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Abstract

Paternal antigens expressed by the foetus are recognized as foreign. Therefore,—according to the rules of transplantation
immunity—the foetus ought to be “rejected”. However, during normal gestation, maternal immune functions are re-adjusted,
in order to create a favourable environment for the developing foetus. Some of the mechanisms that contribute to the altered
immunological environment, for example, the cytokine balance and NK cell function, with special emphasis on the role of

progesterone and the progesterone-induced blocking factor (PIBF) will be reviewed.
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Novelty and innovation

In 1953, the transplantation immunologist Sir Peter Meda-
war, asked the question: how does the pregnant mother con-
trive to nourish within itself, for many weeks or months, a
fetus that is an antigenically foreign body?”.

During the past more than 50 years, it has become evi-
dent that the immunological relationship of the mother
and the foetus does not follow the rules of transplantation
immunology. Pregnancy is characterized by profound altera-
tions of the endocrine functions. Progesterone concentra-
tions increase throughout pregnancy and in addition to its
role in preparing the endometrium for implantation, this
hormone plays a very important part in creating a tolerant
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immunological milieu. Recent data suggest that extracellu-
lar vesicles are—at least in part—responsible for messaging
between the two sides of the foeto—maternal unit.

Background

The primary role of the immune system is to protect the
organism from dangerous foreign antigens. Pregnancy pre-
sents a unique task; while controlling emerging infections,
the immune system is also required to create a favourable
environment for the foetus. Though the presence of anti-
paternal and anti-foetal antibodies in the sera of multiparous
women clearly shows that though pregnancy is recognized
by the immune system, the semi-allogeneic foetus is toler-
ated throughout gestation (Billington 1992).Progesterone
and its downstream mediator; the progesterone-induced
blocking factor (PIBF) are important players in re-adjust-
ing the function of the maternal immune system during
pregnancy.

This paper reviews the mechanisms contributing to mater-
nal immune adaptation to pregnancy, focussing on the roles
of progesterone and PIBF.
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How does the immune system recognize pregnancy?

The embryonic trophoblast, which forms the interface
between mother and foetus, shows a tightly regulated and
limited expression pattern of MHC antigens. While—except
for a small amount of HLA-C—, polymorphic MHC anti-
gens are absent (Billington and Bell 1983), two non-pol-
ymorphic HLA antigens such as HLA-G and HLA-E are
expressed by the extravillous trophoblast.

In the absence of polymorphic HLA, trophoblast-pre-
sented antigens are unlikely to be recognized by T cells in
an MHC-restricted fashion.

HLA-E on the other hand serves as ligand for the CD94/
NKG2A inhibitory receptor, which is present on most decid-
ual NK cell populations, and HLA-E binding to the receptor
downregulates the killing activity of the NK cell.
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Fig. 1 Recognition of trophoblast-presented foetal antigens presented
by maternal immune cells. Because of its unique HLA-expression
pattern the trophoblast is resistant to both T cell- and NK cell-medi-
ated lysis. In the absence of polymorphic HLA antigens T cells will
not recognize trophoblast-presented antigens, while HLA-E binding
to the inhibitory receptors will inactivate NK cells. Gamma/delta T
cells do —on the other hand—recognize foreign antigens without
MHC restriction

Fig.2 The PIBF receptor is

a GPI-anchored molecule,
which—upon ligand binding—
forms a temporary association
with the alpha chain of the IL-4
receptor, and this complex acti-
vates the Jak/STAT pathway

The decidua contains high numbers of activated yd T cell
receptor-positive cells (Liu et al. 1997). y6 T cells are able
to recognize unprocessed foreign antigens without MHC
restriction; therefore, these cells might be candidates for
detecting trophoblast-presented antigens (Heyborne et al.
1994). This is supported by the fact that the majority of
decidual yd T cells are activated and suggests that indeed
this population might be responsible for recognizing foreign
antigens presented by the trophoblast (Fig. 1).

Activated lymphocytes express nuclear progesterone
receptors which have been demonstrated in peripheral blood
v0 T cells (Szekeres-Bartho et al. 2001) and in peripheral
blood NK cells (Arruvito et al. 2008) of pregnant women.
The link between progesterone and the immune system is
partly established by lymphocyte progesterone receptors.
Following the recognition of foetal antigens, Y T cells
become activated and express progesterone receptors (Sze-
keres-Bartho et al. 2001). Progesterone binding to its recep-
tor results in gene activation and the synthesis of mediator
proteins, for example, PIBF (Szekeres-Bartho et al. 1985).

PIBF

The PIBF1 gene is located on chromosome 13 in humans
and chromosome 14 in mice. It is transcribed to 16 different
mRNAs, the longest of which contains 18 exons and codes
for the full-length 90 kDa PIBF protein (Polgar et al. 2003).
The full-length PIBF is a component of the pericentriolar
satellite (Kim et al. 2012) and plays a role in cell cycle regu-
lation and the control of invasion. Smaller isoforms result-
ing from alternative splicing are localized in the cytoplasm
(Lachmann et al. 2004) are secreted and act in a receptor-
mediated fashion. Upon ligand binding, the GPI-anchored
PIBF receptor forms a heterodimer with the alpha chain
of the IL-4 receptor and activates the Jak/STAT signalling
pathway resulting in a Th2-type cytokine production by the
target cell (Kozma et al. 2006) (Fig. 2).
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PIBF is required for the establishment and maintenance
of pregnancy, both in humans and mice. PIBF induces decid-
ual transformation of endometrial stromal cells, which is
a prerequisite for successful implantation (Mulac-Jericevi¢
et al. 2019). In the mouse, endometrium PIBF expression
peaks during the implantation window (Mulac-Jericevié
et al. 2019), suggesting its role in implantation.

In the sera of pregnant women, PIBF concentrations
continuously increase throughout gestation and fall before
labour (Polgar et al. 2004). In spontaneous miscarriage
or preterm delivery serum, PIBF concentrations are sig-
nificantly lower than the normal gestational age-matched
levels (Polgér et al. 2004).

PIBF mediates the immunomodulatory effects of pro-
gesterone. These include altered cytokine production and
NK cell function.

Cytokine production during pregnancy

The suitable immunological environment for the develop-
ing foetus is established via the dialogue of maternal and
foetal cytokines (Wegmann et al. 1993). A recent longi-
tudinal study, in pregnant women showed that, though the
immune system is activated and exerts antigen-specific
cytotoxic T cell responses, IL-10 production and the fre-
quency of regulatory T cells are increased (Shah et al.
2018).

Though implantation requires mild local inflammatory
conditions, pregnancy is characterized by a Th2-domi-
nant cytokine pattern (Wegmann et al. 1993), and conse-
quently by increased immunoglobulin synthesis (Gaunt
and Ramin 2001) and decreased cell-mediated responses
(Tangri et al. 1994). This is reflected by the modified
clinical manifestations of autoimmune and infectious dis-
eases during pregnancy. Approximately 70% of women
with rheumatoid arthritis (a predominantly cell-mediated
autoimmune disorder) experience a temporary remission
during gestation (Adams and Nelson 2008).

Intracellular pathogens, for example, viruses are the
most common vertically transmitted pathogens through
the decidual—placental interface (Stockman et al. 2004).
Infections caused by intracellular pathogens, flair up dur-
ing pregnancy, while the defence mechanisms to extracel-
lular bacteria infections stay intact.

In humans, there is a well-established relationship
between peripheral cytokine patterns and the outcome of
pregnancy (Ng et al. 2002). The levels of LIF, IL-4, IL-10
and M-CSF produced by decidual T cells of women suf-
fering from unexplained spontaneous abortion are lower
than those in normal pregnant women, indicating that
these cytokines may contribute to the maintenance of
pregnancy (Piccinni 2005).

Activated peripheral lymphocytes of healthy pregnant
women produce significantly higher levels of Th2-asso-
ciated cytokines and less Thl-associated cytokines than
those of women with recurrent miscarriages (Raghupathy
et al. 2000).

NK activity during pregnancy

Decidual NK cells which constitute 60—70 per cent of the
lymphocytes in the first trimester human or mouse decidua
differ from circulating NK cells both in their phenotype and
function. While the majority of human peripheral NK cells
express the low density of CD56 (CD56%™) and high levels
of the FCgRIII (CD16), decidual NK cells express a high
density of the CD56 molecule (CD56*¢") and no CD16.

Decidual NK cells are fully equipped for cytotoxic-
ity and can fight intrauterine infections if needed (Quillay
et al. 2016). These cells degranulate in response to hCMV-
infected autologous decidual cells (Siewiera et al. 2013), or
during a spontaneous abortion in mice (Lima et al. 2014),
but despite the abundant presence of cytotoxic molecules
in their cytoplasmic granules, during normal pregnancy,
decidual NK activity is low (Rukavina et al. 1995). Their
low cytotoxic potential is only partly explained by the pres-
ence of HLA-E on the trophoblast, which acts as a ligand for
the NKG2A inhibitory receptor.

Decidual NK cell cytotoxicity might damage the tropho-
blast and lead to pregnancy termination. In humans, recur-
rent miscarriages are associated with an increased number
of endometrial NK cells (Quenby et al. 2009), together with
a reduced % of CD16-CD56" " cells among the former
(Yamada et al. 2003). Pregnant women with spontaneous
abortions of unknown aetiology have a high NK activity
(Putowski et al. 2004).

The role of progesterone-dependent
immunomodulation in the establishment
and maintenance of pregnancy

Studies with progesterone receptor knockout mice revealed,
that during pregnancy, immunologically active PIBF is pro-
duced via activation of the classical Progesterone Receptor
A (Mulac-Jericevic et al. 2019). PIBF induces increased pro-
duction of Th2 cytokines (Szekeres-Bartho and Wegmann
1996), and the high endometrial expression of PIBF cor-
responding to the implantation window suggests that this
molecule might be involved in implantation.

Studies on PIBF-deficient pregnant mice not only con-
firm the importance of PIBF in the establishment and the
maintenance of pregnancy, but also reveal new details about
the action of this molecule on the immune system. Preg-
nant mice rendered PIBF-deficient in the peri-implantaton
period had significantly less implantation sites compared
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to the controls, and the embryos that were implanted nev-
ertheless were resorbed in later pregnancy. The number of
PIBF + decidual NK cells decreased, while both decidual
and peripheral NK activity increased in PIBF-deficient mice
(Csabai et al. 2020). Earlier data show that the increased
resorption rates in pregnant mice induced by anti-PIBF anti-
body were corrected by treating the mice with anti-NK-1.1
antibody (Szekeres-Bartho et al. 1996), suggesting that
PIBF protects pregnancy partly, by keeping NK activity at a
low level. Laskarin et al. (1999) reported that PIBF blocks
upregulation of perforin expression in decidual lymphocytes,
while anti-PIBF antibodies reversed the progesterone medi-
ated reduction in the cytolytic activity of decidual lympho-
cytes. Faust et al. (1999) showed that PIBF inhibits cyto-
toxicity of peripheral NK cells by inhibiting degranulation,
but without interfering with target conjugation. Based on
these data, it cannot be ruled out that PIBF present in the
cyoplasmic granules contributes to low decidual NK activity
of decidual NK cells..

A recent study showed that IL-33 induced expression of
PIBF1 by decidual B cells prevents preterm labour both in
humans and mice (Huang et al. 2017). While a distinct layer
of PIBF + B cells was present in the chorio—decidual inter-
face of control mice, B cells were completely depleted from
the deciduas of anti-PIBF treated mice (Csabai et al. 2020).

The genes implicated in T cell activation were signifi-
cantly downregulated in peripheral CD4 + and increased in
CDS8 + of PIBF-deficient animals (Csabai et al. 2020). The
gene for IL-4 was significantly downregulated in periph-
eral CD4+ cells while that of IL-12A was upregulated in
CD8 + cells, of PIBF-deficient mice, suggesting that in the
absence of PIBF, T cells differentiate to Th1, rather than Th2
(Csabai et al. 2020).

Taken together, these data suggest that a significant part
of the immunological pregnancy-protective effect of pro-
gesterone is manifested via its downstream mediator PIBF.
Following recognition of foetally derived antigens, mater-
nal lymphocytes become activated and develop progesterone
receptors. Progesterone binding to the receptor induces PIBF
synthesis, which, by controlling NK activity and by induc-
ing a Th2-biased immune response, allows pregnancy to go
to term.

The peri-implantation embryo communicates
with the maternal immune system via extracellular
vesicles

Signals emitted by the developing embryo might reach
and re-adjust the function of the maternal immune system.
Embryo culture media exert an immunosuppressive activ-
ity (Daya and Clark 1986). In line with this, incubation of
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human peripheral lymphocytes with the culture media of
fertilized eggs, but not that with follicular fluid resulted in
increased IL-10 mRNA expression by the lymphocytes (Kel-
emen et al. 1998).

These data suggest that embryo-derived messages can
influence the maternal immune response; however, little
is known about the mechanism of signalling. EVs might
be considered as a means for conveying the information
from the embryo to the mother.

Extracellular vesicles (EVs) are membrane-coated
structures that may express phosphatidylserine (PS) in
their membrane.

All types of cells produce EVs, which transport various
cargos, for example, cytokines that could activate signal-
ling pathways, and thus alter the biological functions of
the target cells (Desrochers et al. 2016).

The message carried by EVs affects the reproductive
process at different points.

Some of the miRNAs in follicular fluid target genes that
regulate oocyte growth as well as several other reproduc-
tion pathways, and endocrine functions (Sang et al. 2013).
Qu et al. (2017) showed that the negative effects of culture
media replacement during embryo culture are due to the
loss of embryo-derived EVs and can be corrected by exo-
some supplementation. EV-mediated interactions between
the endometrium and the blastocyst promote implantation
(Ngetal. 2013). EVs from a human uterine epithelial cell
express the extracellular matrix metalloprotease inducer
(Braundmeier et al. 2012,) which induces the expression
of MMPs, thus EVs might also play a role in endometrial
remodelling (Barundmeier et al. 2012). These data suggest
that embryo-derived EVs do indeed carry molecules that
contribute to normal embryo development.

The peri-implantation embryo produces EVs both
in vitro, and in in vivo (Pallinger et al. 2017), which are
taken up by close by cells (Saadeldin et al. 2014).

Embryo-derived EVs might communicate with the
maternal immune system by presenting antigens (Monte-
calvo et al. 2008), carrying MHC molecules (Nolte-’t
Hoen et al. 2009) or cytokines (Pizzirani et al. 2007).

Pallinger et al. (2018) reported that PIBF-containing
embryo-derived EVs affect the cytokine production of
peripheral lymphocytes. Incubation of murine spleen
cells with embryo-derived EVs increased the number of
IL-10 + cells among peripheral CD8 + cells, but not in
the CD4+ population, and pre-treatment of EVs with an
anti-PIBF antibody abrogated this effect. Their data sug-
gest that PIBF transported by the EVs from the embryo
to maternal lymphocytes might induce increased IL-10
production by the latter, this way contributing to the Th2-
dominant immune responses described during pregnancy.

This pathway might have its significance in reproduc-
tion. Because embryo-derived EVs might transport various
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Fig. 3 Progesterone-dependent immunomodulation in pregnancy

molecules,—PIBF, among others—, it cannot be ruled out
that these structures act as means of foeto—maternal or
materno—foetal communication in the peri-implantation
period.

Major current outstanding issues/questions

During the past decades, our understanding of the foeto—mater-
nal relationship has become broader. By now, it became
obvious that the success of gestation depends on an intense
interaction between the conceptus and the mother. Several
mechanisms that take part of the result from this commu-
nication have been identified, and some of these have been
reviewed in this paper.

— Foetal antigens presented by the trophoblast are recognized
by decidual y/8 T cells, which upon recognition, become
activated and express nuclear progesterone receptors

— Progesterone binding to the receptors results in gene activa-
tion and mediator proteins are produced.

— PIBF, a downstream mediator of progesterone affects
implantation and contributes to the Th2-dominant cytokine
balance and reduced NK activity, both required for success-
ful gestation (Fig. 3).

— The embryo and the foetus communicate with the maternal
side via extracellular vesicles.

This knowledge, however, has not been so far successfully
converted to clinical treatment of pregnancy disorders. Most
recurrent miscarriages clearly have an immunological back-
ground, yet no successful immune diagnosis or therapy has

been implemented. In the future, the research ought to move
in this direction.
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