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Abstract
Problem—Toll-like receptors (TLRs) recognize conserved sequences on the surface of pathogens
and trigger effector cell functions. Previously, we described the expression of TLR3 by human
trophoblast and their ability to respond to (Poly[I:C]). Here we evaluate the effect of Poly[I:C] on
mouse pregnancy and characterize the local and systemic response.

Method of study—C57B/6 wild type (wt) and TLR3 knockout (TLR3KO) mice were treated with
Poly[I:C] at 16.5 dpc and pregnancy outcome recorded. Morphologic changes, cytokines and
chemokines levels in blood and utero-placental tissue were determined. NF-κB pathway was
evaluated in vivo and in vitro.

Results—Poly[I:C] in C57B/6 wt mice caused preterm delivery within 24 hr (4.5 mg/kg). No effect
was observed in TLR3KO mice. In addition, we observed local (placenta) and systemic (serum)
response characterized by increased production of proinflammatory cytokines and chemokines. The
NF-κB pathway was activated by Poly[I:C] in human and mice trophoblast cells.

Conclusion—We report that Poly[I:C] induces preterm delivery via TLR3-dependent manner.
Furthermore, we demonstrate that the trophoblast is able to recognize Poly[I:C] through TLR3 and
respond to viral infection, modulating the immune system at the feto-maternal interface.
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Introduction
Preterm birth accounts for 75% of perinatal mortality and more than half the long-term
morbidity.1 In the USA, the preterm delivery rate is 12–13%, and the rate has risen over the
last decade.2 Although most preterm babies survive, they are at increased risk of neuro-
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developmental impairments and respiratory and gastrointestinal complications.2 In addition,
follow-up to middle age and beyond is warranted to identify the risks, especially for
cardiovascular and metabolic disorders.3,4

Numerous studies have shown that infection is causally linked to preterm birth.5 Among them,
bacterial infections in the genital tract and non-genital tract are well described in association
with preterm birth. However, there is sparse evidence about viral infections, whether they are
associated with or pre-dispose to preterm birth.2

Toll-like receptors (TLRs) are a family of innate immune receptors that have an essential role
in the recognition of pathogen-associated molecular patterns (PAMP). To date, 10 functional
human TLRs have been characterized and each TLR responds to a particular ligand.6 For
example, TLR4 mediates responses towards Gram-negative bacterial lipopolysaccharide
(LPS),7 whereas TLR3 mediates immune responses towards viral dsRNA.8 TLR signals must
strike a delicate balance between clearing infection and causing pathologic effects on the host.

A number of animal studies have described an in vivo role of TLR4 for controlling bacterial
infection and its impact on pregnancy outcome. For instance, Escherichia coli,
lipopolysaccharide, and Fusobacterium nucleatum-induced preterm birth in mice is
demonstrated to be dependent on TLR4 by using TLR4 mutant mice.9–11 However, little is
known about the role of TLR3 in controlling viral infection during pregnancy.

During pregnancy, the placenta, contrary to previous dogma, functions not only as a simple
mechanical barrier but also as an active functional barrier capable of recognizing self from
non-self, and coordinates the maternal immune response to dangerous signals.12,13 Indeed, we
have previously shown that the trophoblast expresses TLRs, and through TLRs recognizes
pathogens and responds to them.14–17 Particularly, we demonstrated that trophoblasts are able
to produce cytokines/chemokines and antiviral factors following TLR3 ligation in vitro,
suggesting a potential active role of the trophoblasts in controlling viral infections.14,16

The objective of this study was to evaluate the potential effect of viral infections during
pregnancy and characterize the response of the trophoblast to viral infection. Therefore, we
established a mouse model consisting of pregnant mice receiving intraperitoneal injection of
Poly[I:C], a synthetic analog of viral dsRNA that has been used extensively to mimic viral
infection. We report that Poly[I:C] induces preterm delivery and its effect is TLR3-dependent.
In addition, we demonstrate that the placenta, or the trophoblast, has a capacity to recognize
Poly[I:C] through TLR3, and respond to viral infection by modulating the immune system at
the feto-maternal interface.

Materials and methods
Reagents

MEM with D-valine was purchased from Caisson laboratories (North Logan, UT, USA). Type
IV collagen was obtained from Becton Dickinson (Franklin Lakes, NJ, USA). Lymphocyte
separation medium was purchased from MP Biomedicals (Solon, OH, USA). Poly[I:C], the
synthetic analog of viral dsRNA was purchased from InvivoGen (San Diego, CA, USA).
Biotinylated-Lectin DBA was obtained from Sigma-Aldrich (St. Louis, MO, USA). The rat
anti-mouse F4/80 antibody was obtained from eBioscience (San Diego, CA, USA), and the
mouse anti-NF-κB p65 antibody was purchased from Santa Cruz Biotechnology, Inc (Santa
Cruz, CA, USA). Alexa Fluor 546 anti rat/mouse IgG was purchased from Invitrogen
(Carlsbad, CA, USA). Lysis buffer and assay buffer for Bio-Plex 100 IS system were obtained
from Bio-Rad (Hercules, CA, USA).
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Animals
C57BL/6 mice were obtained from The Jackson laboratory (Bar Harbor, ME, USA). TLR3
knock out mice were kindly provided by Dr. Richard A. Flavell, Yale University. Adult mice
between 8 and 12 weeks of age were used for experiments. Timing of pregnancy in this study
was determined by visual inspection of vaginal plug, which is defined as 0.5 dpc. All animals
were maintained in the Yale University School of Medicine Animal Facility under specific
pathogen-free conditions. All experiments were approved by the Yale Animal Resource
Committee.

Poly[I:C] Injection and Tissue Collection
On 16.5 dpc, mice received intraperitoneal (i.p.) injections of 100 μL of either PBS or Poly
[I:C] at 2.25–18 mg/kg. For evaluating systemic change and pregnancy outcome, mice were
kept in individual cages and were observed closely for any sign of morbidity (piloerection,
decreased movements, tachypnea). Preterm delivery was defined by delivery of at least one
pup within the 24 hr after injection.

For immunohistochemical analysis and cytokine study, animals were killed 2, 4, or 48 hr after
injection and tissue samples were collected. Blood was drawn via cardiac puncture. For
morphologic and immunohistochemical analysis, intact mouse utero-placental units were
isolated and were fixed with 4% paraformaldehyde, processed in paraffin blocks with an
orientation that would provide cross sections. For cytokine study, murine placental tissues were
carefully detached from decidua. The cord and the membrane were completely removed from
the placenta. Tissues were snap frozen and kept in –80°C until further analysis.

Trophoblast Cells Isolation and Culture
Murine placental trophoblast cells were isolated and cultured as previously described.18 Mice
were killed on 11.5–13.5 dpc. Placental tissues were minced and incubated with PBS containing
0.2 mg/mL of collagenase, 10 U/mL DNAse I for 1 hr at 37°C with mild agitation. The
suspension was filtered through a 100-μm nylon cell strainer, and the cells were centrifuged
to obtain a cell pellet, which was resuspended in MEM with D-valine with 10% FBS. The
suspension was layered onto lymphocyte separation medium and centrifuged at 150 × g for 15
min. Trophoblast cells recovered from the interface were washed and resuspended in MEM
with D-valine with 10% FBS and placed in a type IV collagen-coated plate and kept at 37°C/
5% CO2. To evaluate the effect of Poly[I:C] on trophoblast cells, the cells were subsequently
incubated with Poly[I:C] at an indicated concentration and supernatants were collected after
an indicated period of time.

Human Trophoblast Cell Culture
The SV40-transformed HTR8 cells were a gift from Dr. C. Graham (Queens University,
Kingston, Canada).19 HTR8 cells were maintained at 37°C/5% CO2 in RPMI 1640
supplemented with 10% FBS, 10 mM Hepes, 0.1 mM MEM non-essential amino acids, 1 mM

sodium pyruvate, 100 nM penicillin/streptomycin. First trimester trophoblast cells were isolated
and cultured as described.20,21 Briefly, after a brief wash, tissues were minced and incubated
in PBS containing 0.125% trypsin, and 30 U/mL DNAse I for 1 hr at 37°C with mild agitation.
The suspension was filtered and red blood cells were removed using lymphocyte separation
medium as described above. Trophoblast cells were cultured in MEM with D-valine with 10%
human serum and placed in a type IV collagen-coated plate and kept at 37°C/5% CO2. To
evaluate the effect of Poly[I:C] on trophoblast cells, either HTR8 cells or primary trophoblast
cells were subsequently incubated with Poly[I:C] at an indicated concentration and
supernatants were collected following a culture of hours indicated. The supernatants were
centrifuged to remove cell debris and stored at –80°C until analysis was performed.
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Immunohistochemistry
Paraffin embedded tissues were sectioned (5 μm), adhered to glass slides and deparaffinized.
The hydrated sections were stained with hematoxylin and eosin by standard procedures for
morphologic study. Localization of uterine NK cells, macrophages and NF-κB p65 expression
in mouse utero-placental units was carried out as follows.

Uterine NK cells detection was performed as previously reported.22,23 Endogenous peroxides
were blocked by immersing slides in 0.1% H2O2 for 30 min. Slides were subsequently
incubated with 3% BSA in 0.1 M PB 0.01% Triton X-100 for 30 min at room temperature.
Following two washes with 0.1 M PB 0.01% Triton X, slides were incubated overnight at 4°C
with either biotinylated-lectin DBA diluted at 1:200 in 1% BSA 0.1 M PB or diluent alone for
negative control. After two washes in 0.1 M Tris, slides were developed with streptavidin-HRP
followed by DAB substrate and counterstained with hematoxylin (Sigma-Aldrich) before
dehydration. Slides were subsequently mounted and visualized by light microscopy.

For macrophage detection, antigen retrieval was performed with Retrievagen A (pH 6.0) (BD
Biosciences, San Diego, CA, USA) for 30 min in boiling water in a steamer. Slides were
blocked with BSA as described above. After washing, slides were incubated overnight at 4°C
with either the rat anti mouse F4/80 antibody at 1:20 in 1% BSA 0.1 M PB or diluent alone for
negative control. After washing, specific staining was detected by incubating with Alexa Fluor
546 anti rat IgG at a 1:200 dilution for 30 min at room temperature. After the washing step,
slides were counterstained with Hoechst 33342 (Invitrogen) in 1:5000 and mounted with
Aquamount (Lerner Laboratories, Pittsburgh, PA, USA) and visualized by fluorescent
microscopy.

For NF-κB p65 detection, antigen retrieve was performed as described above. Slides were
blocked with mouse-on-mouse (MOM) blocking reagent (Vector Laboratories, Burlingame,
CA, USA) for 1 hr at room temperature. Following washes, slides were incubated in MOM
diluent for 5 min and subsequently incubated overnight at 4°C with either the mouse anti- NF-
κB p65 antibody at a 1:100 dilution in MOM diluent or diluent alone for negative control. After
washes, specific staining was detected as described above with secondary antibody (Alexa
Fluor 546 anti-mouse IgG). Slides were counter-stained and visualized by fluorescent
microscopy.

Cytokine Studies
The amount of cytokine/chemokine content in murine placental tissue and serum, and
supernatant from either mouse or human trophoblasts culture were determined by Multiplex.
Placental tissues were processed as follows. Tissues were homogenized by homogenizer in 1
mL lysis buffer (Beadlyte)/1 g weight total protein containing 0.2 μg/mL of PMSF and a
protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN, USA). Samples were
centrifuged for 30 min at 20,000 × g/4°C and supernatants were collected. Protein
concentrations were determined using BCA assay (Pierce, Rockford, IL, USA) and 100 μg of
total protein was diluted in assay diluent. Serum samples were prepared by centrifugation of
coagulated blood for 15 min at 500 × g/room temperature and diluted at 1:5 in assay diluent.
The Bio-Plex Mouse Cytokine 23-Plex Panel (Cat no. 171-F11241) was used for the murine
tissue. Human samples were measured using the Bio-Plex custom Human Cytokine 17-plex
(no. X500FHB86U) also from Bio-Rad Laboratories and read on the Bio-Rad 100 IS system
as recently described.24

NF-κB Activity Assay
The effect of Poly[I:C] 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
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kind gift from Dr. S. Ghosh, Yale University, New Haven, CT, USA).25 Trophoblast cells were
transiently transfected with 2 μg pBII-LUC using Fugene 6 (Roche Diagnostics, Nutley, NJ,
USA) as previously described.26 Following transfection, cells were allowed to recover in
growth media for 24 hr. The cells were then treated with or without 25 μg/mL Poly[I:C], lysed
for protein and luciferase activity was measured using the Luciferase Assay System (Promega,
Madison, WI, USA) according to the manufacturer's protocol. Briefly, 10 g of protein in a total
volume of 100 μL was mixed with 20 μL of the Luciferase Assay Reagent and luminescence
was measured using TD 20/20 Luminometer (Turner Designs, Sunnyvale, CA, USA). 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 ± standard error for in vitro study and median ± first or third
quartiles for in vivo study. Statistical significance (P < 0.05) was determined using either t-
tests or Mann–Whitney U-test. Unless stated otherwise, all experiments were performed in
triplicate and a representative of at least three independent experiments is shown.

Results
Poly[I:C] Administration Induced Preterm Delivery in Wild Type Mice, but not in TLR3 knock
Out Mice

Our first objective was to characterize the effect of Poly[I:C] administration on pregnancy
outcome. Thus, we evaluated the result of increasing concentrations of Poly[I:C] (2.25–18 mg/
kg) administered i.p. to pregnant wild type C57 BL/6 (wt) mice on 16.5 dpc. As shown in Table
Ia, pregnant mice treated with either the control PBS or the low dose of Poly[I:C] (2.25 mg/
kg) had normal and complete pregnancies; however, 80% of pregnant mice receiving 4.5 mg/
kg Poly[I:C] and 100% of pregnant mice receiving 18 mg/kg Poly[I:C] underwent preterm
delivery. The number of dead pups/dam was significantly higher in the group of mice treated
with either 4.5 or 18 mg/kg Poly[I:C] compared with either PBS or 2.25 mg/kg Poly[I:C] group.
There was no difference in the number of resorptions among groups. Of note, Poly[I:C] at a
dose of 4.5 mg/kg did not induce any apparent systemic adverse effects in the dam, except
inducing labor, whereas Poly[I:C] at a dose of 18 mg/kg affected the well being of the dam by
inducing piloerection, tachypnea and decreased movement.

To determine whether Poly[I:C] induced preterm labor is TLR3 dependent, we treated pregnant
TLR3 knockout mice (TLR3KO) with the same protocol as described for the wild type (wt)
pregnant mice. Neither the 4.5 nor 18 mg/kg dose of Poly[I:C] was able to affect pregnancy
or induce preterm delivery (Table Ib). These results indicate that the effects of Poly[I:C] on
inducing preterm delivery is TLR3-dependent.

Poly[I:C] at a dose of 4.5 mg/kg induces preterm delivery in the wt mice; however, it did not
appear harmful to the dam and the mice did not show any ill-effects. Therefore, we used the
dose of 4.5 mg/kg for further characterization, unless stated otherwise.

Effect of Poly[I:C] on Placental Morphology
Our next objective was to characterize the morphologic changes associated with Poly[I:C]
induced pre-term delivery. First, we performed histopathologic analysis to determine the effect
of Poly[I:C] injection on morphologic integrity at the feto-maternal interface. Utero-placental
units of wt animals at 4 hr post injection of 4.5 mg/kg of Poly[I:C] were collected and
hematoxylin and eosin staining was performed. The feto-maternal interface from PBS-treated
animals kept its morphologic integrity characterized by well-defined layers at the maternal and
the fetal side (Fig. 1a–c and i). On the contrary, Poly[I:C] treated mice showed significant
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changes on the integrity of the feto-maternal interface (Fig. 1d–h and j) with a loss of the
characteristic layers. Furthermore, necrosis (Fig. 1e), inflammation (Fig. 1e–g), hemorrhage
(Fig. 1h) and edema (Fig. 1f,j) were apparent in the decidua, the yolk sac membrane, chorion
and the amniotic membrane of Poly[I:C] treated animals. Inflammation was accompanied by
polymorphonu-clear leukocyte infiltration (Fig. 1e–g).

None of these changes was evident in the TLR3KO mice treated with same concentration of
Poly[I:C] (data not shown).

Effect of Poly[I:C] on Immune Cells Distribution at the Feto-maternal Interface
As we observed a robust inflammatory response in pregnancies treated with Poly[I:C], our next
objective was to characterize changes on the phenotype and distribution of immune cells at the
maternal/fetal interface. In normal murine pregnancies, uterine NK cells are localized only in
the decidua and normally absent in the placenta.24 That was indeed the case in PBS-treated
mice, where NK cells were restricted to the decidua (Fig. 2Ab) and no NK cells were seen in
spongiotrophoblast and labyrinth, consistent with normal distribution of NK cells. In contrast,
in Poly[I:C] treated mice few NK cells were found in the decidua (Fig. 2Ae), but a high number
of NK cells were observed in spongiotrophoblast (Fig. 2Af) and labyrinth zone (Fig. 2Ag),
which indicates that Poly[I:C] treatment triggered NK cells infiltration from the decidua into
the placental zone.

Macrophages were identified mainly in the outer myometrium, rarely in the decidua and were
never observed in spongiotrophoblast and labyrinth in PBS-treated control animals (Fig. 2Ba).
In contrast to uterine NK cells, we did not observe macrophage infiltration from the maternal
side toward the placental zone up to 48 hr after Poly[I:C] injection (Fig. 2Bb and c). However,
when we evaluated the fetal side of the placenta at 48 hr post injection, we found macrophages
that infiltrated from the fetal side (umbilical cord and yolk sac membrane) toward the placental
zone (Fig. 2Be and f). Fig. 2C indicates the difference between uterine NK cells and
macrophages in the direction of their infiltrations toward the placental zone.

Cytokine/Chemokine Response to Poly[I:C] in vivo
Previously we have shown that the trophoblast have the capacity to recognize pathogen-
associated molecular patterns such as Poly[I:C] and LPS through TLRs and respond to them
by producing cytokines/chemokines.14–16 To determine whether this is the case in vivo, we
evaluated the cytokine/chemokine response by the placenta to Poly[I:C] treatment. In addition,
we compared the local response (placenta) versus the systemic response (serum). Placenta and
serum samples were collected either 2 or 4 hr after Poly[I:C] administration and cytokine/
chemokine content were analyzed by Multiplex. From 37 analyzed cytokines, we observed in
wt animals, a significant increase in the levels of IL-6, IL-12p40 and the chemokines MCP-1,
MIP-1β, KC and RANTES, (Fig. 3a–f and Figure S1). A second wave of cytokines was
observed at 4 hr and characterized by high levels of IL-1β, TNF-α and IFN-γ (Figure S1a–c).
All of these cytokines and chemokines were also elevated in the serum of animals treated with
Poly[I:C]. In addition, levels of IL-12p70 and IL-10 were increased in the serum, but not in
the placenta (Figure S1d and e).

We then evaluated whether the cytokine/chemokine response is TLR3-dependent by collecting
placenta and serum samples from TLR3KO mice following the same treatment and time points
as described for wt mice. Following treatment with Poly[I:C] (4.5 mg/kg), all the cytokine/
chemokine levels, with the exception of KC, were significantly lower in TLR3KO mice
compared with the wt, which indicates the effect of Poly[I:C] on cytokine/chemokine
production is TLR3-dependent (Fig. 4a, Figure S2). Interestingly, in the TLR3 KO mice, when
compared to the total concentration levels of IL-6 between the control PBS and treated Poly
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[I:C], there were significant differences; although the levels were still much lower than those
observed in the wt mice. These results suggest the presence of a TLR3-independent pathways
which enables Poly[I:C]-induced IL-6 production (Fig. 4b).

Poly[I:C] Induced Murine Trophoblast Cytokine/Chemokine Secretion in vitro
As we observed a robust cytokine/chemokine response in the placenta, our next objective was
to determine whether the trophoblast has an active contribution on this response. For this, we
isolated trophoblast cells from mouse placenta (wt and TLR3KO mice) and evaluated in
vitro its response to Poly[I:C] treatment. Thus, cells were treated either with vehicle or with
25 μg/mL Poly[I:C] for 48 hr and cytokine/chemokine concentrations were determined in the
supernatants using Multiplex. Consistent with the in vivo findings, trophoblast isolated from
wt animals responded to Poly[I:C] and secreted higher levels of cytokines/chemokines
compared with vehicle-treated cells. This response was absent in trophoblast cells isolated from
TLR3KO mice (Table II). These findings further support the premise that trophoblast cells
respond to Poly[I:C] and the effect of Poly[I:C] on cytokine/chemokine production by
trophoblasts is TLR3-dependent.

Poly[I:C] Injection Promoted NF-κB Activation in Murine Placenta in vivo
As TLR-induced cytokine/chemokine production is mediated through NF-κB activation,27 we
then determined NF-κB activity following Poly[I:C] injection in mouse placental tissue by
determining nuclear translocation of NF-κB p50-p65 dimer unit using immunohistochemistry
with specific antibody for NF-κB p65. The placenta of wild type animals at 2 hr post injection
was collected and immunohistochemical study carried out. p65 was rarely found within the
nucleus of cells in tissue from PBS-treated animals (Fig. 5c). On the contrary, markedly higher
positive reactivity for p65 was observed in nuclei of placenta tissue obtained from Poly[I:C]
treated animals (Fig. 5f), indicative of NF-κB activation in the placental trophoblast following
Poly[I:C] treatment.

Poly[I:C] Induced Human Trophoblast Cytokine/Chemokine Secretion in vitro
Having confirmed the capacity of murine placenta and trophoblast to respond to Poly[I:C]
treatment by producing cytokines and chemokines, we then evaluated whether similar response
could be observed in human trophoblast cells. Either human primary trophoblast cell cultures
or the first trimester trophoblast cell line HTR8 was cultured in the presence or absence of Poly
[I:C] (25 μg/mL) and their cytokine/chemokine secretion was determined by Multiplex. Similar
to findings observed with the murine trophoblast cultures, a significant increase in cytokines
and chemokines was observed in human trophoblast cells following Poly[I:C] treatment (Fig.
6). Table III summarizes all the cytokines/chemokines significantly up-regulated in Poly[I:C]
treated trophoblasts. The response was specific as demonstrated by a time- and dose-dependent
increase in cytokine/chemokine secretion by human trophoblast following Poly[I:C] treatment
(Fig. 6).

Poly[I:C] Promoted NF-κB Activation in Human Trophoblast in vitro
NF-κB activation upon Poly[I:C] treatment was also validated in human trophoblast cells.
Activation of NF-κB in HTR8 cells was monitored using a lucifer-ase reporting system
containing two NF-κB binding sites. As shown in Fig. 7, when trophoblast cells were treated
with 25 μg/mL Poly[I:C], NF-κB activity was increased at 4 hr post-treatment.

Discussion
Epidemiologic studies have reported an association between viral infection either in the genital
tract or in the non-genital tract, and preterm labor.28–32 However, the potential mechanism by
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which viral infection might induce preterm labor has not been elucidated. In the present study,
we demonstrated that intraperitoneal injection of Poly[I:C], a synthetic viral dsRNA, induced
preterm birth in mice. Furthermore, we demonstrated that the placenta, and more specifically
the trophoblast, plays an active role in the response to Poly[I:C] through the production of
cytokines and chemokines, and this response is mediated through TLR3 expression and
function.

Bacterial and viral infections pose a significant threat to pregnancy and well-being of the fetus
by gaining access to the placenta through one of three major routes: by way of the maternal
circulation; by ascending into the uterus from the lower reproductive tract or by descending
into the uterus from the peritoneal cavity.33 Clinical studies have established a strong
association between pregnancy complications and intrauterine infections.33–35 Indeed,
infections have been reported as responsible for up to 40% of preterm labor cases. Furthermore,
80% of preterm deliveries occurring at less than 30 weeks of gestation have evidence of
infection.34–36 In addition, other pregnancy complications, such as pre-eclampsia, may have
an underlying infectious trigger.37–39 One of the main questions of this study was how a
microorganism, in this case a virus, might initiate a response that would induce preterm labor
or abortion, or even pre-eclampsia.

dsRNA is a universal viral PAMP produced by most viruses at some point during their
replication40 and it is recognized by intracellular TLR3 expression. The response following
binding of TLR3 is characterized by cytokines and chemokines that will mount active immune
responses. We found that Poly[I:C] has a striking effect on the survival of pregnancy by
inducing preterm labor in less than 24 hr following treatment. These results confirmed previous
studies, which demonstrated that intrauterine injection of Poly[I:C] induced preterm birth.41

However, the doses of Poly[I:C] used in those studies were very high which could affect the
well-being of the mother and therefore affect the fetus. In this study, we used a dose that had
no effect on the maternal well-being; therefore, the outcome of the pregnancy would be the
result of changes at the maternal-fetal interface.

Interestingly, the dose used in this study for Poly[I:C], which was able to induce preterm birth
without inducing any maternal systemic adverse, is exceptionally lower (4.5 mg/kg) compared
with 30 mg/kg previously reported for dsRNA induced disease in mice.42

To characterize the mechanism by which Poly[I:C] induced preterm delivery, we evaluated
histologic changes at the feto-maternal interface in our mouse model. We observed a massive
inflammatory process characterized by infiltration of immune cells (polymorphonuclear cells
and NK cells), necrosis, hemorrhage and edema, mainly localized in the placenta, the amniotic
membrane, and the umbilical cord. Some of these morphologic characteristics are observed in
cases of human chorioamnionitis and funisitis.

At the normal murine feto-maternal interface, immune cells such as neutrophils, macrophages
and NK cells are assumed to be excluded from the placenta and localized only in the decidua.
12 Treatment with Poly[I:C] disrupt this normal distribution and induce a massive migration
of immune cells, primarily NK cells from the decidua towards the placenta, invading the
spongiotrophoblast and then the labyrinth. This type of migration is consistent with an immune
response, which would exert adverse effects on pregnancy such as fetal demise or abortion.
43 Interestingly, macrophages followed a different migration pattern; we did not observe any
change in macrophage distribution at the decidua-placenta interface; however, we found a
significant number of macrophages at the fetal side of the placenta. These results suggest that
the fetal side could actively contribute to mounting an immune response that could endanger
the fetus. Indeed, a recent study in humans described that in cases of villitis of unknown etiology
(VUE), placentas from male neonates showed CISH+ signals from Y chromosomes in a
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majority of macrophages, but not in lymphocytes, indicating that the macrophages were of
fetal origin.44 Therefore, we could hypothesize that a viral infection of the placenta could be
the trigger for the migration of fetal macrophages.

The pattern of cytokines and chemokines observed in the placental tissue following Poly[I:C]
treatment suggests that the placenta plays an active role in the response to viral infection.
Indeed, the pattern correlates with the histologic findings. Chemokines, such as KC and G-
CSF, are known to attract neutrophils; IL-12p40 traffics macrophages, MCP-1, MIP-1α and
MIP-1β attract macrophages and NK cells. All these cytokines were significantly increased in
their expression levels within the placenta upon Poly[I:C] administration. These chemokines
may be responsible for attracting immune cells from either the maternal side or the fetal side
towards the placenta.

We also found a significant increase in the levels of pro-inflammatory cytokines in the placenta
following Poly[I:C] treatment. Pro-inflammatory cytokines such as IL-6, TNF-α, IL-1β and
IFN-γ are known to be elevated in amniotic fluid or amnion/choriodecidua membrane from
women with preterm labor.45–48 Pro-inflammatory cytokines are believed to regulate
intrauterine prostaglandin production, which is an important aspect of the onset of labor in
terms of inducing uterine contraction and cervical ripening.49 They also increase the levels of
matrix metalloproteinases (MMPs) expression and activity in the membranes50 and may induce
apoptosis of trophoblast cells.51 Therefore, it is plausible to conclude that the necrotic areas
and damage observed in the placenta and membranes of mice treated with Poly[I:C] may be
the result of the high levels of these pro-inflammatory cytokines.

Our next question was whether the trophoblast could be the origin of the signals controlling
the migration of these immune cells. Recently, we proposed that the trophoblast functions as
an immune regulator and has the capacity to influence, based on the type of signals, the
differentiation and migration of immune cells.13 Indeed, we have shown that trophoblast cells
can induce the migration of macrophages and NK cells14 and modulate macrophage response
to bacterial products such as LPS.24 Our in vitro study demonstrated that upon Poly[I:C]
stimulation, either mouse primary trophoblast or human trophoblast showed cytokine/
chemokine production profiles similar to in vivo results, suggesting that trophoblasts were
primarily responsible for the response to this PAMP, although we cannot exclude the possibility
that other cell types present in the placenta may also contribute to this response. This finding
supports the notion that trophoblasts play a role in coordinating the maternal innate immune
response to infection at the feto-maternal interface12,52 and, especially in this case, in response
to viral infection.

In terms of the molecular mechanism of action, we have demonstrated a critical role for TLR3
on Poly[I:C] induced pre-term labor. In contrast to wt mice, TLR3KO mice did not undergo
preterm delivery following Poly[I:C] administration, clearly suggesting that TLR3, and the
concomitant cytokine response, is required for the in vivo response to Poly[I:C] and inducing
preterm delivery. Cytokine/chemokine production upon Poly[I:C] injection was also impaired
in TLR3KO mice, with some exceptions such as IL-6, which showed a slight increase by Poly
[I:C] in TLR3KO mice. This is consistent with recent findings that showed the presence of a
TLR3 independent, MDA5 dependent recognition of Poly[I:C] for regulating IL-6 production.
53 We also confirmed that dsRNA ligated TLR3 and activated the NF-κB signaling pathway,
inducing cytokine/chemokine production in vivo and in vitro using human trophoblast cells.

In summary, we have demonstrated that systemic administration of dsRNA induced preterm
delivery through TLR3 activation in a mouse model. We show that in addition to the classical
immune response mediated by the maternal immune system, the placenta, and more specifically
the trophoblast, is able to recognize, through TLR3, the presence of dsRNA and mount a strong
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and specific immune response. Furthermore, the trophoblast may not only influence the
maternal immune system, but may also induce the migration and differentiation of fetal immune
cells. This contribution of the trophoblast in the maternal and fetal innate immune system
supports the notion that the trophoblast acts as a component of the innate immune system. Our
study raises the possibility of clinical significance of viral infections screening among pregnant
or pre-pregnant women to identify a high-risk population for pre-term labor.
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Fig. 1.
Poly[I:C] injection induced morphologic change at feto-maternal interface; 4.5 mg/kg Poly
[I:C] or PBS was injected i.p. to wild type mice on 16.5 dpc and killed after 4 hr. Hematoxylin
and eosin staining was performed for histopathologic analysis. The feto-maternal interface
from PBS-treated animals kept its morphologic integrity (a–c and i). On the contrary, the feto-
maternal interface from Poly[I:C] treated mice lost the integrity (d–h and j). Necrosis (e*),
inflammation (e–g), hemorrhage (h**) and edema (f and j) were apparent in the decidua, the
yolk sac membrane, chorion and amniotic membrane of poly(I:C) treated animals. The
inflammation is accompanied by polymorphonuclear leukocytes infiltration (e–g). V: blood
vessel, am: amniotic membrane, ysm; yolk sac membrane, ch: chorion, dec: decidua, myo:
myometrium. Original magnification; a, d, g: 40×, b, c, e, f, h, i, j: 400×. Data are representative
of at least three mice from same treatments.
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Fig. 2.
Poly[I:C] injection induced NK cells and macrophages infiltration into the placenta; 4.5 mg/
kg Poly[I:C] or PBS was injected i.p. to wild type mice on 16.5 dpc. Mice were killed after
either 4 or 48 hr. Utero-placental units were collected. Immunohistochemical analysis of the
feto-maternal interface using lectin (for uNK cells; brown) or anti f4/80 antibody (for
Macrophages; pink) were performed. (A) In PBS-treated mice, uterine NK cells were restricted
to the decidua (Ab) and no NK cells were seen in spongiotrophoblast and labyrinth, (a–c). The
distribution of NK cells changed in Poly[I:C] treated mice (d). Fewer NK cells were found in
decidua (e) and more cells were found in spongiotrophoblast (f) and labyrinth zone (g). Slides
were counterstained with hematoxylin (purple). (B) Macrophages were identified mainly in
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the outer myometrium and rarely in the decidua and were never observed in spongiotrophoblast
and labyrinth in PBS-treated control animals (a). Macrophage infiltration from the maternal
side toward the placental zone was not observed up to 48 hr after Poly[I:C] injection (b and c).
Instead, when we observed the fetal side of the placenta at 48 hr post injection, we found
macrophages infiltrated from the fetal side (umbilical cord and yolk sac membrane) toward
the placenta zone (e and f). No such infiltration was found in PBS-treated animals (d). Slides
were counterstained with Hoechst (blue nuclei). ysm, yolk sac membrane; m, myometrium;
dec, decidua; sp, spongio; trophoblast, lab, labyrinth; cord, umbilical cord. (C) Schematic
localization for uterine NK cells and macrophages and the direction of their infiltrations toward
placental zone. Original magnification; 2A a and d: 40X, 2Ab, c, e, f and g: 2B a–f; 400X. Data
are representative of at least three mice from same treatments.
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Fig. 3.
Poly[I:C] injection induced robust local and systemic inflammatory response in wild type
pregnant mice; 4.5 mg/kg Poly[I:C] or PBS was injected i.p. to wild type mice on 16.5 dpc.
Mice were killed after 2 and 4 hr and placenta and sera were collected. Cytokine/chemokine
concentrations in placental lysate (Placenta) and sera (Serum) were measured. Boxes represent
the distance between the first (25%) and third (75%) quartiles and horizontal lines in the boxes
represent medians. #P > 0.05. Data are representative of at least six mice per group.

Koga et al. Page 16

Am J Reprod Immunol. Author manuscript; available in PMC 2009 October 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Poly[I:C] injection failed to induce local and systemic inflammatory response in TLR3
knockout pregnant mice; 4.5 mg/kg Poly[I:C] or PBS was injected i.p. to either wild type (wt)
or TLR3 knockout (TLR3KO) mice on 16.5 dpc. Mice were killed after 2 and 4 hr and placenta
and sera were collected. Cytokine/chemokine concentrations in placental lysate (Placenta) and
sera (Serum) were measured. Boxes represent the distance between the first (25%) and third
(75%) quartiles and horizontal lines in the boxes represent medians. #Significantly lower (P
> 0.05) than wild type treated mouse, *Significantly higher (P > 0.05) than PBS-treated mouse.
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Fig. 5.
Poly[I:C] injection promoted NF-κB activation in murine placenta in vivo; 4.5 mg/kg Poly[I:C]
or PBS was injected i.p. to wild type mice on 16.5 dpc. Mice were killed after 2 hr and placenta
was collected. Immunohistochemistry with anti NF-κB p65 antibody was performed. Slides
were counterstained with Hoechst (nuclear staining). In tissues from PBS-injected animals (c),
NF-κB p65 was mainly detected in the cytoplasm of cells. On the contrary, a markedly higher
number of stained nuclei was observed in tissue from Poly[I:C] treated animal (f). Arrows are
indicating nuclear localization which has double color. Original magnification was 200×. Data
are representative of at least three mice from same treatments.
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Fig. 6.
Poly[I:C] treatment induced cytokine/chemokine secretion from first trimester human
trophoblast cells in a dose- and a time-dependent manner. First trimester trophoblast cell line
HTR8 were treated with Poly[I:C] at the doses indicated. Supernatant were collected after
either 24 or 48 hr. Cytokine/chemokine concentrations in supernatant were measured. Data are
representative of 13 cytokine/chemokine data.
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Fig. 7.
Poly[I:C] promoted NF-κB activation in human trophoblast in vitro. HTR8 cells transfected
with a NF-κB reporter construct were treated with Poly[I:C] (25 g/mL). NF-κB activity was
increased at 4 hr post-treatment. *P < 0.05.
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Table II
Poly[I:C] induced murine trophoblast cytokine/chemokine secretion in vitro

Fold increases

Chemokine/cytokine WT KO

IL-1β 4.76 ± 2.0* ND
IL-6 5.72 ± 2.5* 1.19 ± 0.11
IL-12p40 3.99 ± 2.5* ND
IL-12p70 2.68 ± 1.6* ND
TNF-α 0.94 ± 0.24 1.03 ± 0.14
G-CSF 1.55 ± 0.18 0.96 ± 0.19
MCP-1 2.49 ± 0.75* 1.15 ± 0.045
MIP-1α 3.79 ± 1.0* 0.72 ± 0.27
MIP-1β 3.62 ± 0.9* 1.45 ± 0.23
KC 2.42 ± 0.79* 1.11 ± 0.069
RANTES 52.3 ± 46* 1.32 ± 0.20

Isolated trophoblast cells from mouse placenta (wt and TLR3KO mice) were cultured and treated either with vehicle or 25 μg/mL Poly[I:C] for 48 hr and
cytokine/chemokine concentrations were determined in the supernatants using Multiplex. Fold increases of (mean ± S.E.M.) cytokine/chemokine secretion
(with Poly[I:C] treatment over non treatment) either wild type (WT) or TLR3 knockout (TLR3KO) mice sample are shown.

Mean ± S.E.M.

*
P < 0.05.

Am J Reprod Immunol. Author manuscript; available in PMC 2009 October 22.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Koga et al. Page 23

Table III
A list of cytokine/chemokine secretion by human trophoblast upregulated by Poly
[I:C]

Cytokine/chemokine

Cytokines
    IL-1β
    IL-6
    TNF-α
    IFN-γ
    IL-2
Chemokines
    IL-8
    G-CSF
    GM-CSF
    MCP-1
    MIP-1α
    MIP-1β
    GROα
    RANTES
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