed ranks test. All other comparisons were
cross-sectional and therefore Mann-Whitney U test was used
to compare between group averages. Kruskal-Wallis one-way
analysis of variance was used for multiple groups, and where
appropriate Dunn’s test was used to adjust p-values for multiple
group comparisons. Details are given in figure legends. Statistical

analysis was undertaken using GraphPad Prism 6 (GraphPad
Software, San Diego, CA, USA). All p-values presented are two
sided, and p < 0.05 were considered significant.

RESULTS

In Vitro Responses to Recall Antigens

Are Altered during Gestation

IFN-y ELISpot responses against EBV and TTOX (Figure 1A),
and IL-10 responses against CMV, EBV, measles, HSV, PPD,
and TTOX (all p < 0.05; Figure 1B) were all reduced in the
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FIGURE 1 | Longitudinal functional responses to recall antigens and peptides show dampened IFN-y and IL-10 in the second trimester that revert in the third.
(A) Shows numbers of IFN-y producing cells in pregnancy in response to EBV, measles, and tetanus toxoid (TTOX), compared to healthy controls. (B) Likewise,
panel B shows pregnancy trimester changes of IL-10 cellular responses to CMV, EBV, HSV, purified protein derivative (PPD), and TTOX, compared to non-pregnant
controls. (C,D) Granzyme and IL-4 responses to TTOX and measles, respectively. fo < 0.05, #p < 0.01 (Wilcoxon matched-pairs signed ranks test); *o < 0.05,
**p < 0.01, **p = 0.001 (Mann-Whitney-U). Abbreviation: PBMC, peripheral blood mononuclear cell.
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second trimester. IFN-y recall antigen responses returned to
levels comparable to HC in the third trimester (Figure 1A).
However, IL-10 responses against EBV, PPD, Measles, HSV, and
TTOX in the third trimester were greater than HC. Numbers
of IL-4- and granzyme B-producing cells in response to the
aforementioned antigens and peptides were predominantly
stable across gestation. However, granzyme B responses against
TTOX were downregulated in the second trimester (Figure 1C),
and a similar trend was observed in responses against measles
(p = 0.0525) (data not shown). Cellular IL-4 production against
measles showed a gestational increase but was also significantly
reduced in second trimester pregnancies compared to healthy
controls (p = 0.0194, Figure 1D).

Pregnancy Is Associated with a Shift in

T Cell Maturation toward an Effector
Memory Subtype

Central memory (T.,/CM), effector memory (Tem/EM), naive,
and terminally differentiated effector memory (Ttem/ TEMRA)

T cell subsets were defined using the surface markers CCR7 and
CD45RA. The drive toward CD4 EM T cell subset is marked

in the second and third trimester where the frequency of EM
CD4 T cells was significantly higher than that observed in HC
(Figure 2A). No statistically significant differences were observed
in the CD8" T cell subpopulation (Figure 2A).

Central Naive T Cells and Recent Thymic
Emigrants (RTE) Remain Constant with
On-Going Pregnancy

The frequency of PTK7 expressing RTE CD4 T cells was compa-
rable between Pr and HC (Figure 2A). In addition, we did not
observe any difference in percentages of central naive CD4* nor
CD8* T cells (defined as CD31-CD45RA"). Similarly, T cell dif-
ferentiation, defined by CD27 and CD28 coexpression on CD4*
and CD8" T cell populations, was unaltered in pregnancy (data
not shown).

Gestation Is Associated with Increases

in the Expression of Exhaustion Markers

Programmed death-1 and PD-L1 expression was measured in
CM, EM, naive, and TEMRA CD4* and CD8* T cell subsets.
The mean florescence intensity (MFI) of PD-1 on EM CD4 T cells
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FIGURE 2 | Changes in T-cell maturation and exhaustion with normal pregnancy. (A) Shows the frequencies of naive, EM, CM, and TEMRA CD4 and CD8 T cells

as determined by flow cytometry in pregnant (Pr) and health control (HC). Additionally, we show proportions of CD4 recent thymic emigrants determined by CD31
and PTK7 coexpression. (B) Programmed death-1 (PD-1) and PD ligand 1 (PD-L1) expression measured by mean florescence intensity (MFI) on naive, EM, CM,

and TEMRA CD4 and CD8 T cells. Columns indicate median and error bars interquartile range. %o < 0.05 and #p < 0.01 (Kruskal-Wallis one way analysis of variance
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showed gestational variation with a significant reduction in Pr
compared to HC in the second trimester (p = 0.0219). Cell-
surface expression of PD-L1 was increased in both the TEMRA
and naive CD8" T cell subsets and primarily occurred during
the second trimester (Figure 2B). No significant differences
were found in the expression of PD-L1 on CD4* T cells or PD-1
on CD8 T cells (Figure 2B).

Advancing Pregnancy Is Associated with

Upregulation of T Cell Activation Markers
CD38 MFI and frequency of CD38 progressively increased in
CD8" T cells from Pr in relation to the gestation period and
were significantly higher in the third trimester Pr compared with
HC (CD38 MFI p = 0.0111; %CD38*CD8* T cells p = 0.0419;
Figure 3A). There were no statistically significant differences
between the two groups in the expression of activation mark-
ers CD69 and HLA-DR on CD8 and CD4 T cells (Figure 3A).
However, plasma neopterin concentration in pregnancy posi-
tively correlated with CD38 MFI on CD4* T cells (p = 0.0496;
Figure 3B). A similar trend was seen in relation to CD8*HLA-DR*
T cells (p = 0.0509).

Third Trimester of Pregnancy Is
Accompanied by Greater Expression
of T Cell Pro-Apoptotic Markers

We measured the expression of the pro-apoptotic receptor
CD95 and the senescence marker CD57 on CD4 and CD8 T cells.
The MFI of CD95 on both CD4 (p = 0.0084) and CD8 (p = 0.0077)
T cells was also significantly increased in third trimester of
pregnancy as compared to HC (Figure 3C). Consequently, the
CD57-CD95" subset was increased in the CD4* T cell compart-
ment in Pr compared to HC (p = 0.0060; data not shown) and
was accompanied by a corresponding decrease in CD57-CD95~
CD4 T cells. This difference was primarily seen in the third tri-
mester (p = 0.0074). There was no difference in the cell-surface
density of CD57 between groups (Figure 3C).

Proportions of Regulatory T-Cell Subsets
Are Increased with Advancing Pregnancy

With the aim of investigating alternative T cell markers associated
with immune regulation, we analyzed expression of inhibitory
ligand CTLA-4 and negative regulatory marker TIM-3. The
proportion of CD8 TIM-3* T cells was reduced in the second
trimester and returned to normal in the third (Figure 4A). CD4
TIM-3 showed no gestation variation. Surface CD4 and CD8
CTLA-4 expression was minimal in our cohort (data not shown).
There was also a significant increase in the proportion of Tregs,
defined as CD4*CD45RO*CD25" and CD4*CD45RO*CD25*
CD127" in Pr samples in the second trimester when compared
to controls (Figures 4B,C).

Proportions of mDC and Costimulatory
CD86 Expression on pDC Were Reduced

in Pregnancy
Myeloid DC and pDC were defined as CDI14 Lin"HLA-
DRMCD123~ and CD14 Lin"HLA-DR*CD123*, respectively. The
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FIGURE 3 | Continued

Gradual increase in T cell activation and pro-apoptotic marker expression
during normal pregnancy. (A) Changes in activation markers CD38, HLA-DR,
and CD69 expression in CD4 and CD8 T cells with trimesters and compared
to controls. (B) Plasma neopterin concentration in pregnancy correlated with
CD38 mean florescence intensity (MFI) on CD4+ T cells. (C) FAS and CD57
marker expression on CD4 and CD8 T cells during pregnancy and compared
to health controls (HCs). Columns indicate median and error bars interquartile
range. #p < 0.01 (Kruskal-Wallis one way analysis of variance and Dunn’s
test for multiple comparisons). Abbreviation: Pr, pregnant.

percentage of mDC, but not pDC was significantly reduced in
Pr samples compared to HC (p = 0.0016). This difference was
observed predominately during the second trimester (Figure 5A).
We observed reduced CD86 MFI on pDC with gestation when
compared to HC (p = 0.0038; Figure 5A).

Greater Proportion of Activated mDC
But Not Tregs Correlates with Increased
Kynurenine/Tryptophan Ratio (KTR)

Plasma neopterin concentration positively correlated with greater
proportions of CD86 expressing mDC (p = 0.0320; Figure 5B)
and pDC (p = 0.0225; Figure 5B) as well as CD86 MFI on mDC
(p = 0.0120; Figure 5B). Furthermore, KTR positively correlated
with increasing proportions of mDC (p = 0.0001; Figure 5C)
and CD86 expression on mDC (p = 0.0163; Figure 5C). Inter-
estingly, these changes appear to be driven by third trimester
pregnancies as depicted on the x—y scatter graphs. There was no
statistically significant relationship between Treg proportions
and trp and neopterin concentrations or KTR (data not shown).
The changes in KTR appeared to be driven primarily by a
reduction in trp concentration through gestation (p = 0.0256;
Figure 5D), whereas increases in kyn were not observed in Pr
compared to HC (Figure 5D).

Proportions of CD4* and CD8+ TCR-y&6+
T Cells Are Reduced during Pregnancy
But CD8+*TCR-y6* T Cells Express
Greater PIBF

In our cell culture experiments, we found that proportions of
CD4*TCR-y6" but not CD8*TCR-yd" T cells were reduced in
Pr compared with HC following culture with low concentrations
of progesterone; interestingly this reduction was observed in the
second trimester only (p = 0.0120, Figure 6A). This difference
was mitigated and lost statistical significance when higher
concentrations of progesterone were used. Additionally, PIBF
expression on CD8*TCR-yd" T cells was significantly increased
during pregnancy independent of progesterone stimulation,
a phenomenon which seemed to be predominant in second
trimester pregnancies as suggested by the percentage of PIBF
expressing CD8*TCR-yd* T cells (Figure 6B). No changes
in PIBF expression were observed when CD4* T cells were
analyzed (Figure 6B). Overall, there seem to be no differences
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FIGURE 4 | Tolerant T-cell phenotypes are favored in pregnancy and

reflect changes in T-cell activation with increasing gestation. (A) Percentage
expression of CTLA-4 on TIM-3 negative and positive, CD4 and CD8 T cells
in pregnancy compared with controls. (B,C) Proportions of CD4 regulatory
T cells (Tregs) in pregnancy. These cells were identified using the phenotype
CD4+*CD45R0O*CD25" and CD4*CD45RO*CD25*CD127°. *p < 0.05 and
**p < 0.01. Columns indicate median and error bars interquartile range.

*p < 0.05 and **p < 0.01 (Mann-Whitney U). Abbreviation: HC, health
control; Pr, pregnant.
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FIGURE 5 | Proportions of myeloid dendritic cell (mDC) and costimulatory CD86 expression on plasmacytoid DC (pDC) were reduced in pregnancy but positively
correlated with indoleamine 2,3-dioxygenase (IDO) activity. (A) Proportions of mDC and pDC and their respective expression of CD86 in pregnancy and compared

to controls. (B) Correlation between CD86 expression on DCs and plasma neopterin

and plasma kynurenine/tryptophan ratio (KTR). (D) Plasma tryptophan, kyurenine concentration, and KTR (pmol/mmol) during pregnancy. Columns indicate median

and error bars interquartile range. #p < 0.01 (Kruskal-Wallis one way analysis of varia
Abbreviations: HC, healthy control; MFI, mean florescence intensity; Pr, pregnant.

concentration. (C) Correlation between mDC proportions, CD86 expression,

nce and Dunn'’s test for multiple comparisons), *p < 0.05 (Mann-Whitney U).

in PIBF expressing cells between increasing progesterone con-
centrations used during in vitro culture. This may suggest a loss
of sensitivity to progesterone in the second and third trimester
due to over saturation or pregnancy related immune modula-
tion. The gating strategy used to analyze TCR-yd and PIBF
expression is shown in Figure 6C.

DISCUSSION

Our studies of immune parameters in normal pregnancy describe
immune quiescence and inhibition of responses in the second
trimester, which reverse in the third trimester in association with
greater immune activation and functional immune responses.
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We suggest that a complex temporal relationship between acti-
vation and exhaustion determines the functional status of the
maternal immune system during pregnancy.

Previous studies have described gestational increases in
plasma IFN-y and IL-10, and others have shown comparably
greater levels of IL-10 and reduced IFN-y production, meas-
ured by multiplex assays, in response to LPS in pregnancy than
that observed in unstimulated PBMC suggesting a tendency
toward immune repression (43-46). Here, we take a different
approach, assessing cytokine responses by T cells following
recall antigen stimulation, which are largely mediated by EM

and TEMRA subsets (47). Other studies have shown that IL-10
ELISpot PBMC responses are increased in pregnancy (48) and
IFN-y and IL-10 decidual MNC responses are increased in
labor (49). The effect of pregnancy may be to negatively affect
pleiotropic pro-inflammatory cytokine production and cause
immune cells to produce comparably greater IL-10 than in
the non-Pr individual (44, 45). Furthermore, in some infec-
tive pathology, outside of pregnancy, IL-10 serves to suppress
antigen specific (ELISpot) T cell responses ex vivo (50). Our
results show that IFN-y responses are reduced in the second
trimester compared to third trimester pregnancies, despite

Frontiers in Immunology | www.frontiersin.org

September 2017 | Volume 8 | Article 1138


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Shah et al.

Pregnancy-Associated Increased Immune Response

the observed increase in CD4 EM proportion in the second
trimester, which have rapid effector functions and homing to
inflamed tissues (47). This decline in responses reverses in the
third trimester. This observation suggests that effective inhibi-
tion of CD4 responses characterizes the second trimester. IL-10
responses showed a pattern similar to IFN-y, arguing against
a role for antigen-induced IL-10 in immune tolerance in mid-
gestation. However, IL-10 production may have a key role in
the third trimester, holding the ascendant immune activation
in check. Of note, although IL-4 and granzyme B responses
were largely undetectable, they showed a similar pattern to
IFN-y and IL-10 when measurable. Thus, immune responses
in the second trimester are largely muted but are subsequently
restored to a non-Pr level in the third trimester. Therefore,
we propose that immune tolerance predominates during the
second trimester, which is reversed in the third trimester,
requiring active immune suppression to prevent exaggerated
immune responses. In this study, we sought to understand the
potential mechanisms at play.

Programmed death-1 and PD-L1 exhaustion markers
are expressed on not only activated lymphocytes and Tregs
but also non-hematopoietic and non-lymphoid cells such as
placenta (8). The interaction between PD-1 and its ligand can
either negatively or positively affect leukocyte activation (8).
PD-L1 blockade in mice leads to impaired FoxP3 induction
(51), a reduction in Treg proportion and favors a shift toward
Th17 T cell phenotype that represses feto-maternal tolerance,
resulting in embryo reabsorption (52, 53). Therefore, in the
context of pregnancy, PD-1 signaling is required for both
the suppression of effector T cells and the maintenance and
induction of Tregs. In addition, the PD-1-PD-L1 pathway
may induce fetal-specific T cells apoptosis thus limiting their
accumulation (8). Our observations suggest that during the
second trimester, a selective dampening of primary CD8 T cell
immune responses and CD4 EM immune quiescence occurs,
which reverts in the third trimester. In addition, we found
that Treg proportions were increased in the second trimester
compared to controls in keeping with previous reports (54).
However, this may not be an accurate reflection of their
functional status.

Pregnancy is characterized by significant changes in endo-
crine hormones and receptors. A close relationship between the
endocrine and immune system has previously been reported
(55). It is likely that the majority of changes seen in pregnancy
are driven by the hormones estrogen and progesterone (56-58).
Increasing concentrations of both hormones positively correlate
with increasing gestation and successful pregnancy (56, 59, 60).
Estrogen has been shown to promote immune tolerance by inhib-
iting CD4 T cell expansion and promoting apoptosis, increasing
Treg proportions, and promoting tolerant DC expressing inhibi-
tory markers (61-63). In addition, T cells express other steroid
hormone receptors including glucocorticoid (GR) and androgen
(AR) receptors that enable modulation of T cell functions (64, 65).
For example, progesterone can bind to GR on T cells to increase
Treg proportions, and testosterone binds to AR to regulate Thl
differentiation and promote FoxP3 expressing Tregs (64-66),
although the latter is less important in pregnancy.

Progesterone is important for the establishment and main-
tenance of pregnancy and exerts immunemodulatory effects
(67). Some of these are mediated by the lymphocyte-derived
protein PIBF (31, 32). PIBF production is mediated through
PRs in TCR-yd* and CD8" T cells. Indeed, in vitro treatment
of leukemic cell lines and CD3* T cells with progesterone
increases PIBF protein expression (68-71). PIBF binds a GPI-
anchored receptor in a heterodimer with the a-domain of the
IL-4 receptor, activating STAT6, inducing a Th2 cytokine bias,
and suppressing lymphocyte cytotoxicity (33, 72). TCR-yd
T cells comprise >70% of decidual, but only 1-2% of periph-
eral, lymphocytes. They become progesterone-responsive after
exposure to fetoplacental antigens stimulates PR expression
(31). Uniquely, they combine adaptive and innate-like responses
and are able to interact with non-classical HLA antigens such
as those expressed by trophoblast (31, 73). Our results show a
fall in proportion of CD4 TCR-yd* T cells, which may suggest
TCR-yd hypoexpression or apoptosis. However, we have also
shown a greater PIBF expression in CD8*TCR-yd" T cells under
the influence of progesterone in the second trimester. With
greater regulation of responder CD8 T cells in mid trimester, as
suggested by the differential expression of exhaustion markers
in TEMRA subsets, it seems the second trimester is also char-
acterized by progesterone regulation of MHC unrestricted CD8
TCR-y8* T cells. Unexpectedly, progesterone did not increase
the expression of PIBF in the CD4*TCR-yd subset. This may
be due to an absence of antigenic stimulus, or indicative of
negative regulation of systemic immune activation at this stage
of pregnancy; our samples were taken between 22-27 weeks
and 30-39 weeks of gestation (IQR). Indeed, a previous study
that demonstrated a concentration-dependent increase in
PIBF expression, measured by flow cytometry, and used blood
taken at 16-24 weeks of gestation, whereas our study has used
a much wider gestational range (71). Urinary PIBF falls in the
third trimester despite increasing progesterone levels, perhaps
explaining our results (74, 75). In order to further elucidate the
impact of pregnancy on adaptive immunity we also analyzed DC
phenotype and IDO activity.

Pregnancy-specific cytokines and progesterone have been
shown to modify DC maturation and their ability to influence
T cell responses by promoting IL-10 production and increas-
ing the number of iTregs (20, 76, 77). Profiling of DC in our
experiments showed decreased proportions of mDC but not
pDC in peripheral blood, with dampened immune activating
phenotypes. It remains unclear whether this loss of DC in the
periphery is due to apoptosis or redistribution to other sites.
Furthermore, we demonstrated a correlation between mDC
proportions, pDC and mDC activation, and neopterin concen-
tration as well as between mDC proportion and IDO activity.
These changes are predominately seen in the third trimester
and are closely related to T cell activation. Previous studies
have shown a falling trp concentration but increasing KTR with
advancing gestation suggesting increased IDO activity (78).
We found that trp concentration but not KTR showed a ges-
tational reduction, which was not mirrored by increased kyn
concentration. An alternative explanation is trp and metabolic
steroids can induce trp 2,3-dioxygenase activity in the liver to
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catabolize trp (79). Thus, the fall in trp concentration maybe due
to altered trp bioavailability to favor fetal development rather
than a reflection of greater IDO activity (80). However, we can-
not exclude the possibility that DC phenotype and IDO activity
share the same gestational variation as seen on T cells with a
“Yin and Yang” relationship between immune activation and
regulation. IDO activity has previously been shown to correlate
with neopterin concentrations in pregnancy (17).

The reconstitution of immune responses in the third trimes-
ter, suggested by our ELISpot data, is accompanied by greater
immune activation. It is already known that pregnancy is asso-
ciated with increased immune activation, typified by the high
proportions of CD38*HLA-DR* T cells throughout pregnancy
and up to 6 months after delivery (81). Our data show that CD38
expression on CD8* T cells gradually increases with gestation,
and HLA-DR expression by CD8 T cells correlated with increas-
ing concentrations of neopterin, which is a surrogate marker
for IFN-y-associated immune activation (82, 83).

Apoptosis has also been proposed as a means of regulating
immune responses in pregnancy to favor the semiallograft.
Analysis of CD95 expression on T cells in our cohort showed
that its expression was increased on both CD4 and CD8 T cells
progressively with gestation and in parallel to increased immune
activation. The CD95-CD95L pro-apoptotic pathway may
potentiate maternal immune tolerance during normal pregnancy.
Thus, the expression of CD95L by trophoblast may induce apop-
tosis of CD95 expressing activated cytotoxic maternal T cells at
the maternal-fetal interface. Consistent with this, different CD95
gene polymorphisms have been shown to alter the risk of early
pregnancy loss (84, 85). Moreover, the absence of CD95 expres-
sion is associated with a reduction in the deletion of fetus-specific
T cells, but this does not result in an increased incidence of fetal
reabsorption (86). The outcome of CD95 ligation on T cells may
depend on the dose of the signal and the cytokine environment
suggesting a more complex immunologic scenario than suggested
above (87).

Another inhibitory marker that may influence immune
responses, TIM-3, is expressed on the surface of terminally dif-
ferentiated Th1 but not Th2 cells and its signaling downregulates
Th1 and Th17 responses by inducing apoptosis (88). These effects
are galectin-9 mediated, which is expressed on gastrointestinal
epithelium, endothelium, and immune cells. TIM-3 may be
hormone and cytokine regulated with increased expression in
pregnancy (89, 90). Our data suggest a reduction in CD8*TIM-3*
T cells in the second trimester of pregnancy that reverts to nor-
mal in the third. This reflects similar changes seen in CD95 and
CD38 expression.

The reversal of immune tolerance suggested by our data may
reflect the processes occurring prior to the onset of parturition.
Labor is an inflammatory process and may be driven by fetal
antigen exposure and potent innate immune stimulus. Previous
reports have shown gestational-specific changes in IFN-y, TNF-
a, IL-2, IL-3, IL-6, IL-10, IL-12, and GM-CSF (43, 44, 91, 92).
Inflammation per se can lead to the release of mitochondrial
DNA due to tissue necrosis (93). In addition, labor is associated
with an increase in corticotrophin-releasing hormone mRNA

found in syncytiotrophoblast membrane microparticles (94).
Placental-derived mitochondrial DNA and syncytiotrophoblast
membrane microparticles-induced monocyte cytokine secretion
may contribute to the inflammatory processes occurring before
and during parturition (93, 95). Other reports have shown that
decidua contains differentiated EM cells poised to respond
to antigen and that fetal-specific T cells respond to placental
antigens in draining LNs (37, 96-98). Nancy and Erlebacher
postulated whether the presentation of antigen at the mater-
nal-fetal interface serves to reinforce the activation of placenta-
specific T cells that were first exposed to antigen elsewhere (96).
Therefore, parturition appears to involve an array of triggers for
cell-mediated and innate responses in a poised and activated
immune system.

Collectively, our data indicate that the adaptive immune
system from mid to late pregnancy is increasingly activated, with
simultaneous negative regulation of responder T cells, sugges-
ting a delicate balance between immune responses and immune
tolerance. However, whereas immune suppression dominates
in the second trimester, this gradually reverses in the third
trimester.
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