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Abstract
Toll-like receptors (TLR) form the major family of pattern recognition receptors (PRR) that are
involved in innate immunity. Innate immune responses against microorganisms at the maternal–
fetal interface may have a significant impact on the success of pregnancy, as intrauterine
infections have been shown to be strongly associated with certain disorders of pregnancy. At the
maternal–fetal interface, TLRs are expressed not only in the immune cells but also in non-immune
cells such as trophoblasts and decidual cells; moreover, their expression patterns vary according to
the stage of pregnancy. Here, we will describe potential functions of TLRs in these cells, their
recognition and response to microorganisms, and their involvement in the innate immunity. The
impact of TLR-mediated innate immune response will be discussed via animal model studies, as
well as clinical observations.
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Introduction
The maternal–fetal interface is an immunologically unique site that must promote tolerance
to the allogeneic fetus, while maintaining host defense against possible pathogens. Clinical
studies have shown a strong association between intrauterine bacterial or viral infections and
pregnancy disorders such as abortion, preterm labor, intrauterine growth retardation (IUGR)
and pre-eclampsia.1–3 Therefore, immediate immune responses against microorganisms at
the maternal–fetal interface may have a significant impact on the success of pregnancy.

The innate immune system is the immunological first line of defense that provides an
immediate response against invading pathogens through its ability to distinguish between
‘infectious non-self’ and ‘non-infectious self’.4 Furthermore, activation of innate immunity
is a critical step to the development of antigen-specific acquired immunity. Therefore, innate
immunity at the maternal–fetal interface has fundamental significance for establishing an
adequate microenvironment during pregnancy, elimination of ‘infectious non-self’ (bacteria,
virus, etc.) and tolerance to ‘non-infectious self’ (mother, placenta and fetus). Indeed, there
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is growing evidence that the innate immune system is activated in the maternal–fetal
interface. For instance, innate immune cells such as natural killer (NK) cells, macrophages
and dendritic cells are known to infiltrate the decidua and accumulate around the invading
trophoblasts.5–8 In addition to a population increase, these immune cells acquire an
activated phenotype during pregnancy.7,9

Cells of the innate immune system express a series of receptors known as pattern
recognition receptors (PRRs) which recognize and bind to sequences know as pathogen-
associated molecular patterns (PAMPs), which are unique to, and expressed on, the surface
of microorganisms. In addition, non-immune cells such as epithelial cells also express PRRs
that allow these cells to respond to PAMPs. The ligation of PRRs by PAMPs results in an
inflammatory response generated against the invading pathogen.9 There are a number of
different PRRs including the mannosebinding receptor and the scavenger receptor;10
however, this review will focus on the major family of PRRs, the Toll-like receptors (TLRs).
We will discuss the expression and function of TLRs at the maternal–fetal interface and
their roles in the interaction between the trophoblast and the maternal immune system.

Toll-like Receptors
Receptors and Their Ligands

Toll-like receptors (TLR) are transmembrane proteins with extracellular domains of leucine-
rich repeat motifs, which are evolutionarily conserved to recognize PAMPs in bacteria,
viruses, fungi and parasites. Eleven mammalian TLRs have been identified to date (TLR1 to
TLR11);11,12 however, no functional TLR11 proteins have been documented in humans.
13,14

Each receptor differs in its specificity (Table I). TLR4 is crucial for effective host cell
responses to gram-negative bacterial lipopolysaccharide (LPS).15 TLR2 has the widest
specificity, recognizing bacterial lipoproteins, gram-positive bacterial peptidoglycan (PDG),
lipoteichoic acid (LTA) and fungal zymosan. 16–18 The range of ligands to which TLR2
responds appears to be broadened by its heterodimerization with other TLRs, so that TLR1/2
heterodimers respond to a panel of lipoproteins different from those recognized by
TLR2/6.19,20

TLRs 3, 7 and 8 appear to play important roles in response to viruses. TLR3 is known to
bind viral double-stranded RNA,21 while TLRs 7 and 8 interact with single-stranded RNA.
22,23 TLR9 mediates cell responses to bacterial DNA through recognition of cytosine–
guanine pairs (‘CpG’ motifs)24 and can also be activated by Herpes virus.23,25

In addition to detecting pathogen-derived ligands, TLRs interact with the hosts’ other
endogenous molecules, typically in response to danger. This so-called danger-associated
molecular pattern consists of molecules such as reactive oxygen species (ROS),26 proteins
released from dead or dying cells such as high-mobility group box protein 1 (HMGB1),27
surfactant protein A,28 fibrinogen,29 breakdown products of extracellular matrix such as
fragments of fibronectin,30 hyaluronic acid oligosaccharides31 and eosinophil-derived
neurotoxin (EDN).32 Heat-shock proteins (Hsp) such as Hsp60, Hsp70, Hs90 have also been
reported to act on TLRs, although much controversy exists in defining the true nature of the
interaction.33

TLR Signaling
Binding of TLRs often results in the production of cytokines and anti-microbial factors via a
common intracellular signaling pathway (Fig. 1). Upon ligand recognition, the TLRs recruit
the intracellular signaling adapter protein, myeloid differentiation factor 88 (MyD88),
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leading to a subsequent kinase cascade, which triggers the activation of NFκB pathway, with
resultant generation of an inflammatory response.34

TLR3 and TLR4 can also signal in a MyD88-independent manner.35 This signaling occurs
through an adapter protein Toll/IL-1 receptor domain-containing adaptor inducing IFN-β
(TRIF), which not only activates the NFκB pathway, but also results in the phosphorylation
of IFN regulatory factor-3 (IRF-3). This alternative pathway generates an anti-viral response
associated with the production of type I IFNs and IFN-inducible genes.24

Toll-like Receptor Expression at the Maternal–Fetal Interface
Placental Tissue

Expression of all 10 TLRs, as well as various co-receptors and accessory proteins such as
CD14, has been described in the human placenta.36,37 Using RT-PCR, Mitsunari et al.37

demonstrated that in cultured cells isolated from term placenta, both cytotrophoblast and
syncytiotrophoblast-rich cells express TLR2, 3, 4, 5, 6 and 9. Klaffenbach et al.36 showed
that the choriocarcinoma cell lines, JAR and BeWo, express TLR1-10, as well as their co-
receptors and accessory proteins: CD14, MyD88, MD-2, TIRP, TRAP and TRIF at the
mRNA level. We have previously shown that first-trimester primary trophoblasts as well as
trophoblast cell lines, Swan 71, 3A and HTR8, express TLR1, 2, 3 and 4 but not TLR6.38,39

These findings suggest potential roles for TLRs signaling in the placenta during pregnancy.

The expression of TLRs in the placenta is not constant, but seems to be regulated in a
temporal and spatial manner. For example, TLR6 is not expressed by first-trimester
trophoblasts,39 while it is expressed by third-trimester trophoblasts.37 This suggests TLR6
expression is regulated in a temporal manner. Beijar et al.40 compared term and first-
trimester placental TLR4 expression and found that the term placenta expresses higher
levels of TLR4 compared to the first trimester. This data suggests that the placenta in early
pregnancy may be less responsive to pathogen stimuli compared to term tissue, although the
mechanisms that control temporal TLR regulation still need to be elucidated. TLRs also
seem to be regulated in a spatial manner. We observed that TLR2 and TLR4 are expressed
by villous cytotrophoblast and extravillous trophoblast but not by syncytiotrophoblasts in the
first-trimester placenta.39 We speculated that the lack of TLR expression by
syncytiotrophoblast, that is, the outer trophoblast layer, allows placental tissue to respond
only to a microbe that has broken thorough this outer layer. Thus, a microorganism will only
pose a threat to the fetus, if the TLR-negative syncytiotrophoblast layer is breached and the
pathogen has entered either the placental villous or the decidual compartments.38,39

TLR expression has also been reported in other types of cells in the placenta. Hofbauer cells,
a type of macrophage in the placental villi, were shown to express TLR4 in the term
placenta by immunohistochemistry.41 Most recently, Ma et al. evaluated the expression of
TLR2 and TLR4 in third-trimester placentas by immunohistochemistry.42 They observed
stronger expression of TLR2 in endothelial cells and macrophages and weaker expression in
syncytiotrophoblast and fibroblast, while staining for TLR4 was most prominent in
syncytiotrophoblast and fibroblast. These findings suggests that not only immune cells but
also trophoblasts and other types of cells within the placenta have a capacity to respond to
the invading pathogens and may be involved, similar as the innate immune system, in the
physiological protection of the placenta.

Decidua and Amnion
In contrast to placental tissue, very little is known about the expression of TLRs in the
decidua. Recently, two studies described the expression of TLRs in the human decidua.
Krikun and coworkers reported the presence of mRNA for all 10 TLRs in first trimester and
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term decidua. They also demonstrated the protein expression for TLR2 and 4 in first-
trimester decidual cells. 1 These results were also confirmed by Canavan and Simhan43,
using immunocytochemistry, described the expression of TLR1-6 in primary cultures of
decidual cells isolated from third-trimester pregnancies.

As for amnion, one study showed that TLR4 is expressed at the apical side of amniotic
epithelium, indicating that TLR4 is poised to monitor amniotic fluid for pathogens.42 Dulay
et al.44 demonstrated the presence of soluble TLR2 in amniotic fluid, which may interfere
the recognition of TLR2 ligands by TLR2. These results suggest that TLR system plays a
role in regulating intra-amniotic inflammatory response to microbial pathogens.

Toll-like Receptor Signaling and Function at the Maternal–Fetal interface
Given that TLRs are widely expressed at the maternal–fetal interface, not only by immune
cells but also by non-immune cells such as trophoblasts, decidual cells and amniotic
epithelium, the next question is what is the role of TLRs in these cells and their influence in
regulating local and systemic immune responses during pregnancy. Here, we will discuss
possible functions of TLRs at the maternal–fetal interface.

Differential Responses to TLR4 and TLR2: Ligation in Trophoblast Cells
TLR2 and TLR4 function at the maternal–fetal interface is well described because they are
the principal receptors for recognition of bacterial cell wall components. Holmlund et al.
firstly reported TLR function in placenta. They showed that stimulation of TLR2 and TLR4
with zymosan and LPS-induced IL-6 and IL-8 production by third-trimester placental
cultures, which indicated that trophoblast have a capacity to recognize microorganisms and
initiate immune responses by activating immune cells.45

Our studies have shown that TLR-expressing first-trimester trophoblasts elicit very distinct
patterns of responses, depending upon the specific TLR that is activated. For example,
ligation of TLR4 with LPS in first-trimester trophoblasts produces a slow inflammatory
response, characterized by a modest up-regulation of cytokines.39 In contrast, PDG, which
signals through TLR2, induces apoptosis in trophoblasts rather than stimulating a cytokine
response.39

The pattern of response following TLR ligation also depends on the type of stimuli. While
LPS did not induce apoptosis in first-trimester trophobalsts,39 Chlamydia heat shock protein
60 was shown to induce apoptosis in trophoblasts through TLR4.46 This differential effect of
different TLR4 ligands may be explained by the diverse downstream signaling events and
differential use of adapter molecules by different TLR4 ligands.

This differential response of the same receptor ligation was also observed in TLR2.
Induction of apoptosis through TLR2 ligation was demonstrated in first-trimester
trophoblasts not only by PDG39 but also by ultraviolet-inactivated human cytomegalovirus
(HCMV).47 On the other hand, using third-trimester trophoblasts, Mitsunari et al.37
reported that macrophage-activating lipopeptide-2 (MALP-2) purified from Mycoplasma
fementans, signaled TLR2 and induced the expression of cyclooxygenase (COX)-2 and
prostaglandin E2. This differential effect between first- and third-trimester trophoblasts may
be attributable to the presence of TLR6 in third-trimester trophoblast. As we described, the
response following TLR2 stimulation appears to be dependent upon the cooperative
receptors, TLR1 and TLR6. Indeed, our in vitro studies suggest that the pro-apoptotic effect
observed following PDG treatment is mediated by TLR1 and TLR2 heterodimers, which
then activate caspase-8, -9 and -3 through MyD88/FADD pathway, whereas the presence of
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TLR-6 may shift the type of response; cell death is prevented and a cytokine response
ensues through NFκB activation.48

We have also shown that TLR4 ligation by LPS inhibited the migration of trophoblast cells.
49 This effect may explain the incomplete invasion of the trophoblast to the spiral arteries in
the uterus observed in patients with pre-eclampsia.

TLR Signaling Induces Anti-Viral Response: The Role of TLR3
The placenta may become exposed not only to bacteria but also to virus, which may pose a
substantial threat to the fetus. The trophoblast has unique characteristics for responding to
viral infections. TLR3, a receptor known to mediate immune responses toward viral dsRNA,
21 is expressed by first-trimester trophoblasts.38 As a result of poly(I:C) (a synthetic
dsRNA) stimulation, trophoblasts secrete pro-inflammatory cytokines as well as anti-
microbial products. Using first-trimester trophoblast, we described the production of
interferon-β (IFN-β) following poly(I:C) treatment.47 The production of IFN-β is critical to
mount an anti-viral response; therefore suggesting that the trophoblast upon recognition of a
virus may initiate a classical anti-viral reaction. In addition to interferon, the trophoblast has
an ability to produce anti-microbial factors such as secretory leukocyte protease inhibitor
(SLPI), 2′, 5′-oligoadenylate synthetase (OAS), Myxovirus resistance A (MxA) and
apolipoprotein B mRNA-editing enzyme-catalytic polypeptide-like 3G(APOBEC3G). These
all have a direct effect on viral activity.47 These findings suggested that the placenta and
especially trophoblasts function as an active barrier preventing the transmission of certain
viral infections to the fetus.38,50 In summary, all these studies suggest that trophoblasts are
able to recognize bacterial or viral products through TLRs and induce differential responses
(Fig. 2). The factor(s) associated with the type of response may determine the final outcome
and be associated with pregnancy disorders such as preterm labor, pre-eclampsia or IUGR.

TLR Signaling Modulate Immune Cell Function
Recently, we proposed that trophoblast cells are potentially able to modulate the immune
system at the maternal–fetal interface, by regulating various immune cell functions.38 Our
earlier studies demonstrated that first-trimester trophoblasts constitutively secrete cytokines/
chemokines such as, GRO-α, MCP-1 and IL8; and that these trophoblasts are also able to
recruit monocytes/macrophages, NK cells and neutrophils. 38,51 This cytokine/chemokine
expression in trophoblasts is further enhanced upon ligation by TLR4 or TLR3 agonists,
followed by a significant increase in the recruitment of immune cells.38 Moreover, the
factors produced by trophoblasts have a potent modulatory effect on the maternal immune
cells by determining their differentiation and state of activation. For example, monocytes/
macrophages incubated in the presence of trophoblasts or their condition media become less
sensitive to LPS stimulation.51

Based on these observations, we propose that the trophoblast is able to ‘educate’ immune
cells, where signals originated from trophoblast could determine the subsequent immune cell
behavior. This proper trophoblast–immune cell cross-talk may be essential for a normal
pregnancy, and changes or defects in this interaction may lead to pregnancy complications.

Toll-like Receptor in Pregnancy Complications
The importance of TLR’s role in various pregnancy disorders, such as abortion, preterm
labor, pre-eclampsia, and even fetal disorder has been demonstrated by either animal models
or clinical observations. First, we will review studies of animal models followed by clinical
studies.

Koga and Mor Page 5

Am J Reprod Immunol. Author manuscript; available in PMC 2011 January 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



TLR Animal Models for Pregnancy Complications
Preterm labor
TLR-2 and TLR-4 response and preterm labor: It has been established that gram-
negative bacteria trigger preterm labor in various animal models, and many attempts have
been made to clarify this mechanism. Wang and Hirsch reported that TLR4 is essential for
normal susceptibility to preterm delivery induced by gram-negative bacteria using TLR4
mutant mice model. They injected heat-killed Escherichia coli (HKE) into the uterus of
pregnant mice at gestational day 14 and showed that HKE-induced preterm delivery in
100% of TLR4 normal mice but in 0% of C3H/HeJ mice, which have a spontaneous
mutation in TLR4.52 Similar results were obtained independently by another group using
LPS injection model.53

To elucidate the mechanism by which TLR4 signaling induced preterm delivery, Wang and
Hirsch, using the same mice model, examined the prostaglandin pathway in the injected
uterus. They showed that ligation of TLR4 with LPS down-regulates the expression of 15-
hydroxyprostaglandin dehydrogenase, a prostaglandin-catabolizing enzyme, in fetal and
maternal tissue. The authors hypothesized that TLR4 mediates bacterially induced preterm
labor via downregulation of prostaglandin degradation.52

LPS administration is also shown to change the cytokine profile by increasing maternal
serum concentration of TNF-α and IL6, as well as placental expression of TNF-α, IL6 and
IL1-α.54 Besides the cytokine profile, LPS treatment markedly changed the profile of
immune cells; up-regulated the percentages of blood CD45(+)CD86(+), CD3(+) CD69(+),
CD49b(+)CD69(+) cells, and placenta CD45(+)CD86(+), CD45(+)CD49b(+),
CD49b(+)CD69(+) cells.55 These observations may imply that systemic and local
inflammatory responses followed by LPS administration cause preterm labor.

Gram-positive bacterial components have been associated with preterm labor as well. For
example, in rodents, LTA was shown to induce preterm delivery following cervical ripening
and placental abruption. 56 These effects on pregnancy seems to be TLR mediated as shown
by a recent study where either PDG or LTA, both TLR2 ligands, induced preterm delivery in
mice when injected intra uterus.57 In terms of the mechanism, contrary to the effects of
TLR4 ligation, TLR2 ligation does not seem to induce inflammatory responses. The
expression of TNF-α and IL1-β was examined in uterine tissues, but no up-regulation was
found in PDG-treated mice.57 We also recently established a novel mouse model, injected
PDG intraperitoneally on gestational day 6 and observed uterine cytokine production, NK
cells activation and apoptosis on day 12. In this model, no change in cytokine production or
NK cell activation was found in PDG-treated uterus,48 in contrast to the findings in LPS-
treated mice where cytokine up-regulation and NK cell activation were observed.58 On the
other hand, a significant increase in apoptotic trophoblasts were observed in PDG-treated
mice,48 which is consistent with the in vitro studies showing that PDG treatment to
trophoblasts induced TLR2-mediated apoptosis.39 These results suggested that the
mechanism underlying preterm labor triggered by PDG is not the result of an inflammatory
reaction but apoptosis of the trophoblast.

TLR3 response and preterm labor: Administration of poly(I:C) which is a synthetic
dsRNA mimicking viral RNA during late pregnancy also has detrimental effects on
pregnancy as shown by a study using intrauterine injection model. When administrated on
gestational day 15.5, poly(I:C) induced preterm labor in 31% of the animals along with the
induction of interferon-β and RANTES expression in uterine tissues.57

Our animal study further demonstrated that intraperitoneal administration of poly(I:C)
induced cytokine/chemokine production in the placenta, and as a consequence, immune cells
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such as macrophage and NK cells were attracted toward the placenta.59 These results are
consistent with our previous in vitro results that the placenta, and more specifically the
trophoblast, plays an active role on the response to poly(I:C).47 We further demonstrated
that these responses are mediated by TLR3 in trophobalsts, since poly(I:C) effects are not
observed in TLR3 KO mice.59

Antagonizing TLRs as a therapeutic strategy for preterm labor: Given that bacterial and
viral infections induce preterm labor by provoking inflammatory response through TLRs, an
idea came up that the TLRs system could be a target for therapeutic strategy for preterm
labor. Administration of fusobacterium nucleatum, a gram-negative anaerobe, is known to
induce preterm birth and fetal death in mice. Using this model, Liu et al. demonstrated that
TLR4 antagonist reduced the fetal death and decidual necrosis. Interestingly, TLR4
antagonist did not affect the bacterial colonization in the placentas, indicating that
antagonizing TLRs has no bactericidal activity but control inflammatory response.42 Adams
Waldorf et al.60 further showed with their rhesus monkey model that the administration of
TLR4 antagonist together with antibiotics was able to inhibit the LPS-induced preterm labor.

Early pregnancy loss—TLR stimulation is also known to induce fetal resorption when it
occurs in early pregnancy. Administration of Poly(I:C) induces fetal loss when injected
during early pregnancy in various mating pairs such as ‘resorption-prone’ mating (male
DBA/2J with female CBA/J),61 syngeneic mating (male BALB/c with female BALB/c) and
allogeneic mating (male BALB/c with female C57BL/6).62 Li et al. demonstrated that
poly(I:C) induces resorption in pregnant mice through TLR3, because injection of a
neutralizing antibody for TLR3 abrogated the effects of poly(I:C).62 In addition, they
demonstrated that ligation of TLR3 with poly(I:C) on gestational day 7 induced IL2 and
inhibited IL10 expression in CD45+ cells isolated from the placenta.62 The same authors
further demonstrated that poly(I:C) injection in early pregnancy induced uNK cells
activation and speculated that this is the cause of poly(I:C)-induced embryo resorption.62
Zhang and coworkers63 showed that poly(I:C) treatment impaired uterine vascular
remodeling through endometrial TNF-α up-regulation and suggested that this induced fetal
loss.

Pre-eclampsia—In 1994, Faas et al.64 developed an animal model for pre-eclampsia by
injecting ultra-low dose of LPS into pregnant rat on day 14 of gestation, although at that
time, the role of TLR4 was completely unknown. Recently, Tinsley et al.65 tested the effect
of TLR3 activation on the development of pre-eclampsia-like symptoms in rats. They inject
poly(I:C) intra peritoneal from days 10, 12, 14, 16, 18 of gestation and found that the treated
rats showed pre-eclampsia-like symptom such as proteinuria and hypertension. These
findings suggest that the activation of TLRs in pregnancy causes not only preterm labor and
pregnancy loss, but also pre-eclampsia.

Fetal development—The fetus is not indifferent to a viral or bacterial infection, and the
immunological responses by the maternal immune system or the placenta or fetal immune
system may have important consequences on the normal development and survival of the
fetus. In the following section, we will discuss some studies related to the long-term effects
of TLR ligation in the offspring.

Administration of LPS to pregnant mice was shown to cause acute fetal cardiovascular
depression, 54 and inhibit structural development of the distal fetal mouse lung in a TLR4-
dependent manner.66 Similarly, cerebral white matter damage, which is one of the biggest
problems seen in preterm neonates because of its strong association with their lifetime
adverse outcome, is also believed to be caused by TLR4 activation in the fetus.67 It is
worthy to mention that low-dose LPS, which has no adverse effects on pregnancy outcome,
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dramatically increases brain injury to subsequent hypoxic–ischemic challenge in a newborn
rat animal model.67 These findings are compatible with clinical findings showing that
maternal exposure to bacteria not only causes preterm labor, but also contributes to long-
term adverse outcome in the offspring such as cerebral white matter damage.

Adverse effects of maternal TLR3 activations were also found in fetuses in various animal
models. Maternal poly(I:C) or virus exposure cause marked behavioral changes in the
offspring mouse,68 which is relevant to many epidemiological studies showing that
maternal exposure to virus causes not only abortion or preterm birth but also fetal
schizophrenia and autism.69,70 Offspring of poly(I:C)-treated pregnant mice were shown to
have less expression of brain-derived neurotrophic factor (BDNF), nerve growth factor
(NGF) and TNF-α in their placenta, liver/spleen and brain, which may represent a potential
mechanism through which maternal viral infection increases a risk of such
neurodevelopmental disorders.71

In contrast to the ‘adverse’ effects of maternal infection on fetus, there is a notion called
‘hygiene hypothesis’, that is, ‘adequate’ maternal microbial exposure has protective effects
on neonatal allergic disease. Very recently, it was demonstrated that TLR system is also
involved in this effect. Conrad et al.72 showed that an administration of non-pathogenic
microbe Acinetobacter Iwoffii F78 to pregnant mice has a protective effect on postnatal
asthma, and the effect was completely abolished in TLR2/3/4/7/9/null mice.

Given that maternal infections are detrimental to offspring long-term health, the next
question is whether these effects of maternal infections on the fetus are due to a direct effect
of the pathogen (virus, bacteria) or secondary effect through maternal response
(inflammation, cytokines). In this context, Kim and coworkers 73 demonstrated the
expression of TLR2 and TLR4 in skin samples obtained from preterm delivered babies by
immunohistochemistry. As for function of TLR in fetus, studies of mouse and human fetal
cells show stimulation of fetal intestinal cells or fetal monocyte with LPS results in
production of chemokines and cytokines.74,75 These findings indicate that fetal cells are
also capable of recognizing microbial products and participate in innate immune defense in
the case of microbial invasion of the amniotic cavity; although the expressions of other
PRRs in various fetal tissues/organs still need to be elucidated.

Recent studies from our laboratory have shown that viral infection of the mouse placenta,
which does not induce preterm labor, has a detrimental effect on fetal development.59 A
striking finding was the observation of a general inflammatory fetal condition, very similar
to those observed in the human condition known as fetal inflammatory response syndrome
(FIRS).76 This inflammatory condition was present in the fetus in spite of undetectable viral
titers.

Morphologic examination of the fetus reveled changes in the brain, heart and lungs. This
data suggests that although the virus may not reach the fetus, an inflammatory process at the
placenta will affect the normal development of the fetus, with potential after birth severe
consequences.

Role of TLRs in Human Pregnancies: Clinical Observation
Recent clinical studies have linked TLRs to pregnancy disorders. In the following section,
we will discuss some of the most relevant observations.

TLR expressions at the maternal–fetal interface in pregnancy disorders—
Intrauterine infection and subsequent chorioaminionitis (CAM) are known to be among the
most important causes of preterm delivery. 1 We evaluated the expression of TLR2 and
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TLR4 in chorioamniotic membranes in spontaneous labor at term and in preterm parturition
that are associated with CAM. TLR2 and TLR4 mRNA expression were significantly higher
in membranes from women at term with spontaneous labor than women not in labor. TLR2
expression in chorioamniotic membranes was significantly higher in patients with CAM
than those without CAM. The expression of TLR2 was also restricted to the basal surface of
amniotic epithelial cells in non-CAM preterm, labor whereas in CAM cases, diffuse and
strong positive staining for the entire cytoplasm of epithelium was observed.39 On the other
hand, Rindsjo et al.77 demonstrated that TLR2 expression in trophoblast was decreased in
patients with CAM compared to those without CAM. These findings suggest that the
response to infection varies in the different parts of the maternal–fetal interface. However,
we have to take into consideration the possibility that these variations might be the result of
technical variations among study groups.

As for TLR4, Kumazaki et al.41 showed that TLR4 expression in the villous Hofbauer cells
was higher in preterm placenta with CAM than preterm placenta without CAM, or term
placenta with or without CAM. Recently, TLR4 expression was shown at the amniotic
epithelium, and the strongest immunoreactivity for TLR4 was observed at basal membrane
in CAM patients. The authors suggested that an infection may induce the translocation of
TLR4 from apical to basal membrane to decrease TLR signaling during early infection but
allow the amniotic epithelium to remain competent to invasive bacteria.42

In addition to CAM, we also evaluated the involvement of TLRs in the etiology of pre-
eclampsia. Thus, TLR4 expression in trophoblast was significantly higher in women with
preterm delivery associated with pre-eclampsia than in women with or without CAM
preterm delivery. Furthermore, TLR4 expression was co-localized with activated NFκB,
TNF-α and M30 (an apoptosis marker specific for epithelial cells), suggesting that
inflammatory cytokines can induce TLR4 expression and thereby enhance further
trophoblast response to TLR ligands.49 Similarly, Wang and coworkers78 described a
correlation between high levels of TLR4 expression in microvessel endothelial cells isolated
from placental villi, and placental vascular disease, defined by an abnormal umbilical artery
Doppler study. These findings imply that the level of TLR expression in zthe placenta is
controlled by certain pathogen per se and/or endogenous molecule produced upon
inflammation, as a feedback mechanism to enhance or inhibit further immune responses,
although precise mechanisms are not clarified yet.

A new aspect on TLR function is related to its ability to recognize not only microbial
ligands but also host products, also know as ‘danger signals’ released by injured cells,79

suggesting that TLRs might be involved not only in infection but also in non-infection-
related conditions associated with pregnancy. For instance, Holmlund et al.80 demonstrated
that HMGB1, a ligand for TLR4, is highly expressed in decidua from pre-eclamptic patients.
Anti-phospholipid antibodies, which is known to be involved in the pathology of recurrent
miscarriage, pre-eclampsia and preterm labor, was also shown to induce a pro-inflammatory
response in first-trimester trophoblast via TLR4 pathway.81

TLR polymorphisms and pregnancy disorders—Given that the TLR system is
involved in many pregnancy disorders, it is possible that the TLR polymorphisms affect on
the susceptibility to pregnancy disorders. Indeed, a number of studies evaluated whether
polymorphisms in TLR are associated with pregnancy disorder. As for preterm labor, most
of the studies are focusing on polymorphism in TLR2 and TLR4. Interestingly, not only
polymorphism in the mother, but also that in the infant was analyzed and proved
associations between fetal polymorphism and susceptibility to preterm labor. These findings
imply that not only the immune system in the mother, but also that in the fetus or placenta
contributes the innate immune response in preventing adverse outcomes in pregnancy.82
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One study evaluated infants’ genomic DNA and showed that infants who carried two
polymorphic TLR2 alleles (-16934TA/AA and 2258GA/AA) had significantly shorter
gestational ages.83 Another study conducted within Finnish population found that Gly in
TLR4 299, in both infants and mothers, was associated with preterm labor,84 and same
trend was observed in a study in Uruguay.85

Bacterial vaginosis (BV), known to induce preterm birth, is also reported to be associated
with TLR4 polymorphisms. One study found Thr for TLR4 399 was significantly less
common in women with BV compared with women without BV.86 Another study showed
Gly for TLR4 299, which is known to impair responses to LPS, was associated with an
increase in vaginal pH, Gardnerella vaginalis levels and concentration of anaerobic gram-
negative rods.87

TLRs polymorphisms also affect on the susceptibility to pre-eclampsia. Recently, van Rijn
et al.88 suggested that maternal TLR4 polymorphisms alter susceptibility to early-onset pre-
eclampsia and elevated liver enzymes and low platelets (HELLP) syndrome. Hirschfeld et
al. also found that the presence of TLR2 Arg753Gln and two TLR4 SNPs (Asp299Gly and
Thr399Ile) was associated with normal pregnancy controls.89

These clinical observations indicate an important role for the TLR systems in pregnancy
disorders, although further investigations are required to determine the specific mechanism
underlying in each condition.

Summary
The spatial and temporal pattern of TLR expression at the maternal–fetal interface has been
described in physiological and pathological conditions. There is growing evidence that these
TLRs recognize pathogens and react to them, not only in immune cells but also in non-
immune cells such as the trophoblast. This implies clinical applications in pregnancy
disorders, i.e., using TLR agonists as a therapeutic and/or prophylactic treatment, or
detection of TLR expression as a diagnostic tool.

There are several points that still need to be elucidated. While we have recognized the
importance of the TLRs in the defense against pathogens, the role of these receptors in
establishing tolerance to the growing fetus is still unknown. It is intriguing to speculate that
TLRs at the maternal–fetal interface may play a role in establishing normal pregnancy,
given the fact that commensal bacteria, which may potentially be bound to the TLRs, are
present in the reproductive tract, although further studies are required to elucidate this
hypothesis. It is also still unclear what regulates the expression pattern and functional
activity of TLRs during pregnancy, either in physiological or in pathological conditions.
Addressing this question may also help develop clinical applications.

Recent research in the field of TLR shows that these receptors play so many important roles
in various areas. Further studies on TLRs at the maternal–fetal interface will shed light on
how the balance between tolerance to allergenic fetus and host defense against possible
pathogens is maintained.
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Fig. 1.
Toll-like receptor (TLR) signals. Membranal TLRs; TLR1, 2, 4, 5, 6, can recognize external
signals, while cytoplasmic TLRs; TLR3, 7, 8, 9 will recognize intracellular signals.
Following ligation, the majority of TLRs induce activation of NFκ B and cytokine
production in MyD88-dependent manner. TLR4, like TLR3, can also signal in a MyD88-
independent manner, which induces the expression of type I interferons (IFN) and IFN-
inducible proteins. IFN, TRIF (Toll/IL-1 receptor domain-containing adaptor inducing IFN-
β), IRF3 (IFN regulatory factor).
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Fig. 2.
Trophoblasts recognize viral component via TLR3 and respond by producing interferons and
anti-microbial factors to control the viral attack (1). In addition, trophoblast produces
cytokines and chemokines that will have a modulatory effect on the maternal immune
system (2). Following bacterial infection, TLR2/TLR1 ligation in the trophoblast causes
apoptosis, (3) while TLR2/TLR6 ligation or TLR4 ligation promotes cytokine production by
trophoblasts (4). The inflammatory response initiated by trophoblast activates macrophages,
NK cells and neutrophils for further immune modulation. (Modified from Koga and Mor
2008 Reproductive Sciences)
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Table I

Toll-like receptors (TLRs) and ligands

Ligands

TLR Exogenous Endogenous

TLR1 Triacetylated lipoproteins (witn TLR2)

TLR2 Peptidoglycan, Lipopeptides, Lipoteichoic acids, Zymosan

TLR3 Double-stranded RNA Host RNA

TLR4 Lipopolysaccharides, paclitaxel Hsp60, Hsp70, Hsp90, ROS, HMGB1,Surfactant protein A,
Fibrinogen, Fibronectin, Hyaluronic acid oligosaccharides, Eosinophil
derived neurotoxin

TLR5 Flagellin

TLR6 Diacylated lipoprotein (with TLR2)

TLR7 Single-stranded RNA

TLR8 Single-stranded RNA

TLR9 Non-methylated CpG DNA, Herpes virus Autoimmune chromatine-IgG complex

TLR10 –
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