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Abstract
Intrauterine bacterial infections are a well-established cause of pregnancy complications. One key
observation in a number of abnormal pregnancies is that placental apoptosis is significantly
elevated. First trimester trophoblast cells are known to express TLR1 and TLR2 and to undergo
apoptosis following exposure to Gram-positive bacterial peptidoglycan (PDG). Thus, the
objectives of this study were to determine whether PDG-induced pregnancy complications are
associated with placental apoptosis and to characterize the cellular mechanisms involved. We have
demonstrated, using an animal model, that delivery of PDG to pregnant mice early in gestation
resulted in highly elevated placental apoptosis, evidenced by trophoblast M-30 and active caspase
3 immunostaining. Using an in vitro model of human first trimester trophoblasts, apoptosis
induced by PDG was found to be mediated by both TLR1 and TLR2 and that this could be
blocked by the presence of TLR6. Furthermore, in the presence of TLR6, exposure to PDG
resulted in trophoblast NF-κB activation and triggered these cells to secrete IL-8 and IL-6. The
findings of this study suggest that a Gram-positive bacterial infection, through TLR2 and TLR1,
may directly promote the elevated trophoblast cell death and that this may be the underlying
mechanism of pregnancy complications, such as preterm delivery. Furthermore, the expression of
TLR6 may be a key factor in determining whether the response to PDG would be apoptosis or
inflammation.

Intrauterine bacterial infections can gain access to the placenta by either ascending into the
uterus from the lower tract or via the maternal circulation and represent a significant threat
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to fetal well-being and pregnancy outcome (1). It has been postulated that through the
expression of the innate immune TLRs, the placenta has the ability to control
microorganisms that may injure the embryo/fetus, thereby protecting the pregnancy (2).
However, intrauterine infections have been associated with pregnancy complications such as
preterm labor, intrauterine growth restriction, and preeclampsia (1,3–6), although the
connection between bacterial infections and preterm labor is the most well established
(1,7,8). Although the precise mechanisms by which an infection can lead to such pregnancy
complications remain largely undefined, excessive inflammation and/or cell death at the
maternal-fetal interface are thought to be key contributors in a compromised pregnancy (9–
13). Therefore, an inappropriate or inadequately controlled TLR-mediated reaction to a
pathogen by the placenta may provide the link between infection and adverse pregnancy
outcome (2,14).

TLRs allow both immune and nonimmune cells to recognize pathogen-associated molecular
patterns expressed by microorganisms and subsequently mediate an immune response. To
date, 10 functional human TLRs have been characterized. As a family, TLRs can sense the
spectrum of microbes and viruses; however, each TLR has a distinct extracellular domain
and, as a result, has distinct specificities (15). Intracellularly, however, all TLRs share a
common Toll/IL-1R homology region (TIR)3 (16). Following ligation, the TLRs can signal
through the intracellular signaling adapter protein MyD88 to activate the NF-κB pathway,
which results in the production of cytokines, chemokines, and antimicrobial factors (17,18).
In addition to the classic TLR-induced inflammatory response, certain TLRs have been
shown to trigger apoptosis. This TLR-mediated cell death appears to be highly dependent
upon the receptor involved, the agonist used, and the cell type (19–26). Of the TLRs, the
most common mediator of apoptosis is TLR2 (19,21–23,26). TLR2 is able to respond to
Gram-positive bacterial peptidoglycan (PDG) and lipoteichoic acid (LTA) (27–30),
meningococcal porins (31), bacterial lipopeptides and lipoproteins (32,33), as well as fungal,
parasitic, and viral pathogen-associated molecular patterns (34). This broad specificity is, in
part, due to the unique ability of TLR2 to both homodimerize as well as form heterodimers
with either TLR1 or TLR6 (35–39).

We have previously reported that first trimester trophoblast cells, which express TLR2 and
TLR1, but lack TLR6, undergo apoptosis following exposure to the TLR2 ligands, PDG and
LTA (40). Furthermore, PDG and LTA are known to trigger prematurity in vivo (41,42).
Therefore, the aims of this study were to determine whether PDG-induced pregnancy
complications are associated with excessive placental apoptosis and to characterize the
cellular mechanism by which TLR2 mediates PDG-induced apoptosis in first trimester
trophoblast cells. In this study, we report, for the first time, that administration of PDG at
low doses to pregnant wild-type mice results in extensive placental apoptosis. We have
demonstrated that PDG-induced trophoblast apoptosis is mediated by both TLR1 and TLR2,
and that this can be inhibited by the presence of TLR6. Moreover, in the presence of TLR6,
PDG triggers trophoblast cells to secrete IL-8 and IL-6. These results suggest that a Gram-
positive bacterial infection during pregnancy may promote trophoblast apoptosis via TLR2/
TLR1 heterodimers. Expression of TLR6, however, may protect the trophoblast from PDG-
induced apoptosis and instead may promote an inflammatory response, suggesting that
apoptosis may not be the only TLR2-mediated pathway for adverse pregnancy outcome.
These findings shed new light on the mechanisms by which Gram-positive bacterial
infections may affect placental function and pregnancy outcome.

3Abbreviations used in this paper: TIR, Toll/IL-1R homology region; LTA, lipoteichoic acid; DN, dominant negative; MOM, mouse-
on-mouse; RLU, relative unit.
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Materials and Methods
First trimester trophoblast cell lines

Two human first trimester trophoblast cell lines were used in this study. The SV40-
transformed HTR8 cells, which were a gift from Dr. C. Graham (Queens University,
Kingston, Ontario, Canada) (43), and the 3A cells, which were transformed by SV40 ts30
(40). Both cell lines were maintained at 37°C/5% CO2 in RPMI 1640 (Invitrogen)
supplemented with 10% FBS (HyClone), 10 mM HEPES, 0.1 mM MEM nonessential amino
acids, 1 mM sodium pyruvate, and 100 nm penicillin/streptomycin (Invitrogen).

Stably transfected trophoblast cell lines
3A cells were stably transfected with either the pZERO expression plasmid containing
human TLR1ΔTIR, the pZERO expression plasmid containing human TLR2ΔTIR, or the
pUNO expression plasmid containing full-length human TLR6 (InvivoGen). TLR1ΔTIR and
TLR2ΔTIR act as dominant negatives (DN) because their TIR domains have been deleted.
Thus, TLR1ΔTIR and TLR2ΔTIR can compete with endogenous TLR1 or TLR2,
respectively, for ligand binding, but cannot transduce a signal. Briefly, cells were transfected
for 18 h with 2 μg of DNA using Fugene 6 (Roche Diagnostics). Following transfection,
cells were allowed to recover in growth medium for 24 h, after which selection for stable
expression was performed. Cells expressing the TLR1ΔTIR (TLR1-DN) or the TLR2ΔTIR
(TLR2-DN) were selected for using 200 μg/ml puromycin (InvivoGen), and cells expressing
TLR6 (TLR6+) were selected for using 200 μg/ml blasticidin (InvivoGen). Untransfected
cells served as the wild-type control.

Animal studies
C57BL/6 mice were obtained from The Jackson Laboratory. All mice were housed in a
specific pathogen-free facility supervised by the Central Research Department of Rhode
Island Hospital. All protocols were approved by the Lifespan Animal Welfare Committee
and conducted according to its guidelines. Mice received i.p. injections of 100 μl of either
saline or PDG at 25 μg/mouse on embryonic day 6.5. On embryonic day 12, animals were
sacrificed and the uteri, placenta, and spleens were harvested as previously described (44).
Tissues were either paraffin embedded, snap frozen and stored at −80°C, or analyzed
immediately. Mouse placental tissue lysates were prepared by homogenization in 1 ml of
lysis buffer/1 g weight containing 1% Nonidet P-40/0.1% SDS in PBS in addition to 0.2 μg/
ml PMSF and a protease inhibitor mixture (Roche Applied Science). After a 30-min
incubation on ice, samples were centrifuged for 60 min at 13,500 rpm/4°C. Supernatants
were then collected and stored at −40°C until further analysis. Protein concentrations were
determined using the BCA assay (Pierce).

Flow cytometry
Mouse uterine and splenic mononuclear cells were isolated as previously described (44).
Cells were then washed in PBS and resuspended in PBS containing 0.1% sodium azide and
1% BSA. FITC-conjugated anti-CD45 (30-511), PE-conjugated anti-NK1.1 (PK136; BD
Biosciences), or PE-conjugated anti-CD11b (M1/70; BD Biosciences) and PerCP-
conjugated anti-CD3 (145-2C11; BD Biosciences) were then added simultaneously and
allowed to incubate at 4°C for 30 min. Fluorochome-conjugated isotype Abs of irrelevant
specificity were used as controls (44).

Cytotoxicity assays
Uterine NK cell activity was measured using a standard chromium release assay as
previously described (44). Briefly, target YAC-1 cells (5 × 103) were labeled with 0.15 mCi
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of Na2(51CrO4) (PerkinElmer) for 1 h at 37°C. Effector uterine mononuclear cells were
added to target cells at descending half-fold E:T cell ratios of 50:1 to 1.65:1 in RPMI 1640
plus 10% FBS, and supernatants were harvested after an incubation of 5 h at 37°C in 10%
CO2 and read on a gamma radiation counter. The percent lysis was calculated as: [(sample
count − spontaneous release)/(maximal release − spontaneous release)] × 100. Spontaneous
release was assessed by the radioactivity detected in the supernatant from target cells
incubated alone, and maximal release was assessed by the radioactivity detected in the
supernatant from target cells lysed with 1 N HCl.

Immunohistochemistry
Localization of caspase 3 and M30 expression in day 12 mouse placentas was performed as
follows. Mouse placental samples were fixed with 4% paraformaldehyde and then paraffin
embedded. Sections of placenta (5 μm) were adhered to glass slides, underwent
deparaffinization, and then were blocked with mouse-on-mouse (MOM) blocking reagent
(Vector Laboratories) for 1 h at room temperature. Following two washes with PBS, slides
were incubated in MOM diluent for 5 min and then incubated for 30 min at room
temperature with either the anti-active caspase 3 mAb at a 1/100 dilution (Calbiochem) or
the M30 CytoDEATH mAb at a 1/25 dilution (Roche Applied Science). The M30 mAb
detects caspase-cleaved cytokeratin 18 and is used to identify apoptosis in trophoblast and
epithelial cells (45). MOM diluent served as negative controls. After two washes with PBS,
specific staining was detected by incubating with a MOM biotinylated reagent (1/250
dilution) for 10 min followed by a 30- min incubation with streptavidin-HRP (Vector
Laboratories). After three washes in 0.1 M Tris, slides were developed using
diaminobenzidine substrate (Vector laboratories) and then counterstained with hematoxylin
(Sigma-Aldrich) before dehydration with ethanol and Histosolve (Shandon). Slides were
then mounted with Permount (Fisher Scientific) and visualized by light microscopy.

RT-PCR
Total RNA was isolated from cells using the RNeasy kit from Qiagen. Reverse transcription
was performed on 5 μg of total RNA using the First Strand cDNA Synthesis kit from
Amersham Biosciences according to the manufacturer’s directions. The primers and
conditions used for amplification of human TLR6 and β-actin have been previously
described (37,40,46).

Cell viability assay
The effects of PDG on wild-type and stably transfected trophoblast cell viability were
determined using the CellTiter 96 viability assay (Pro-mega) as previously described (47).
Cell lines were plated in wells of a 96-well plate at 5 × 103 cells/well in growth medium and
cultured until 70% confluent. The medium was then replaced with serum-free Opti-MEM
(Invitrogen) and cultured for another 4 h before treatment. Following treatment, with either
medium or PDG isolated from Staphylococcus aureus (InvivoGen), the CellTiter 96
substrate was added to all wells and following a 1- to 4-h incubation at 37°C, ODs were read
at 490 nm. All samples were assayed in triplicate and cell viability was presented as a
percentage relative to the untreated control.

Caspase activity assay
The effects of PDG on caspase activity was determined using the Caspase-Glo assay
(Promega) as previously described (47). Briefly, 10 μg of the whole cell lysates were
incubated at room temperature in the dark for 1 h with either the caspase 3, caspase 8, or
caspase 9 substrate. Following incubation, luminescence was measured using a TD-20/20
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luminometer (Turner Designs). The amount of luminescence detected as relative light units
(RLU) was proportional to caspase activity. All samples were assayed in triplicate.

Cytokine studies
The effect of PDG on trophoblast cytokine production was determined by Luminex
technology. Trophoblast cells were treated with or without PDG. Following a culture of 48
h, the cell-free supernatants were collected by centrifugation at 400 × g for 10 min and
stored at −80°C until analysis was performed. The concentrations of IL-8 and IL-6 were
then evaluated using the Beadlyte Multiplex Assay with detection and analysis using the
Luminex 100 IS system (Upstate Biotechnology) according to the manufacturer’s
instructions and as recently described (48,49). Mouse placental lysates collected from the
animal studies were also evaluated for cytokine content by analyzing 62.5 μg of placental
protein using the Bio-Plex Mouse Cytokine 23-Plex Panel (catalog no. 171-F11241) from
Bio-Rad.

NF-κB activity assay
The effect of PDG on trophoblast cell NF-κB activity was determined using a luciferase
reporter construct pBII-LUC containing two NF-κB sites before a Fos essential promoter (a
gift from Dr. S. Ghosh, Yale University, New Haven, CT) (50). Trophoblast cells were
transiently transfected with 2 μg of pBII-LUC using Fugene 6 (Roche Diagnostics) as
previously described (51). Following transfection, cells were allowed to recover in growth
medium for 24 h. The cells were then treated with or without PDG, lysed for protein, and
luciferase activity was measured using the Luciferase Assay System (Promega) according to
the manufacturer’s protocol. Briefly, 10 μg of protein in a total volume of 20 μl was mixed
with 100 μl of the Luciferase Assay Reagent, and luminescence was measured using a TD
20/20 Luminometer (Turner Designs). Relative activity was calculated based on readings
measured from untreated cells after subtracting blank values. Each sample was assayed in
triplicate.

Statistical analysis
Data are expressed as mean ± SD. Statistical significance (p < 0.05) was determined using
either t tests or, for multiple comparisons, one-way ANOVA followed by Bonferroni’s post
test or multiple regression analyses. Unless stated otherwise, all experiments were
performed in triplicate and a representative of at least three independent experiments is
shown.

Results
PDG induces trophoblast apoptosis in vivo

Recently, Ilievski et al. (42) reported that i.p. administration of high doses of PDG to wild-
type animals late in gestation induces preterm delivery. Because we previously reported that
treatment with PDG induced first trimester trophoblast cells to undergo apoptosis (40), we
sought to determine in an experimental model whether PDG-induced preterm labor is a
result of PDG-induced apoptosis in placental cells. Thus, pregnant C57BL/6 mice were
treated with either saline or 25 μg of PDG i.p. on embryonic day 6.5. This low dose of PDG,
delivered early in gestation, did not induce preterm labor or fetal resorption (Table I) and,
therefore, allowed us to fully evaluate the tissues. Following PDG administration, the
fetoplacental units were collected on embryonic day 12 and evaluated for placental cytokine
production, NK cell infiltration and cytotoxicity, and placental apoptosis. As shown in Fig.
1A, following treatment with PDG, high levels of active caspase 3 and M-30 expression
were seen in both the placental trophoblast cells and in the fetal membranes. Placentas from
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animals treated with saline alone showed little, if any, active caspase 3 and M-30 expression
(Fig. 1A). These results were confirmed by performing a caspase activity assay on the
placental lysates. As shown in Fig. 1B, a significant increase in caspase 3, caspase 8, and
caspase 9 activity was observed in placentas from mice treated with PDG when compared
with the saline controls. No differences in placental cytokine expression levels were found
between the saline-and PDG-treated mice (data not shown). Moreover, when compared with
the saline control, administration of this low dose of PDG had no effect on the levels of
uterine or splenic NK cells or myeloid cells (Fig. 1C), nor were there any differences in
uterine NK cell cytotoxicity (Fig. 1D).

Kinetics of PDG-induced trophoblast apoptosis in vitro
Having confirmed that PDG was indeed inducing trophoblast apoptosis in vivo, we next
sought to further characterize the molecular mechanism underlying this effect. For this, two
first trimester trophoblast cell lines (HTR8 and 3A) were used as a model. The following
experiments are described only for PDG, because we previously reported that LTA and PDG
can both trigger trophoblast apoptosis in vitro and both are recognized by TLR2 (40). Thus,
cells were treated for 48 h with either a low (20 μg/ml), moderate (40 μg/ml), or high (80 μg/
ml) PDG concentration. As shown in Fig. 2A, trophoblast caspase 3 activity was
significantly increased by PDG in a dose-dependent manner. Although the lowest dose only
had an effect on the HTR8 cells, the moderate concentration of 40 μg/ml induced significant
caspase 3 activation in both cell lines. Furthermore, following exposure to PDG, trophoblast
caspase activation occurred in a time-dependent manner. No caspase 3 activation could be
detected before 24 h of treatment (Fig. 2B). However, from 24 h onward, significant
increases in caspase 3, caspase 8, and caspase 9 could be detected (Fig. 2C).

PDG triggers trophoblast apoptosis through TLR2 and TLR1
TLR2 can function as a homodimer (TLR2/TLR2) or as a heterodimer with either TLR1 or
TLR6 (TLR2/TLR1 or TLR2/TLR6) (15). Since the HTR8 and 3A trophoblast cell lines
express only TLR2 and TLR1 (40), we first evaluated which of these two TLRs were
necessary for the induction of apoptosis. To inhibit TLR1 or TLR2, trophoblast cells were
stably transfected to express either a TLR1-DN or a TLR2-DN and their responses to PDG
were compared with the wild-type cells expressing only endogenous TLR1 and TLR2. The
TLR1-DN and TLR2-DN both lack their TIR domains; therefore, they can compete with the
endogenous receptors for ligand binding but cannot signal. As shown in Fig. 3, although
PDG treatment significantly reduced wild-type trophoblast cell viability, expression of either
the TLR1-DN or TLR2-DN significantly blocked this effect. The dependence of both TLR1
and TLR2 on PDG-mediated apoptosis was further confirmed by evaluating the effects of
the dominant negatives on PDG-induced caspase activation. As shown in Fig. 4, when wild-
type trophoblast cells were treated with the moderate concentration of PDG (40 μg/ml), a
significant increase in caspase 3, caspase 8, and caspase 9 activity was observed. However,
in the presence of either the TLR2-DN or the TLR1-DN, PDG-induced caspase activation
was significantly reduced. These results suggest that both TLR2 and TLR1 are necessary for
PDG-induced apoptosis in trophoblast cells.

TLR6 expression protects trophoblast cells from peptidoglycan-induced apoptosis
In addition to TLR1, TLR2 is known to cooperate with TLR6 (15). Because both first
trimester trophoblast cell lines used in this study lack TLR6 (40), we postulated that TLR6
might compete with TLR1 to prevent TLR2-mediated trophoblast apoptosis. Thus,
trophoblast cells were stably transfected to express TLR6 (TLR6+; Fig. 5A), and their
responses to PDG were compared with those of the wild-type cells. Expression of TLR6
significantly blocked the effect of PDG on trophoblast cell viability (Fig. 5B) and
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significantly inhibited PDG-induced caspase 3, caspase 8, and caspase 9 activation, when
compared with the response of the wild-type cells (Fig. 6).

TLR6 expression by trophoblast cells promotes NF-κB activation and cytokine production
Having established that TLR6 did indeed protect trophoblast cells from PDG-mediated
apoptosis, we next determined whether the presence of TLR6 could fully reverse the effect
of PDG on the trophoblast by triggering an inflammatory response. We have previously
reported that after 12 h of treatment at a low dose of 10 μg/ml, PDG up-regulated the levels
of IL-6 and IL-8 in the cell lysates (40). To further characterize the effects of PDG on
cytokine and chemokine production, trophoblast cells (wild type and TLR6+) were treated
with low to moderate concentrations of PDG (10–40 μg/ml) for 24 and 48 h and cytokine
production was evaluated. As shown in Fig. 7, A and B, PDG significantly inhibited wild-
type trophoblast content (lysates) and secretion (supernatants) of IL-8 and IL-6 in a dose-
dependent manner at 24 and 48 h. However, in the presence of TLR6, this effect was
reversed and we could observe a significant increase in the secreted levels of these two
cytokines at 48 h (Fig. 7B). Since TLR-induced cytokine production is mediated through
NF-κB activation (15), NF-κB activity in wild-type and TLR6+ trophoblast cells was
monitored using a luciferase reporting system containing two NF-κB binding sites (50). As
shown in Fig. 8, when wild-type trophoblast cells were treated with PDG, baseline NFκB
activity was inhibited after 30 min. In contrast, treatment of the TLR6+ trophoblast cells
with PDG resulted in a 12.5-fold increase in NF-κB activity after 30 min.

Discussion
Intrauterine infections are a well-established cause of preterm labor and have been linked to
other pregnancy complications, such as preeclampsia and intrauterine growth restriction
(1,3–8). However, the mechanisms involved are still largely undefined. A key observation in
a number of abnormal pregnancies is that during early pregnancy, trophoblast cell apoptosis
is significantly elevated (11–13). The findings of this current study suggest that an intra-
uterine Gram-positive bacterial infection may cause the excessive trophoblast cell apoptosis
observed in some abnormal pregnancies and that TLRs may provide the mechanism of
pathogenesis. Specifically, our results demonstrate that Gram-positive bacterial PDG causes
trophoblast apoptosis in vivo. Our in vitro studies implicate TLR1 and TLR2 in providing
the direct mechanism of PDG-induced apoptosis which can be regulated by TLR6.

A number of animal models have been used to test the effects of infection on pregnancy.
However, the majority of these studies have focused on Gram-negative bacteria or bacterial
components (52). Two studies in mice have evaluated the effects of Gram-positive bacterial
components on pregnancy outcome. Kajikawa et al. (41), found that i.p. administration of
LTA on embryonic day 15 resulted in preterm delivery and trophoblast apoptosis. This is
consistent with our previous in vitro observations that LTA can induce first trimester
trophoblast apoptosis (40). In another study, i.p. administration of a high dose of PDG on
embryonic day 14.5 was also found to trigger preterm delivery (42). However, contrary to
another stimuli, such as bacterial LPS, which induces preterm delivery in association with
elevated cytokine production and changes in intrauterine immune cell activation and
distribution (44,52), the effect of PDG was not associated with changes in cytokine
production (42). We have also previously reported that PDG induces apoptosis in human
first trimester trophoblast cells (40), suggesting that preterm labor observed in these animals
may be mediated by PDG-induced trophoblast cell death. Since a high PDG dose of 1 mg
per mouse given on day 14.5 of gestation (embryonic day 14.5) triggers rapid prematurity
(42) and pregnancy complications are thought to be established early in pregnancy (1,53,54),
a lower PDG concentration was selected and administered to mice early in gestation, so that
prematurity would not be induced and the mechanisms involved could be assessed. Indeed,
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delivery of 25 μg of PDG on embryonic day 6.5 did not cause preterm delivery nor fetal
resorption. In addition, there was no evidence of changes in uterine NK cell and myeloid cell
levels or uterine NK cell cytotoxicity, as seen in other models (44). Instead, delivery of this
low dose of PDG resulted in excessive trophoblast apoptosis, evidenced by M-30 and active
caspase 3 immunostaining, as well as elevated placental caspase 3, caspase 8, and caspase 9
activities. Furthermore, high levels of apoptosis within the fetal membranes were observed.
This latter observation may explain why in vivo, PDG causes preterm delivery rather than
other pregnancy complications, and in humans this may manifest as preterm labor associated
with membrane rupture (55). As mentioned above, unlike the LPS-induced models of
preterm labor (44,56–58), delivery of PDG failed to induce an inflammatory response at the
maternal-fetal interface. There were no detectable differences in placental cytokine and
chemokine levels, nor was there any significant decidual immune cell infiltrate. These
findings suggest that placental apoptosis may provide the primary mechanism by which
preterm labor is triggered in vivo by Gram-positive bacterial PDG.

Having established that PDG was indeed triggering trophoblast apoptosis in vivo, the next
objective of this study was to determine the cellular mechanisms involved. As mentioned
before, we have previously reported that first trimester trophoblast cells, which express
TLR2 and TLR1, but lack TLR6, undergo apoptosis following exposure to the TLR2 ligands
PDG and LTA (40). In contrast, the TLR4 ligand LPS does not induce trophoblast apoptosis,
but instead triggers an inflammatory response (40,59), indicating that this proapoptotic
effect is specific for TLR2. Unlike other TLRs, TLR2 can cooperate with either TLR1 or
TLR6 (35,60,61). This heterodimerization has been shown to allow TLR2 to discriminate
between ligands, particularly with respect to lipoproteins and lipopeptides. For example,
TLR2/TLR1 dimers can recognize tri-acylated lipopeptides, while TLR2/TLR6 dimers
recognize diacylated lipopeptides (36,38,62), and differences in the extracellular domains of
TLR1 and TLR6 are responsible for this ligand specificity (63). However, in some cases,
usage of TLR1 and TLR6 appear to be more relevant to function rather than ligand
specificity. TLR2 activation by S. aureus or its components is enhanced in the presence of
TLR6 and inhibited by TLR1 (35,64). Our results indicate that the type of TLR expressed by
the trophoblast may determine the type of response generated. Thus, the proapoptotic effect
appears to depend on the presence of TLR2 and TLR1, since inhibiting the signaling
potential of either receptor decreases PDG-induced apoptosis. These results correlate with
our previous findings where we demonstrated that PDG triggers first trimester trophoblast
apoptosis through activation of the caspase pathway in a Fas-associated death domain
protein-dependent manner (40). Similar results have been shown in other cell types, where
bacterial lipoproteins are able to trigger TLR2-mediated apoptosis through the recruitment
of Fas-associated death domain protein by MyD88 (22,65). Furthermore, this induction of
apoptosis is independent of the NF-κB pathway, since we did not observe either NF-κB
activity or cytokine production. In a previous study, we evaluated the cytokine/chemokine
content of the trophoblast (cell lysates) 12 h after treatment with a low PDG dose and found
an increase in the intracellular levels of IL-8 and IL-6. For this we analyzed the trophoblast
cell lysates after treatment with a low PDG dose (10 μg/ml) for 12 h (40). However, when
we looked for changes in IL-8 and IL-6 at later times, we observed a different response. In
the current study, we evaluated the cytokine content and secretion by the trophoblast
following a 24- and 48-h treatment at low, moderate, and high PDG concentrations.
Contrary to what we observed at 12 h, at these later time points, we saw both IL-8 and IL-6
content (lysates) and secretion (supernatants) inhibited, which correlates closely with the 24-
to 48-h induction of caspase activation. We could hypothesize that the early increase in IL-8
and IL-6 content may represent an additional effort of the cell to prevent apoptosis, which at
later time points becomes overridden by the proapoptotic event.
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Having established the role of TLR1 and TLR2 in PDG-induced trophoblast apoptosis, we
next questioned what effect the presence of TLR6 would have on the trophoblast response to
PDG by introducing functional TLR6 into wild-type trophoblast cells. In the presence of
TLR6, PDG-induced trophoblast cell death was inhibited. Furthermore, the presence of
TLR6 was able to reverse the effect of PDG in terms of NF-κB activity and cytokine
production. These data indicate that in response to PDG, TLR2/TLR1 dimers mediate
trophoblast apoptosis, while TLR2/TLR6 dimers promote trophoblast survival, but instead
triggers cytokine/chemokine production. In support of this, Nakao et al. (60), have
demonstrated that PDG-induced cytokine production in monocytes is generated via TLR2
and TLR6, but not through TLR1 (60). TLR6 may have a greater affinity for PDG and,
therefore, may be able to compete with TLR1 for ligand binding. Alternatively, the survival
signals triggered by PDG through TLR2/TLR6 may outweigh the pro-apoptotic signals
generate by TLR2/TLR1 (66).

Although the first trimester trophoblast cell lines used in these studies lack TLR6, term
placental tissue has been shown to express TLR6 mRNA, albeit at low levels (67). However,
the cellular localization of TLR6 is currently unclear, as is the expression levels and
distribution earlier in gestation. Nonetheless, studies have shown that TLR6 expression in
myeloid cells can be up-regulated by IL-6 and LPS and down-regulated following exposure
to whole Gram-negative bacteria (67). Thus, the microenvironment at the implantation site
my have a powerful influence on the expression of TLRs (68). In the case of TLR6, its
expression by the trophoblast may determine whether there is an active immune response to
the bacterial infection or placental cell death triggered by the same microbe. Furthermore, in
the presence of TLR6, a change in the placenta’s response to PDG from apoptosis to NF-κB
activity and inflammation may have significant physiologic consequences. Instead of cell
death-triggered prematurity, the inflammatory response may act to facilitate resolution of the
infection and protection of the pregnancy. However, if too strong, the TLR2/TLR6-mediated
inflammation may itself trigger an adverse pregnancy outcome.

In summary, we have demonstrated, using an animal model, that PDG induces trophoblast
apoptosis, suggesting that elevated placental cell death may provide the mechanism
underlying PDG-induced prematurity. Using a human in vitro model, we have shown that
PDG-induced trophoblast apoptosis is mediated by TLR2 and TLR1 and can be reversed by
the presence of TLR6. Furthermore, TLR2/TLR6 responses to PDG results in trophoblast
NF-κB activation and cytokine/chemokine production. The findings of this study suggest
that a Gram-positive bacterial infection, through TLR2 and TLR1, may directly promote the
elevated trophoblast cell death observed in a number of pregnancy complications. Together,
these findings suggest that in the trophoblast the expression of TLR6 is a key factor
determining whether the response to PDG would be apoptosis or inflammation.
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FIGURE 1.
Effect of PDG on placental apoptosis and immune cell recruitment in vivo. C57BL/6
pregnant mice were treated i.p. with either saline or PDG (25 μg/mouse) in 100 μl on
embryonic day 6.5. On embryonic day 12, animals were sacrificed and the spleens and
fetoplacental units were harvested. A, Paraffin-embedded placental tissue sections were
immunostained for active caspase 3 and cell death using the apoptosis marker M-30. For
each treatment (saline or PDG) and marker (caspase 3 and M-30), panels are labeled as: i,
Placenta labyrinth (P) and fetal membranes (M) (original magnification, ×10); ii, placenta
labyrinth and fetal membranes (original magnification, ×20); iii, placental labyrinth (original
magnification, ×40); and iv, fetal membranes (original magnification, ×20–40). Insets show
the Ab-negative controls (Neg). B, Placental tissue lysates were evaluated for activation of
the caspase pathway using the Caspase-Glo assay. Bar graphs show caspase 3, caspase 8,
and caspase 9 activities as RLU. Value of p < 0.05 relative to the saline controls. C, The
proportion of uterine and splenic NK cells were evaluated using flow cytometry by first
gating on the CD45+ cells and then by analyzing CD3, NK1.1, and CD11b expression. As
shown on the scatter graphs, the proportion of uterine and splenic NK cells (NK1.1+CD3−)
and myeloid cells (CD11b+CD3−) were similar between the mice treated with saline and
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those treated with PDG. C, Uterine NK cells were isolated and their cytotoxicity was tested
against YAC-1 cells. D, Bar graph, Similar levels of uterine NK cell cytotoxicity from mice
treated with either saline or PDG.
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FIGURE 2.
Effect of PDG on trophoblast apoptosis in vitro. A, First trimester trophoblast cells (HTR8
and 3A) were incubated with PDG (0–80 μg/ml) for 48 h, after which cell lysates were
prepared and caspase 3 activity was determined using the Caspase-Glo assay. Bar graphs
show caspase activity in RLU. PDG significantly increased trophoblast cell caspase 3
activity in a dose-dependent manner. *, p < 0.001 relative to the untreated control (0). B,
First trimester trophoblast cells (HTR8) were incubated with PDG (80 μg/ml) and, after 0, 6,
12, and 24 h, cell lysates were prepared and caspase 3 activity was evaluated. C, First
trimester trophoblast cells (HTR8) were incubated with PDG (80 μg/ml). After 0, 24, 48,
and 72 h, cell lysates were prepared and caspase 3, caspase 8, and caspase 9 activity was
evaluated. PDG significantly increased trophoblast cell caspase activity in a time- dependent
manner. *, p < 0.001 relative to time 0.
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FIGURE 3.
Expression of TLR1-DN or TLR2-DN inhibits PDG-induced trophoblast cell death. Wild-
type or the trophoblast cell lines stably transfected with either TLR1-DN or TLR2-DN were
incubated with PDG using 0, 40, or 80 μg/ml for 72 h. Cell viability was then determined
using the CellTiter 96 assay. Bar graph, Percentage of cell viability relative to the untreated
control (0). Treatment with PDG significantly reduced the wild-type trophoblast cell
viability in a dose-dependent manner (*, p < 0.05; ***, p < 0.001). There was significantly
less PDG-induced cell death in TLR1-DN- and TLR2-DN-expressing trophoblast cell lines
when compared with the wild-type cells (*, p < 0.05; **, p < 0.01).
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FIGURE 4.
Expression of TLR1-DN or TLR2-DN inhibits PDG activation of the caspase pathway.
Wild-type or the trophoblast cell lines stably transfected with either TLR1-DN or TLR2-DN
were incubated with either no treatment or PDG at 40 μg/ml for 48 h, after which cell lysates
were prepared and caspase 3, caspase 8, and caspase 9 activities were determined. Bar
graph, The percent increase in caspase activity induced by PDG relative to the untreated
control. Expression of either the TLR1-DN or TLR2-DN significantly reduced PDG-induced
activation of caspase 3, caspase 8, and caspase 9 when compared with the response of the
wild-type cells (*, p < 0.001).
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FIGURE 5.
Expression of TLR6 inhibits PDG-induced trophoblast cell death. A, TLR6 mRNA
expression was evaluated by RT-PCR in the wild-type trophoblast cells and in trophoblast
cells stably transfected to express TLR6. Top panel, TLR6 expression (500 bp) and bottom
panel, β-actin (620 bp). Cells were routinely monitored for TLR6 expression and only the
stably transfected cells (TLR6+) were positive for this receptor. B, Wild-type or the TLR6+

trophoblast cells were incubated with PDG at 0, 40, or 80 μg/ml for 72 h. Cell viability was
then determined using the CellTiter 96 assay. Bar graph, Percentage of cell viability relative
to the untreated control (0). Treatment with PDG significantly reduced the wild-type
trophoblast cell viability in a dose-dependent manner (*, p < 0.05; **, p < 0.001).
Expression of TLR6 significantly inhibited the effect of PDG on trophoblast cell viability
when compared with the responses of the wild-type cells (**, p < 0.001).
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FIGURE 6.
Expression of TLR6 inhibits PDG-induced trophoblast apoptosis. Wild-type trophoblast
cells or TLR6+ trophoblast cells were incubated with either no treatment or PDG at 40 μg/ml
for 48 h, after which cell lysates were prepared and caspase activity was determined. Bar
graph, The percent increase in caspase 3, caspase 8, and caspase 9 activity induced by PDG
relative to the untreated control. Expression of TLR6 significantly inhibited activation of
caspase 3, caspase 8, and caspase 9 induced by PDG when compared with the response of
the wild-type cells (*, p < 0.001).
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FIGURE 7.
Expression of TLR6 reverses the inhibitory effect of PDG on trophoblast cytokine
production. Wild-type first trimester trophoblast cells (HTR8 and 3A) and the trophoblast
cells stably transfected with TLR6 (TLR6+) were treated with PDG at 0, 10, 20, or 40 μg/ml,
after which cell-free supernatants were collected and assayed for IL-8 and IL-6 using the
Beadlyte multiplex assay. A, Bar graphs show that in the HTR8 wild-type cells IL-8 and
IL-6 content (lysates) and secretion (supernatants) was significantly reduced after 24 h of
treatment with PDG in a dose-dependent manner. *, p < 0.05; **, p < 0.001 relative to the
untreated control (0). B, After incubation with either no treatment (NT) or PDG (40 μg/ml)
for 48 h, IL-8 and IL-6 secretion was inhibited in the wild-type 3A cells; however, in the
TLR6+ cells, IL-8 and IL-6 secretion was significantly increased after PDG treatment (*, p <
0.05; **, p < 0.005).
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FIGURE 8.
Expression of TLR6 results in PDG-induced NF-κB activation in trophoblast cells. Wild-
type trophoblast cells or the TLR6+ trophoblast cells were transiently transfected with pBII-
LUC. Cells were then treated with or without PDG (40 μg/ml) for 0 and 30 min, after which
cell lysates were collected and assayed for NF-κB activity using the luciferase assay. Bar
graph, PDG-induced NF-κB activity in RLU after normalization against the untreated
controls.
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Table I

Pregnancy outcome in mice treated i.p. on embryonic day 6.5 with 100 μl of either saline or PDG (25 μg)

Treatment Mean Time of Birth No. of Resorptions

Saline 19.57 ± 0.53 0/13

PDG 19.83 ± 0.41 0/9
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