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Pregnancy represents an allograft

Cases of recurrent abortions, preeclampsia, or infants born with hemolytic
diseases are puzzling. It is unknown why the mother’s body rejected the baby.
Considering the complexity of the maternal—fetal immune interaction and the
number of successful pregnancies, it may be more apt to question why the
mother’s body didn’t reject the infant.

During the early 1950s, Medawar recognized the unique immunology of the
maternal —fetal interface and its potential relevance for transplantation. In his
original work, he described the “fetal allograft analogy” in which the fetus is
viewed as a semiallogeneic conceptus that evades rejection. The approaches over
the next 50 years have followed the methodology and development of trans-
plantation immunity, and, more recently, of tumor immunity, unveiling new
hypotheses and redefining old concepts.

In 1991, Colbern and Main redefined the conceptual framework of reproduc-
tive immunology as maternal—placental tolerance instead of maternal—fetal
tolerance, focusing on the interaction between the maternal immune system
and the placenta rather than the fetus [1]. In early development, the embryo
divides into two groups of cells: (1) an inner cell mass that gives rise to the
embryo (the internal group) and (2) an embryonic trophoblast that becomes
trophoblast cells and later the placenta (the external group). The cells from the
placenta are the only part of the fetus to directly interact with the mother’s uterine
cells and maternal immune system, preventing immune rejection. The fetus itself
has no direct contact with maternal cells. It also is known to express paternal

This article was supported by grants from the National Institutes of Health: ROIHD37137 and
RO1-CA092435-01.

* Corresponding author.

E-mail address: gil.mor@yale.edu (G. Mor).

0889-8561/02/$ — see front matter © 2002, Elsevier Science (USA). All rights reserved.
PII: S0889-8561(02)00009-7



546 G. Mor, V.M. Abrahams / Immunol Allergy Clin N Am 22 (2002) 545-565

major histocompatibility complex (MHC) antigens and is rejected as allograft if
removed from its cocoon of trophoblast and transplanted to the thigh muscle or
kidney capsule of the mother. This article focuses on the interaction between
trophoblast cells and the maternal immune system.

General concepts of immunology

Bypes of immune responses

The immune system can be divided into two systems: (1) the natural or innate
immune system and (2) the adaptive or acquired immune system. Natural or innate
immunity produces a relatively unsophisticated response that prevents access
of pathogens to the body. This primitive evolutionary response, which is de-
scribed in more detail later, occurs without the need of previous exposure to
similar pathogens. Adaptive immunity is an additional, more sophisticated re-
sponse that is found in higher forms, such as humans. Cells of the innate immune
system aid the acquired system by processing phagocytosed foreign material and
presenting antigenic peptides to cells of the adaptive immune system. This im-
mune response is highly specific and normally is potentiated by repeated anti-
genic encounters.

Adaptive immunity is highly specific and consists of two types of immune
responses: (1) humoral immunity, in which antibodies are produced, and (2)
cellular immunity, which involves cell lysis by cytolytic T lymphocytes. The
adaptive immune system is characterized by an anamnestic response that enables
the immune cells to acquire memory of the foreign antigenic encounter and to
react faster and more vigorously to subsequent exposures to the same antigen.
Cytokines produced by the adaptive immune system can communicate and
regulate the innate immune response.

Tyl and Ty2 type cytokines

Immune cells mediate their effects by releasing cytokines and thus establish-
ing particular microenvironments. T helper lymphocytes (Th) that originate from
the thymus (Fig. 1A) have a major role in creating a specific microenvironment
for a particular organ or tissue. Following immunologic challenge, immune cells
produce cytokines, the type of which determines their differentiation into
T helper-1 (Tyl) or Ty2 lymphocytes. Tyl lymphocytes secrete interleukin-2
(IL-2) and interferon-~ (IFN-), setting the basis for a proinflammatory envi-
ronment. Conversely, T,,2 lymphocytes secrete IL-4 and IL-10 (see Fig. 1), which
predominately are involved in antibody production following an antigenic
challenge. The actions of these two types of lymphocytes are intertwined closely,
both acting in concert and responding to counteract regulatory effects of their
cytokines. Tyl cytokine cells produce proinflammatory cytokine that, while re-
inforcing the cytolytic immune response, also down-regulate the production of
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Fig. 1. (A) The classic immune response. Two types of immune response, Ty 1 and T2, are determined
by the cytokine profile. (B) Immune-endocrine system. Interaction between cytokines and hormones.

Tu2 cytokines. The powerful effect of hormones on this action is shown (Fig. 1B;
for review, see references [2,3]). Women during the reproductive years are more
likely to develop a T.l response after challenge with an infectious agent or
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antigen, except during pregnancy, which is when a T2 environment prevails (see
Fig. 1B; also discussed later) [4].

Innate immunity

The innate immune system, in conventional terms, provides rapid defense
against invading pathogens with a relatively low specificity and no capacity for
long-term protection. Innate responses are critical for the development of an
adaptive immune response. The innate immune system consists of cellular and
soluble components. Soluble components include complement, acute-phase
proteins, and cytokines. The main cellular element of innate immunity are
phagocytic cells, which include mononuclear phagocytes (monocytes, macro-
phages) and granulocytes (polymorphonuclear neutrophils, eosinophils). These
cells recognize, engulf, and kill invading microorganisms. Cell-surface mole-
cules, known as pattern-recognition receptors, are critical to such innate function
and are expressed by phagocytes. These receptors are important for the recog-
nition of pathogens because of their interaction with conserved structural
elements, known as pathogen-associated molecular patterns, on the surface of
microorganisms [5]. Mononuclear phagocytes, and in some cases neutrophils [6],
help power adaptive immune responses by processing and presenting antigen to
T lymphocytes. Other innate cells include natural killer (NK) cells, which are
important for killing cells infected by viruses and for regulation of some
autoimmune responses; basophils; and mast cells, which are additional inflam-
matory cells. The cellular and soluble components of the innate immune system
can actively direct the path of acquired immunity. The system seems to have a
major role in the normal physiology of the human female reproductive tract.
More specifically, the innate immune cells may have a significant role in the
process of implantation and in certain complications that arise during pregnancy
[7]. In this article, the role of innate immune cells in implantation and pre-
eclampsia is discussed.

Maternal—trophoblast immune interaction

The pregnant uterus as an immune-privileged site

During implantation, the blastocyst becomes intimately connected with the
maternal endometrium or decidua. During implantation, the semiallogeneic fetus
is in direct contact with the maternal uterine and blood-borne cells, however, fetal
rejection by the maternal immune system, in most cases, is prevented by as yet
undefined mechanisms. A number of mechanisms have been proposed to account
for the immune-privileged state of the decidua, including: (1) a mechanical
barrier effect of the trophoblast, (2) suppression of the maternal immune system
during pregnancy, (3) the absence of MHC class I molecules in the trophoblast,
(4) cytokine shift, and (5) local immune suppression mediated by the Fas/FasL
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system. These hypotheses and the role of cells of the innate immune system at the
site of implantation are reviewed.

Mechanical barrier

The concept of a mechanical barrier was proposed to explain the lack of an
immune response in organs such as the brain, cornea, testicles, and kidneys. The
authors refer to these tissues as immune-privilege sites, where an immune
response represents a dangerous condition for the tissue. Immune-privilege sites
are also organs or tissues of the body that, when grafted to conventional
(nonprivileged) body sites, experience extended or indefinite survival. Foreign
grafts placed at nonprivileged sites, however, are rejected promptly. The pregnant
uterus is an immune-privileged site.

The first reasonable explanation of immune privilege was proposed by
Medawar in the late 1940s [8]. He proposed that organs such as the brain and
the anterior chamber of the eye resided behind blood—tissue barriers. According
to his theory, a mechanical barrier (eg, the blood—brain barrier) prevents the
movement of immune cells in and out of the tissue [9]. This barrier creates a state
of immunologic ignorance in which antigens within the system are not detected
by immune cells outside the system. The pregnant uterus was proposed to have a
mechanical barrier formed by the trophoblast and decidua, which prevented the
movement of activated T cells from the periphery to the implantation site.
Similarly, this barrier would isolate the fetus and prevent the escape of fetal
cells to maternal circulation.

Studies that challenge the concept of mechanical barrier show that the
trophoblast—decidual interface is less inert and less impermeable than first en-
visioned. Evidence for traffic in both directions across the maternal-fetal interface
includes the migration of maternal cells into the fetus, presence of fetal cells in
maternal circulation [10], and transport of maternal immunoglobulin across the
placenta by the neonatal Fc receptor, FcRn [11]. This cellular migration occurs in
almost all immune-privilege tissues, including the blood—brain barrier. Conclusive
evidence has shown that immune cells circulate through all the parts of the brain
[12], indicating that immune cells are not deterred by mechanical barriers [13].

Systemic immune suppression

The second theory postulates the existence of nonspecific immune suppres-
sion during pregnancy. Numerous factors produced and isolated from the
maternal —placental interface or from the serum of pregnant women have been
associated with immune-suppressive activity. Studies have suggested that human
placental lactogen, human placental protein 14, and pregnancy-associated plasma
protein-A may have immune-depressant activity on lymphocytes. Soluble sup-
pressor activity also has been identified in supernatants and cytosol fractions from
placental explants and uterine secretions (for review, see reference [14]).
Although all of these studies reported immunologic effects of the factors, many
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factors were only purified partially and their actions were tested using in vitro
assays for lymphocyte or NK cell activity. These assays are sensitive to
impurities, and after further purification, many of these factors may have lost
their immune-suppressive effects.

The steroid sex hormone progesterone has been suggested to have immune-
suppressive effects [15]. In vitro, progesterone was described as highly suppres-
sive of mitogen activation and cytotoxic T-cell generation [16]. Similarly,
progesterone was shown to blunt an inflammatory response in an in vivo rat
model [17]. Other studies have shown that progesterone inhibits cytotoxic and
NK cell activity and prostaglandin F 2« synthesis [18]. It has been shown that
progesterone activates regulatory T cells of a suppressor phenotype by induction
of a 34-kDa protein from lymphocytes [16,19,20].

The concept of systemic immune suppression during pregnancy has been
studied by numerous investigators and for many years became an accepted
explanation. As described earlier, a wide array of materials in human serum have
been found to have profound in vitro immune-suppressive activity [21], however,
from an evolutionary point of view, it is difficult to perceive pregnancy as a stage
of immune suppression. In areas in which many pregnant women are exposed to
harsh sanitary conditions, the case of a suppressed immune system would make
fetus survival impossible. Studies have demonstrated that maternal antiviral
immunity is not affected by pregnancy. The obvious observation that HIV-
positive pregnant women do not suffer from AIDS-like disease argues against the
existence of such nonspecific immune suppression.

Lack of expression of human leukocyte antigens

A more recently postulated theory is based on the fact that polymorphic class I
and II molecules have not been detected on the trophoblast [22]. MHC class 1
antigens are expressed on the surface of most nucleated cells and serve as
important recognition molecules. In humans, these antigens also are known as
human leukocyte antigens (HLAs). HLA class I genes are located on the same
chromosomal region (6p.21.3). They have been subdivided into two groups
(HLA class Ia, HLA class Ib) according to their polymorphism, tissue distri-
bution, and functions. HLA-A, HLA-B, and HLA-C class Ia genes exhibit high
levels of polymorphism, are expressed among most somatic tissues, and have
well-established immunologic functions. They modulate antiviral and antitumoral
immune responses through their interaction with T- and NK cell receptors. In
contrast, HLA-E, HLA-F, and HLA-G class Ib genes are characterized by their
limited polymorphism and restricted tissue distribution; their roles are poorly
understood. The statement that the human placenta does not express polymorphic
MHC class I molecules is not entirely accurate. The human placenta does not
express the polymorphic HLA-A and HLA-B class I antigens, but it does express
HLA-C, HLA-G, and HLA-E molecules [21,23,24]. Using immunostaining with
antibodies against the class I molecule, Loke and King divided the human
trophoblast into two distinct populations: (1) the villous trophoblast in contact
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with maternal blood at the intervillous interface, which is class I negative, and (2)
the extravillous trophoblast invading the uterine decidua, which is class I positive
[21]. This data suggest there are two fetal-maternal interfaces in human
reproduction and that they differ immunologically: (1) a trophoblast population
that has immunologically neutral contact with the systemic maternal immune
system and (2) a local immunologically active population of trophoblast cells
migrating into the decidua that can be stimulated by HLA class I molecules [21].

HLA-G originally was cloned in 1987 was demonstrated to be present in
abundant amounts at the maternal—fetal interface [25]. Based on what was
believed to be an almost exclusive expression of HLA-G at the maternal —fetal
interface, it was suggested that this molecule maintains a specialized role in this
environment. Another unique feature of the HLA-G genes, which was postulated
to be a prerequisite for maintenance of maternal immune tolerance, is the lack of
polymorphism of the HLA-G nucleotide sequence, however, data have shown
that this is not the case. Alternative splicing of HLA-G mRNA yields different
membrane-bound and soluble variants of the HLA-G protein and a limited
number of variable sites in the DNA sequence of the HLA-G gene [26-28];
thus, the hypothesis that HLA-G is the mediator of fetal-maternal tolerance
because of its monomorphism and immunologic neutrality needed to be revised
[29]. In animal studies, it has been shown that murine trophoblast cells express
MHC class I genes and alloantigens at high levels early in gestation age. During
those times, MHC class I barely is detected on fetal tissues [30,31]. It has been
suggested that it is highly unlikely that maternal T cells circulating through the
murine maternal—fetal interface do not encounter cells of fetal origin. This pattern
of MHC class I expression at the maternal—fetal interface is incompatible with
the hypothesis that fetal tissues at the interface are antigenically immature and do
not provoke a maternal T-cell responses [32].

Although the apparent lack of classic MHC gene expression suggests that the
preimplantation embryo is protected from direct immunologic attack by MHC-
restricted T cells, the preimplantation embryo still could be vulnerable to delayed-
type hypersensitivity reactions and to adverse effects of antibodies and cytokines
by non—MHC-restricted effector cells.

Cytokine shift

The proliferation, invasion, and differentiation of trophoblast cells during
implantation are involved in a tightly controlled process that is coordinated by a
system of intercellular signals mediated by cytokines, growth factors, and
hormones [32,33]. An extensive array of cytokines is produced at the tropho-
blast—maternal interface and contributes to the well being of the fetoplacental
unit. These cytokines also regulate maternal immune responses, which have an
important role in successful pregnancy outcomes [34].

Cytokines have diverse biologic effects that may involve cell growth, differ-
entiation, and function [35]. Their role in regulating development and implanta-
tion of the human placenta has been the topic of much discussion [36,37]. The
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field of cytokines and implantation could be divided into two aspects: (1) the role
of cytokines as regulators of the immune response and (2) the role of cytokines as
factors that control growth and implantation of trophoblast cells.

Implantation and Tyl-type and Ty2-type immune responses

In general, the normal reproductive woman has a strong tendency to respond
to foreign antigens by developing a T, 1-type immune response and by expressing
high levels of proinflammatory cytokines [38,39]. During pregnancy, there is a
decrease in cellular immunity and an enhancement of humoral immunity,
characterized by higher levels of anti-inflammatory cytokines [40]. Human and
murine pregnancies, particularly at the maternal—fetal interface, have been shown
to exhibit a strong shift in cytokine balance from T,l type to T.2 type (see
Fig. 1A) [41]. The balance between Ty 1 proinflammatory cytokines and T,2 anti-
inflammatory cytokines is believed to be crucial for determining pregnancy
outcome (reviewed in reference[14]). It currently is believed that for the
continuous normal development of pregnancy, production of inflammatory and
potentially harmful T,1 cytokines such as, IL-2, tumor necrosis factor-o. (TNF-o)
and IFN-~, is suppressed, whereas production of T,2 anti-inflammatory cyto-
kines, such as IL-4, IL-6, or IL-10, is enhanced [41]. Placental and decidual
tissues from normal pregnancies have been shown to express pro- and anti-
inflammatory cytokines [42—47]. In humans and mice, Tul cytokines are
potentially harmful to pregnancy. Excess production of TNF-a [48] or IFN-y
[49] has been associated with preterm delivery.

For many years, the most compelling animal model of immunologically
mediated spontaneous fetal loss have been the murine CBA/J x DBA/2 mating
combination, in which between 20% and 50% of the fetus is reabsorbed by
gestational day 13 [50]. The model demonstrates the importance of the immuno-
logic component based on the female’s ability to suppress fetal loss by
preimmunization with peritoneal macrophages before mating with a BALB/cJ
male. NK cells and macrophages have been implicated as cellular mediators of
the syndrome. Excessive nitric oxide and TNF-a released by decidual mono-
nuclear cells represent the effector mechanisms that become dysregulated in this
strain combination [51]. An indirect role for granulocyte-macrophage colony-
stimulating factor (GM-CSF) and a significant role for maternal CD8" T cells in
preventing NK cell-mediated fetal loss in this system has been suggested.

These CBA/J x DBA/2 mice have been shown to be deficient in IL-10, and
intraperitoneal injection of IL-10 reduces fetal loss to normal levels [52].
Similarly, low levels of IL-4 and IL-10 were observed in decidual T cells of
women who experienced unexplained recurrent abortions and a spontaneous
abortion during the first trimester of pregnancy [53]. Reduced production of
leukemia-inhibiting factor, IL-4, and IL-10 in women with unexplained recurrent
abortions was not observed at the level of peripheral blood, suggesting that this
reduction is not an inherent characteristic of T cells but rather a local regulation at
the implantation site.
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Another important aspect in the study of cytokines and implantation is the
local regulatory effect of cytokines on the growth and invasion of trophoblast. A
complete review of cytokines and their role in implantation is available elsewhere
[14,54,55].

Local immune suppression

Another hypothesis is the specific antipaternal suppressor or regulatory
mechanism observed during pregnancy. Rossant and colleagues first noted the
importance of local immune regulation. They used the Mus musculus: Mus caroli
system (for more details, see reference [56]). They showed that the transfer of
M musculus eggs into M caroli is always successful. In contrast, there is almost a
constant time schedule for failure of M caroli embryos that have been transferred
to the M musculus uterus. In such a case, cotransferred, adjacent M musculus
embryos do survive, whereas all the M caroli embryos die from almost the same
program. A strong immune infiltrate consisting of cytotoxic T lymphocytes
(CTL) and NK cells is observed around day 9.5. By day 13, the embryos are
completely reabsorbed [57]. It was later shown that M caroli embryos can survive
until delivery, provided that a M musculus placenta is used [58,59]. These results
suggested that an important part of the M caroli placenta was responsible for
provoking death and resorption of M musculus embryos [59].

This model first described these immunologically mediated abortions and
revealed the immunologic element of the placenta. It emphasized the impor-
tance of local immune-regulatory events. Evidence has shown that specific
immune suppression is directed toward the paternally encoded MHC antigens.
With these antigens, the maternal T cells that recognize paternal antigens on
the trophoblast are abrogated selectively. Animal studies have shown that
pregnant mice have reduced numbers of T cells that recognize the paternally
encoding MHC antigens. Following delivery, the immune system returns to
normal. It seems that the mother’s T cells assume a reversible tolerant state
during pregnancy in which the cells no longer recognize paternal antigens
[60]. In a study by Vacchio et al, T cells that were specific for fetal antigens
were shown to decrease in number during pregnancy and remain low after
delivery as the result of an encounter with fetal cells that expressed the
appropriate MHC—peptide complex [61]. The authors and other investigators
have proposed that this reversible tolerant state is caused directly by the
induction of apoptosis of maternal activated T cells by the Fas/Fas ligand
(FasL) system [62-66].

Fas/FasL system and immune privilege

Apoptosis is a continuous physiologic process that is associated with embry-
onic development, metamorphosis, maturation of the immune system, and cell
turnover. In contrast to necrotic death, which results from a failure to control
cellular homeostasis after injury, apoptosis is a highly regulated process that is
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induced by specific stimuli [67]. The Fas/FasL system is a major pathway for the
induction of apoptosis in cells and tissues [68]. CD95 (Fas), a type I membrane
protein (45 kDa), belongs to the TNF receptor family. FasL, a type Il membrane
protein (37 kDa), belongs to the TNF and CD40 ligand family. Fas is widely
expressed in many tissue types; in T and B lymphocytes, surface expression of
Fas is constitutively low on resting cells and is enhanced following lymphocyte
activation. In contrast to Fas expression, FasL expression is reported to be more
restricted and often requires cell activation [68,69].

Fas/FasL interactions have been implicated as a mechanism for clonal deletion
following in vivo exposure to super-antigen and peptides [70], thereby control-
ling T-cell expansion during immune responses [69] and killing by cytotoxic
T cells [71]. Studies using either T-cell hybridomas or peripheral T cells have
demonstrated that T-cell receptor-induced apoptosis of activated T cells occurs by
way of a Fas/FasL-mediated autocrine or paracrine pathway. Such Fas/FasL-
induced apoptosis has a central role in the clonal deletion of autoreactive T cells
in the peripheral lymphoid organs and in the elimination of activated T cells
following an immune response. Data obtained from rodents demonstrate that
other tissues, such as the eye, brain, and testis, express FasL [13,72,73]. In these
tissues, the Fas/FasL system induces apoptosis of activated lymphocytes and
confers the characteristics of an immune-privileged site [13].

Fas/FasL system and implantation

Soon after implantation, invasive populations of extravillous trophoblast cells
attach to, and interdigitate into, the extracellular spaces of the endometrium
[74]. The endpoint of this invasive behavior is the penetration of maternal spiral
arteries within the uterus [75]. Abnormalities in this invasive process have been
correlated with early and midtrimester pregnancy loss, preeclampsia, eclampsia,
and intrauterine growth retardation [76]. As discussed earlier, the maternal
immune system at this stage of implantation is not indifferent to the presence of
paternal alloantigens in the fetus. Dietl and colleagues introduced the notion of
intradecidual T-cell tolerance toward fetal antigens; they observed that during
early normal pregnancy, intradecidual T cells lack immunohistochemically detect-
able amounts of T-cell-receptor molecules yet express normal amounts of CD3
molecules [77]. Tafuri and co-workers followed the fate of T cells reactive to
paternal alloantigens using a mouse that was transgenic for a T-cell receptor that
recognized the MHC antigen H-2kb [60]. Mice bearing a kb-positive conceptus
had reduced numbers of kb-reactive T cells. T-cell responsiveness was restored
after delivery. Jiang and Vacchio showed that the deletion of T-cell clones that
recognize paternal antigens undergo clonal deletion in ways that resemble
mechanisms of peripheral tolerance. They also showed that one of the mechanisms
is mediated by Fas/FasL and takes place at the maternal —fetal interface [61].

Jiang and Vacchio showed that the placental trophoblast could induce Fas-
mediated cell death of T cells that recognize fetal antigens in manner that is
similar to the process described for peripheral tolerance. In their experiments,
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trophoblast cells in mice induced cell death in Fas-positive (2B4.11) T-cell lines
but not in Fas-negative (d11S) T-cell lines; however, 2B4.11 was not killed by
trophoblast cells that were isolated from placentas homozygous for the general-
ized lymphoproliferative disease (g/d) mutation and therefore expressed non-
functional FasL. Similarly, in the authors’ studies of the human placenta, they
have described the presence of FasL in the villi cytotrophoblast and in the
invasive or extravillous trophoblast; the surrounding immune cells were Fas
positive and presented characteristics of apoptosis [62]. Human trophoblast cells
in culture induces apoptosis of Fas-positive Jurkat cells [62]. These findings are
consistent with the proposal of clonal deletion as a mechanism of tolerance
induction during pregnancy, and they support a role for Fas-mediated death
signals in this process [62,64—66,78—81].

FasL: A double-edged sword

Attempts to use FasL to delete inflammatory or tumor cells have generated
surprising results. FasL. can protect and damage self-tissues [66]. Although over-
expression of FasL in inflamed joints, certain tumors, and transplants can confer
immune privilege, FasL expression in the thyroid glands, pancreatic islets, and
other types of tumors can cause tissue injury and inflammation [82—85]. These data
suggest that FasL could have beneficial and detrimental effects on self-tissues. In
humans, FasL is expressed in the trophoblast throughout the entire pregnancy
[81,86]. Fas expression has been shown in the chorion, amnion, and decidua of
fetal membranes at term [63,87,88]. The authors’ studies in reproductive tissues
have shown that the expression of Fas and FasL are related mainly to tissue
remodeling and involution [89,90]. The appearance of Fas and FasL in the placenta
and membranes suggest a role for Fas/FasL signaling in apoptosis and in
remodeling of the fetal membrane and trophoblast cells. Whether the Fas/FasL
system is protective or apoptotic is not known. The authors have shown that the
microenvironment at the implantation site influences FasL expression [91] and can
act on the trophoblast in two directions: (1) the promotion of cytotoxicity by FasL
(immune protection) or (2) the regulation of Fas sensitivity on the trophoblast
(apoptosis). The success of implantation depends on which pathway becomes
activated [92].

Role of the innate immune system in pregnancy

During normal pregnancy, several cellular components of the innate immune
system are found at the site of implantation. From the first trimester onward,
circulating monocytes and granulocytes increase in number and acquire an
activated phenotype. This evidence suggests that the innate immune system is
not indifferent to the fetus and may have a role in host protection to infections and
in fetomaternal immune adjustment. In the following section, the possible roles of
cells of the innate immune system during pregnancy are discussed.
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Natural killer cells and implantation

Implantation involves the invasion of modified uterine mucosa, known as the
decidua, by fetal-derived trophoblast cells, which then form the placenta. In the
human decidua, NK cells are seen in close proximity to the invading extravillous
trophoblast [93]. For many years, the role of these cells at the implantation site
has been a puzzle in the field of reproductive immunology. Animal studies have
suggested a supportive role for NK cells in pregnancy through production of
cytokines that may stimulate placental growth [94—97]. This finding can be seen
in the deleterious effect that the depletion of NK cells has on implantation
[95,98]. Uterine NK cells may have a key role in the immunology of
implantation and in the regulation of decidualization; therefore, discerning their
biology has become an important aspect for understanding the immunology
of implantation.

Natural killer cells and trophoblast protection

As discussed previously, uterine invasion by genetically distinct trophoblast
cells requires a lack of recognition by the maternal immune system. Several
investigators have proposed that such allogeneic tolerance may be assisted by
uterine NK cells [21]. Extravillous trophoblast cells have been shown to express
HLA-C [93], HLA-G [99,100], and HLA-E [24]. Expression of these MHC
molecules, particularly HLA-G, may protect the trophoblast against NK cell
cytotoxicity and promote maternal immune-tolerance by suppressing local T-cell
responses (reviewed in references[101,102]). Such protection of the trophoblast
against NK cell-mediated lysis seems to occur through the ability of the HLA
class I molecules expressed by the trophoblast to trigger more inhibitory, rather
than stimulatory, NK cell signals. Uterine NK cells express subtypes of killer
inhibitory receptors and killer activator receptors, which recognize and bind all
HLA-C alleles. These killer inhibitory receptors also bind directly to HLA-G
[103]. Uterine NK cells also express CD94 and NKG2, which, as a heterodimer,
recognize and bind HLA-E; this interaction results in inhibition of NK cell
cytotoxicity [21]. Expression of these HLA molecules may confer protection
against NK cell-mediated lysis, allowing trophoblastic invasion of the decidua
and maintaining cytotoxicity against invading pathogens.

A new aspect of the physiology of NK cells is their role in the support of
normal pregnancy. Although current hypotheses of successful implantation and
pregnancy in humans propose a bias toward a T.2 cytokine microenvironment
(discussed earlier; see also Fig. 1), studies in mice have implicated a role for
uterine NK cell-derived IFN-~ in the formation and maintenance of the decidua
[104,105]. NK cell production of IFN-~y can be maintained in the absence of lytic
activity [106]. In the nonpregnant human endometrium, IFN-v is produced
throughout the menstrual cycle, and its major source is neutrophils. Evidence
of a positive role for IFN-y in human implantation is lacking, however, the
production of other NK cell-derived cytokines may be important.
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Abnormal functions of NK cells in women with recurrent spontaneous
abortions have been postulated. Yamamoto and colleagues showed that, com-
pared with normal pregnancies, recurrent spontaneous abortions have increased
NK cell cytotoxicity and an abnormally high decidual CD56":CD16™ ratio [107].
Although the new understanding of NK cells at the implantation site has
improved, many questions remain unanswered.

Neutrophils and pregnancy

Neutrophils are a crucial cellular component of the innate immune system. On
activation, neutrophils undergo an intense respiratory burst and release degra-
dative enzymes and inflammatory mediators by degranulation [108]. During the
mid- to late secretory phase of the normal menstrual cycle, neutrophil numbers in
the fallopian tubes and endometrium significantly increase [109,110], and these
cells are believed to be involved in the endometrial breakdown associated with
menses [111]. The role of neutrophils in normal pregnancy is still unclear,
although the presence and activation of neutrophils has been associated with
pathologic conditions of pregnancy, such as preeclampsia [112].

Preeclampsia is a pregnancy-associated disease that is characterized by
hypertension, proteinuria, and edema, which can have fatal consequences.
Although the cause and mechanism of pathogenesis is unknown, a strong
immunologic element has been suggested [112]. Endothelial cell dysfunction
has been observed in preeclampsia [113], and neutrophils have been implicated as
an important mediator of excessive endothelial activation [114].

Romero and colleagues have shown that normal pregnancy is associated with
phenotypic changes in peripheral blood monocytes and granulocytes and with
increased intracellular reactive oxygen species under basal conditions and follow-
ing stimulation with bacterial N-formyl-methionyl leucyl-phenylalanine (fMLP)
[115,116]. They also demonstrated that acute maternal infections were asso-
ciated with marked phenotypic and metabolic changes of these leukocytes
compared with changes detected in leukocytes from normal pregnancies [112].
In other studies, mild neutrophilia and moderate systemic neutrophil activation
were observed during normal pregnancy [117], however, increased neutrophilia
is found in patients with preeclampsia, which correlates with disease severity
[118—120]. Such high levels of circulating neutrophils may be explained by the
observation that peripheral blood neutrophils from patients with preeclampsia
are resistant to apoptosis [117]. In support of this finding, Fas and FasL expression
by peripheral blood neutrophils is reduced in preeclamptic patients [121], and
this in part may account for the elevated levels of circulating soluble Fas [88,
121-123].

Apoptosis, macrophages, cytokines, and the Fas/FasL system

During implantation, the uterine endometrium undergoes morphologic and
physiologic changes to accommodate the embryo. This process of accommoda-



558 G. Mor, V.M. Abrahams / Immunol Allergy Clin N Am 22 (2002) 545-565

tion implies that the embryo has to degrade the endometrial extracellular matrix
to invade the uterus in species with hemochorial placentation. Apoptosis has been
observed in endometrial epithelial cells at the embryo implantation site, and it is
believed to be caused by loss of contact with the endometrial extracellular matrix.
Those apoptotic cells are removed by trophoblast or maternal macrophages.

Apoptotic cells express surface molecules that direct recognition, engulfment,
and degradation by phagocytes [124]. This clearance process represents an active
and coordinate event that sends specific signals to the remaining cells for either
survival or death [125]. A signal from a macrophage to the wrong cell type may
have profound consequences for the normal physiology of the tissue.

Macrophages are one of the major cell types in the maternal and fetal
compartments of the uteroplacental unit [126]. During the first weeks of
implantation in humans, macrophages are found in high numbers in the maternal
decidua and in tissues in close proximity to the placenta [127]. Similarly in
rodents, macrophages accumulate at or near the implantation site [128]. The
dense macrophage infiltration at the maternal—fetal interface suggests that these
cells are involved in specific pregnancy-associated functions that include func-
tions other than their usual immunologic tasks [129]. Hunt and co-workers
implied that maternal macrophages assist in the tissue remodeling that is
necessary to accommodate expansion of extraembryonic tissue [130], however,
macrophages are scavengers of dying cells and also actively orchestrate apop-
tosis of unwanted cells during tissue remodeling [124]. Macrophages synthesize
and secrete cytokines and growth factors, which govern the local cellular and
tissue interactions [127,130]. Numerous findings propose that the capacity for
macrophages to influence cell death is regulated by the extent of uptake of
apoptotic cells [124]. The cytolysis of tumor cells by activated macrophages is
inhibited by the ingestion of apoptotic but not necrotic cells [131]. Similarly,
during embryo implantation, uterine epithelial cells surrounding the blastocyst
undergo apoptosis and may form an anti-inflammatory environment by increas-
ing Ty2-type cytokines. This action may explain the surprising cohabitation of
macrophages and trophoblast cells at the implantation site. As stated earlier, the
type of cytokines that is produced by a macrophage depends on its activation
state [132]. The uptake of apoptotic cells suppresses activated macrophages from
secreting proinflammatory cytokines, such as TNF-a and IFN-~ [133] and
promotes the release of T,2 type, anti-inflammatory, and immunosuppressive
cytokines [133].

This anti-inflammatory action of phagocytic clearance of apoptotic cells may
be perturbed in disease processes. Antiphospholipid antibodies in apoptotic cells
may bind to surface-expressed Fc receptors on macrophages, resulting in
secretion of proinflammatory cytokines such as TNF-a [134]. During pregnancy,
cytokine production by macrophages and other cells at the maternal—fetal
interface may be altered drastically [135]. The results of the authors’ studies
are in concert with this concept and indicate that enhanced levels of proin-
flammatory macrophage products increase Fas expression and enhance tropho-
blast sensitivity to Fas-mediated apoptosis [92].
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Summary

Important reproductive events, including implantation, trophoblast invasion,
placental development, and immune protection, are regulated by the immune
system at the maternal—fetal interface. This maternal —fetal immune interaction is
complex, and it is difficult to perceive the whole process based on one mechanism
of action. There are multiple mechanisms for the induction of peripheral and local
tolerance during pregnancy that prevent fetal rejection while maintaining a strong
and active immune surveillance against viral or bacterial infections, which may
endanger the successful outcome and survival of the infant.
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