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Tolerance to the Fetus
Sudipta Tripathi'?, Indira Guleria'?

Tolerance of the fetus by the maternal immune system is regulated
through various mechanisms involving the different immune cells, both
in the periphery and locally at the feto-maternal interface. The maternal T
Iymphocytes are aware of the paternal fetal antigens and a state of dynamic T
cell homeostasis is maintained in the uterus during gestation, which involves
increase in antigen-specific regulatory T cell (Treg) proliferation, increase
in apoptosis of antigen-specific effector T cells, and inhibition of excessive
inflammation post successful implantation to ensure tolerance to the fetus. The
Tregs play an important role in the maintenance of tolerance during gestation.
Recently, the inflammatory T helper type 17 (Th17) cells are reported to have
arole in loss of tolerance to the fetus. The interaction between costimulatory
molecule programmed death 1 (PD1) and its ligand PDL1 is known to play
a role in regulating both the Tregs and Th17 cells. Here we discuss how
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t is conventional knowledge that a T helper type 2

(Th2)-type immunity is essential, dominant, and protective
in the context of feto-maternal tolerance.!* In mice, the
expression of Th2-type cytokines, interleukin (IL)-4, IL-5,
and IL-10, are reported at the feto-maternal interface (FMI).
The Th2-type cytokine environment is maintained all
throughout the gestation period, whereas interferon gamma
(IFN-y), an inflammatory T helper type 1 (Th1) cytokine,
along with IL-11, tumor necrosis factor (TNF), and leukemia
inhibitory factor (LIF) are, though essential, are transient and
detectable in early pregnancy.” Thus, the simplistic concept
of good-Th2 type and bad-Thl type of response has been
used to describe the phenomenon of feto-maternal tolerance.
However, recurrent spontaneous abortions and preeclampsia
are observed and reported in both Th1l and Th2 dominant
immunity. Therefore, the Th1/Th2 paradigm does not
adequately explain the mechanisms of tolerance at the FML!¢
Further, identification of novel Th-type populations, namely
T helper type 17 (Th17) and regulatory T cells (Tregs), adds

more layers of complexity to the paradox of tolerance to the
fetus. Both the Th17 and Treg populations have been shown
to play a role in modulating the tolerance at the FML™ This
review aims to examine the crosstalk between Th17 and
Tregs and the role of programmed death 1 (PD1)/PDL1
(ligand of PD1) pathway in induction and maintenance of
tolerance at the FMI.

Mechanisms of tolerance at the FMI

A successful pregnancy is the result of maintenance of
tolerance to the fetus by the maternal immune system, as
well as protection from other harmful infections. A dysregu-
lated maternal immunity is associated with complications
in pregnancy resulting in fetal loss. The immune cells pres-
ent in the uterus during the period of gestation are tightly
regulated and a very fine balance exists between immunity
and tolerance at the FMI. A number of different mechanisms
are involved in the maintenance of feto-maternal tolerance
and have been described and discussed in detail by various
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authors.*$12 Tn this section, we will briefly highlight the
mechanisms involving the immune cells, both at the site
and in the periphery, that contribute to the maintenance of
tolerance at the FMI.

The semi-allogeneic nature of the fetus expressing the
paternal antigens is capable of inducing an allogeneic
response from the maternal immunity. However, the
trophoblast cells in both human and mice lack the expression
of major histocompatibility complex (MHC) class II
molecules on their surface, and thereby prevent the MHC
class II-mediated T cell response. On the other hand, the
trophoblast cells do express low levels of classical MHC
class I molecules that makes the fetus prone to attack by the
natural killer (NK) cells.!®! The NK cell-mediated lysis of
trophoblast cells is prevented by the co-expression of MHC
class I molecules and the NK inhibitory receptors that sup-
press activation of NK cells,'"* as well as the interactions
of NK cells with non-classical MHC class I molecules
like HLA-G and HLA-E expressed on the trophoblast.!'!
There are also several factors preferentially induced by
the trophoblast that create an immunosuppressive mi-
croenvironment. Indoleamine 2,3-dioxygenase (IDO) is
one such enzyme that exerts a distinct immunosuppressive
function together with Tregs, resulting in T cell anergy
and inhibition of proliferation.!") Another regulatory
glycoprotein called glycodelin-A (GdA) is also secreted
by the trophoblast cells in response to progesterone, which
selectively inhibits Th1 type of cells and shifts the cytokine
milieu toward a Th2 type.'"'¥1 GdA also induces tolerance in
dendritic cells." Expression of Fas ligand by the trophoblast
cells that can induce apoptosis of activated lymphocytes
that express Fas is another mechanism by which tolerance
is maintained at the FMI."2! Fas ligand is reported to be
expressed by both human and murine trophoblast cells and
contribute toward the tolerance of the fetus by the maternal
immune system.>*26

Multiple mechanisms of peripheral tolerance also
prevent a maternal alloresponse, as there is evidence
to suggest that T cell awareness of paternal alloantigen
exists and maternal alloreactive T cells persist throughout
gestation.”””* Tregs are present and have been detected in
the human deciduas,”>" and are essential for the mainte-
nance of tolerance in allogeneic pregnancy in mice.?"3 In
humans, an increase in circulatory Tregs has been reported
during early pregnancy, which peaks at the second trimester
and declines postpartum.™ In another study, Wegienka et al.
also reported an increase of Tregs in the periphery between
the prenatal and postpartum period.¥

Fetal antigens are also recognized by the maternal B
cells and tolerance to the fetus is achieved by deletion of
alloantigen-specific B cells during gestation, as reported by
Ait-Azzouzene et al.?>3
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Negative costimulatory signaling pathways, like
CTLA4/B7 and PD1/PDL1, involved in the regulation of
effector T cell activation and proliferation are also known to
contribute toward the tolerance of the fetus. Both the CTLA4
and PD1 molecules are expressed on the Tregs and play a
role in the suppressive function of these cells.

Polymorphism in the CTLA4 gene is associated with
preeclampsia in humans, suggesting an important role of
this negative costimulatory molecule in feto-maternal toler-
ance.P” Decreased expression of CTLA4 is reported in fetal
loss in humans.®8¥1 Low ratios of CTLA4/CD28 are also as-
sociated with fetal 1oss.1*”' In mice, blockade of CD80 (B7.1)
and CD86 (B7.2), the ligands for both CD28 and CTLA4,
is shown to be protective in abortion-prone allogeneic mat-
ing and increases fetal viability.! This protective effect of
anti-B7 antibody treatment might be due to inhibition of the
CD28/B7 signaling, but the authors report an accompanied
increase in CTLA4 expression in Tregs. There are also con-
trasting reports where neither blockade of CTLA4 interferes
with the tolerance induction™ nor blockade of B7.2 has a
protective effect on viability of the fetus in mice.**! The
role of CTLA4/B7 pathway in feto-maternal tolerance is
summarized here.[*¥

The PD1/PDL1 pathway, like CTLA4/B7, is a nega-
tive regulator of effector T cell function and is thought to
maintain peripheral tolerance.¥ PDL1 is expressed by the
fetal cells and interacts with the PD1-expressing maternal
cells, like the Tregs or the naive T cells, and contributes
to the tolerant uterine microenvironment. Blockade of the
PD1/PDL1 pathway affects the Treg population and results
in fetal loss in mice.>#346)

Another costimulatory pathway, namely the ICOS/B7h,
is also reported to play a critical role in the maintenance
of a tolerogenic environment at the FMI. Blockade of this
pathway results in increase in fetal loss by reducing IDO
and transforming growth factor beta (TGFp) locally at the
FMI and increasing CD8+ T effector cell response in the
periphery.” The role of B7 family of costimulatory mol-
ecules as regulators of feto-maternal tolerance is discussed
in detail in the article by Petroff and Perchellet.™®!

Tregs and tolerance at the FMI and in the
periphery

Tolerance at the FMI is attributed to various mecha-
nisms involving many different cell types. Dendritic
cells (DCs)," macrophages,®'! and uterine NK®? cells are
all involved in this complex regulation of tolerance. Current
evidence suggests that Tregs also play an important role in
this phenomenon, both in the periphery as well as locally
at the FMI.B1-32:33:541

The frequency of Tregs is markedly increased in early
pregnancy, reaches a peak at mid gestation, and thereafter



decreases to the non-pregnant levels postpartum.™3 Similar
increase in Tregs during pregnancy in humans is also re-
ported.?33 Fetal antigen-specific maternal Treg response
was reported in a study by Kahn er al. where a selective
reduction in male offsprings was observed after in vivo
deletion of Tregs.® Expansion of Tregs in response to
paternal antigens during pregnancy is also reported in al-
logeneic pregnancy in mice. Both depletion and adoptive
transfer of Tregs modulate the rate of resorption. Deple-
tion of Tregs results in an increased rate of resorption and
failure in implantation in early pregnancy, as reported by
Shima et al.57 In another study, Yin et al. provide similar
evidence of modulation of fetal resorption by Tregs in early
pregnancy by adoptive transfer of Tregs expanded in vitro.>®!
An increase in the Treg population in the periphery during
allogeneic pregnancy®*>%! and recognition and tolerance
to paternal alloantigens are reported in mice model of al-
logeneic pregnancy.66!

The role of Tregs in maintaining tolerance in human
pregnancy is also reported by various groups,?**$261 The
proportion of peripheral Treg population is reported to be
low in patients with unexplained recurrent spontaneous
abortions compared to patients with normal pregnancies. %46

Hao et al. propose a possible mechanism of Treg
expansion at the FMI that is dependent on the production
of IDO by the trophoblasts. IDO produces kynurenine that
activates the aryl hydrocarbon receptor (AhR) and leads to
AhR-dependent Treg cell generation.!®

There is general consensus that Treg population ex-
pands in the periphery during gestation in both human
and mice. However, there are conflicting reports about the
kinetics of Treg levels at different stages of gestation. The
role of Tregs in the pathology of preeclampsia in humans
is also controversial, with studies reporting decrease in
Treg levels in preeclampsia patients and those reporting
otherwise. In mice, however, a lower level of Tregs at the
local site as well as periphery is associated with fetal loss.
All of the above and a more detailed discussion on the role
of Tregs in murine and human pregnancies are discussed in
the review by Teles et al.'*"!

The role of Tregs in maintaining tolerance at the
periphery and also locally at the FMI during gestation is
extensively studied and is well established.%! The recent
understanding in Treg plasticity and their conversion to
Th17-type cells is important in the context of feto-maternal
tolerance and needs to be addressed as more reports of Th17
cell involvement in fetal loss emerge.

Role of Th17 in maintenance of tolerance at the
FMI

The IL-17 secreting inflammatory Th17 cells have
been associated with rejection of allografts and abrogation
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of tolerance. But their role in feto-maternal tolerance is not
so well studied. In humans, there are conflicting reports
of circulating levels of Th17 cells in the periphery during
pregnancy. Low frequencies of Th17 cells are reported in the
decidua in comparison to blood during early pregnancy in
humans." In women with recurrent spontaneous abortion,
serum IL-17 level is reported to be significantly high."!7%
Increased IL-17 secretion and administration of recombinant
IL-17 are reported to increase the rate of resorption in mice.

In a study by Liu et al. conditioned media from tro-
phoblast cells cultured in vitro modulated the peripheral T
lymphocytes to a Th2 type of phenotype and decreased Th1
cytokine production as well as IL-17 production.

Wang et al. have shown that Th17 cells increase in pa-
tients with recurrent spontaneous abortion that is accompa-
nied by the decrease of Tregs. They also reported a disruption
in regulation of Th17 cells by Tregs in these patients.”"7* In
another study by Wang et al. administration of recombinant
IL-17 (rIL-17) was observed to increase the rate of abortion
that was accompanied by a decrease in TGF-p and IL-10
production in mice. Further, adoptive transfer of Tregs into
these mice reversed the effect of rIL-17 administration,”*
suggesting the role of Tregs in controlling the effect of IL-17
or Th17 cells in pregnancy.

The in vivo plasticity of the Th17 cells and their inverse
correlation with the Treg population provides an interesting
addition to the existing Th1/Th2 paradigm in the context
of feto-maternal tolerance. Two cytokines associated with
successful pregnancy, IL-4 and IL-6, also play a role in
modulating the Th17 cells™>7% and may point toward a Th
cell plasticity between Th1, Th2, and Th17 cell populations,
which is beyond the scope of this review. The role of IL-4 in
the regulation of Th17 cells has been discussed in detail else-
where.””l Having said that, the plasticity of the Th17 cells
is their most interesting characteristic and future studies
will provide additional dimensions to our understanding of
tolerance at the FMI.

PD1/PDL1 pathway and feto-maternal
tolerance

The PD1/PDL1 pathway is one of the major negative
costimulatory pathways, along with CTLA4, that regulates
T cell activation and has been shown to play a role in the
in vivo plasticity of Th cells, resulting in conversion of
Thl cells to Treg type.” The PD1/PDLI1 pathway is also
thought to maintain peripheral tolerance.” The role of this
pathway is relevant in the context of feto-maternal tolerance,
as PDL1 is expressed on the trophoblast cells of the placenta
and PD1 is expressed on the maternal effector and Tregs.

The role of PD1/PDL1 pathway in mediating tolerance
to allografts is already known. Studies by our group have
shown that the PD1/PDL1 pathway also plays an important

BiomedJ Vol. 38 No. 1
January - February 2015



28 Sudipta Tripathi and Indira Guleria:
PD1/PDLI pathway in feto-maternal tolerance

role in the maintenance of tolerance to the fetus.

A study by Guleria et al. reported that the blockade of
PD1/PDLI1 pathway results in fetal loss in allogeneic mouse
model of pregnancy, and the involvement of PD1/PDL1
pathway in feto-maternal tolerance.™¥ The effect of an-
ti-PDL1 treatment is mediated through the maternal T cell
population that is alloreactive and secretes high amounts
of IFN-y.

Another study by our group provides evidence of a
link between PD1/PDL1 pathway and Tregs in promoting
tolerance at the FMI. In continuation of their previous ob-
servations that abrogation of tolerance at the FMI by PDL1
blockade is mediated through the maternal T cells, Habicht
et al. provided further evidence that PDL1 blockade results
in functionally deficient Tregs.™ !

The above observations suggest an indirect effect of
PDL1 blockade on alloreactive maternal T cells which is me-
diated through Tregs that are rendered inefficient and unable
to regulate the tolerance mechanism at the FMI. Blockade
of PDL1 also results in excessive inflammation, observed
by high IFN-y production, creating a pro-inflammatory en-
vironment conducive to Th1/Th17 effector T cell induction
and proliferation.

D’ Addio et al. reported that PDL1 blockade results in
a shift in the Th balance more toward a Th17 type at the
FMI. However, they did not observe a conversion of Tregs
to Th17 phenotype following anti-PDL1 treatment; rather,
they saw an increase in IL-17 producing CD4* Foxp3~ cells
and also a decrease in conversion of CD4* Foxp3~ cells into
CD4* Foxp3* cell type. Figure 1 illustrates the interaction
between Treg and Th17 cells.

Again these observations suggest an indirect effect of
PDLI1 blockade on effector T cells that is mediated by the
functionally defective Treg population.

In another similar study, blockade of PD1 is reported to
abrogate the protective effect of Tregs in an abortion prone
CBA x DBA mouse model of allogeneic pregnancy.*? PD1
is also reported to regulate the abundance of antigen-specific
maternal T cells during pregnancy. PD1 is upregulated by the
maternal T cells during gestation and in the absence of PD1
paternal antigen-specific maternal CD8+ T cells accumulate
in the uterine draining lymph nodes in large numbers. This
phenomenon is due to decrease in the rate of apoptosis of
these cells.® In another study, PD1 blockade was found
to be associated with increased T cell proliferation in the
spleen. In the uterus draining lymph nodes, proliferation is
limited to only the CD4+ T cells following PD1 blockade,
whereas in the uterus, the T cell pool is completely altered,
and the authors suggest that PD1 plays a role in regulat-
ing the dynamic T cell homeostasis in the uterus during
pregnancy.!

These studies provide direct evidence that the
PD1/PDL1 pathway plays an important role in fetal pro-

BiomedJ Vol. 38 No. 1
January - February 2015

tection. Blockade of this pathway, by either anti-PD1 or
anti-PDL1, results in diminished Treg function, increased
T cell accumulation and proliferation, dysregulated T cell
homeostasis, and abrogates the fine balance of tolerance
and immunity at the FMI.

Crosstalk between the PDL1, Th17, and Tregs
at the FMI

The recent understanding in Treg plasticity and their
conversion to Th17-type cells under certain inflammatory
cytokine polarizing conditions are of interest in feto-maternal
tolerance due to the unique and transient nature of inflamma-
tion associated with gestation. The plasticity of the Th cell
population, specifically conversion between the T regulatory
and the Th17 phenotype, may explain the regulation of T
cell tolerance at the FMI. The PD1/PDL1 pathway plays an
important role in this mix, as it directly affects the suppres-
sive properties of the Treg population™® as well as abrogates
the protective effects of Treg treatment.™* Blockade of PD1/
PDL1 pathway also prevents the conversion of naive Th cells
to a Treg phenotype,™ thereby creating a bias toward an
inflammatory environment that is conducive for the survival
and expansion of both Th1 and Th17 types of cell popula-
tions. Th17 cells are involved in fetal loss, as discussed earlier
in this article, by creating an excessive inflammatory micro-
environment at the FMI. There is also another additional risk
of Th17/Thl plasticity that has the potential to prolong the
transient inflammatory microenvironment at the FMI that we
have not summarized here. Transient inflammation is good
and necessary in early gestation, and excessive and prolong
inflammation at the later stages of gestation is regulated by
the anti-inflammatory cytokines secreted by the trophoblast
at the local site and the Tregs to prevent fetal loss by the
maternal effector T cells. The role of PD1/PDL1 pathway
comes to play in maintaining this homeostasis between Tregs,
Th17, and Thl cells, thereby regulating tolerance at the FMI.

The PD1/PDL1 pathway may contribute to the regula-
tion of tolerance at the FMI through multiple mechanisms.
(1) The PD1/PDL1 pathway probably regulates the induction
and differentiation of the uncommitted helper T cells into
a paternal antigen-specific Treg phenotype, as it is already
reported that T cell awareness to paternal antigens exists and
paternal antigen-specific Tregs are detected in the decidua.
(2) An inverse correlation is observed between the propor-
tion of Th17 cells and Tregs in pregnancy, and PD1/PDL1
pathway might also play a role in maintaining the ratio of the
Th17/Tregs at the FMI as blockade of the pathway results in
an increase in the IL-17 producing cells. (3) The PD1/PDL1
pathway also regulates the suppressive activity of the Tregs
and, thus, indirectly regulates the effector T cell population
at the FMI and maintains a tolerant environment. It is already
known that the PD1/PDL1 pathway is involved in the con-
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Figure 1: Blockade of PD1/PDL1 pathway may result in a decrease
in the efficiency of Tregs and an increase in inflammatory Th17 cells
leading to loss of tolerance at the FMI.

version of Th1 cells to Tregs.” Figure 1 depicts possible
mechanism of PD1-PDL1 induced tolerance at the FMI.

There are a number of reports that provide evidence of
PD1/PDLI1 pathway controlling the Th17 cell population in
various other diseases in humans and also in different mice
models. Dulos et al. reported that blockade of PD1/PDL1
pathway in patients with cancer leads to a Th1/Th17 type
of cellular response accompanied with increased IL-17 pro-
duction.® In another study, Rui er al. provided evidence of
increased differentiation and production of antigen-specific
Th17 cells in PD1-knockout mice.®! A large number of
studies, mostly in the context of cancer immunotherapy,
report that the blockade of PD1/PDL1 pathway leads to an
increase in effector T cell response with a proinflammatory
Th1/Th17 bias and decrease in Treg efficiency and percent-
age in the tumor microenvironment. At present, blockade of
the PD1/PDL1 pathway is also under consideration as an
effective cancer immunotherapy.

Considering all the current evidences, it is needless to
say that PD1/PDL1 pathway is an important regulator of
the Treg and Th17 balance in many different disease condi-
tions and also plays a significant role in maintaining the fine
balance between tolerance and immunity at the FMI. The
question that remains to be answered is if the PD1/PDL1
pathway plays a direct role in the regulation of tolerance
by preventing conversion of Tregs to Th17 cells in the de-
cidua or maintains the homeostasis between the Tregs and
Th17 cells at the FMI and indirectly maintains the tolerance.
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