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Abstract

Pandemics pose a more significant threat to pregnant women than to the nonpregnant population
and may have a detrimental effect on the well being of the fetus. We have developed an animal
model to evaluate the consequences of a viral infection characterized by lack of fetal transmission.
The experiments described in this work show that viral infection of the placenta can elicit a fetal
inflammatory response that, in turn, can cause organ damage and potentially downstream
developmental deficiencies. Furthermore, we demonstrate that viral infection of the placenta may
sensitize the pregnant mother to bacterial products and promote preterm labor. It is critical to take
into consideration the fact that during pregnancy it is not only the maternal immune system
responding, but also the fetal/placental unit. Our results further support the immunological role of
the placenta and the fetus affecting the global response of the mother to microbial infections. This
is relevant for making decisions associated with treatment and prevention during pandemics.

Pregnant women are more susceptible to the effects of microbial products (i.e., endotoxins)
and were the most vulnerable subjects during the 1918 pandemic (influenza A subtype
H1N1), with a mortality rate that ranged between 50 and 75% (1). Exposure to the virus
during pregnancy may also have overt or subclinical effects that become apparent only over
time.
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Although substantial progress has been made in the understanding of the immunology of
pregnancy, many unanswered questions remain, especially those associated with the
susceptibility and severity of infectious agents of mothers and unborn children (2), (3).

Epidemiological studies have demonstrated an association between viral infections and
preterm labor (4,5) and fetal congenital anomalies of the CNS and the cardiovascular system
(6-8). Although some viral infections during pregnancy may be asymptomatic (9),
approximately one-half of all preterm deliveries are associated with histological evidence of
inflammation of the placenta, termed acute chorioamnionitis (10), or chronic
chorioamnionitis (10). Despite the high incidence of acute chorioamnionitis, only a fraction
of fetuses have demonstrable infection (11). Most viral infections affecting the mother do
not cause congenital fetal infection, and only in a small number of cases is the virus found in
the fetuses (12-17), attesting to the unique ability of the placenta to act as a potent barrier
with an immune-regulatory function that protects the fetus from systemic infection
(10,12,18,19).

Recent observations indicate that rather than acting as a mechanical barrier, the placenta
functions as a regulator of the trafficking between the fetus and the mother (20-22). Fetal
and maternal cells move in two directions (23,24); similarly, some viruses and bacteria can
reach the fetus by transplacental passage with adverse consequences (25). Although viral
infections are common during pregnancy (26), transplacental passage and fetal infection
appear to be the exception rather than the rule (27,28; reviewed in Ref. 29 and subsequent
references).

There is a paucity of evidence that viral infections lead to preterm labor (10,19,22-24);
however, there are several areas of controversy and open questions. For example, what
effects do subclinical viral infections of the decidua and/or placenta during early pregnancy
have in response to other microorganisms, such as bacteria; and what is the effect of a
subclinical viral infection of the placenta on the fetus?

The trophoblast is an important component of the placenta, and it is able to recognize and
respond to microorganisms and their products through the expression of TLRs (30-32).
TLRs are a family of innate immune receptors that have an essential role in the recognition
of pathogen-associated molecular patterns (33—-35). Trophoblasts are able to produce
cytokines/chemokines and antiviral factors following TLR-3 ligation in vitro, suggesting the
potentially active role of these cells in the control of viral infections (20,36). Some of these
receptors (chemokine and TLRs) may also function as viral receptors mediating viral
recognition and entry into the trophaoblast. Signaling through TLRs has been shown to
induce murine y-herpesvirus 68 (MHV-68) reactivation in vivo (37).

Herpesviruses are the most common cause of viral-related perinatal neurologic injury in the
United States (38). However, among the eight known human herpesviruses, most reported
adverse pregnancy and neonatal outcomes are the result of the HSVs (HSV-1 and HSV-2)
and CMV (39) and usually occur due to a primary infection of the mother during the first
trimester or infection of the infant during delivery. MHV-68 (murid herpesvirus 4
[NC_001826.2]) is a y-herpesvirus of rodents that shares significant genomic colinearity
with two human pathogens, EBV and Kaposi's sarcoma-associated herpesvirus (40). As in
these two viruses, the effect of MHV-68 in pregnancy is unknown.

We developed a novel murine model to evaluate the role of viral infection in pregnancy and
fetal development. Our data suggest that even in the absence of placental passage of the
virus, the fetus could be adversely affected by an inflammatory response mounted in
response to viral invasion of the placenta. Furthermore, we demonstrate that a viral infection
in early pregnancy sensitizes the pregnant mother to the effects of bacterial products later on
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in gestation, and specifically, to premature labor. These data suggest that exposure to early
viral infections may program the immune response of mother and fetus. Such observations
have important consequences for understanding the potential risk of viral infections during
pregnancy and the importance of adequate surveillance to prevent maternal mortality and
subclinical fetal injury, leading to long-term consequences.

Materials and Methods

Virus culture

MHV-68 expressing GFP (provided by R. Sun, University of California, Los Angeles, CA)
was passaged in NIH 3T3 cells with DMEM plus 10% FCS. After lysis, supernatant was
harvested, filtered (0.45-um pore), and titered by 2-fold serial dilutions. To determine virus
load in infected mice, frozen homogenized tissues were minced and subjected to 10-fold
serial dilutions, and endpoint titers were determined in NIH 3T3 cells by GFP (41,42). A
single virion or DNA copy was sufficient to show a positive result by plaque assay or PCR.

Animal procedures

C57BL/6 mice were obtained from The Jackson Laboratory (Bar Harbor, ME), and TLR-3
knockout (KO) was provided by R. A. Flavell (Yale University, New Haven, CT). Adult
mice (8-12 wk of age) with vaginal plugs were infected i.p. at embryonic day (E) 8.5
postconception with either 1 x 108 PFU MHV-68 expressing GFP (in 200 pl vol) or DMEM
(vehicle). Three or 9 d postinfection (dpi), animals were sacrificed, and organs were
removed, fixed in 4% paraformaldehyde, and/or stored at —80°C. 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.

Reagents and Abs

Cell lines

LPS (Escherichia coli 0111:B4) was purchased from Sigma-Aldrich (St. Louis, MO).
Lymphocyte separation media was purchased from MP Biomedicals (Solon, OH).

For NK and macrophage detection, biotinylated lectin Dolichos biflorus agglutinin from
Sigma-Aldrich and rat anti-mouse F4/80 Ab (eBioscience, San Diego, CA) were used,
respectively. Anti-NF-kB p65 mAb was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Dominant-negative (DN) TLR1 Toll/IL-1 receptor (TIR) and TLR2TIR,
incapable of tranducing a signal after ligand binding, were purchased from InvivoGen (San
Diego, CA). Bio-plex Pro custom 18-plex panel (catalogue M500FHB86U;171B6007M) for
cytokine detection was purchased from Bio-Rad (Hercules, CA).

Human first trimester trophoblast HTR-8 cells were gifted from C. Graham (Queen's
University, Kingston, Ontario, Canada). Human first trimester trophoblast 3A cells were
stably transfected with DN TLR2 and TLR1 genes, as previously described (22). Following
transfection, cells expressing the TLR1TIR (TLR1-DN) or the TLR2TIR (TLR2-DN) were
selected with puromycin. Vector alone-transfected cells served as negative control.

Human trophoblast isolation

First trimester trophoblast cells were isolated and cultured, as described (43). Briefly, after
washing, tissues were minced and incubated in PBS, 0.125% trypsin, and 30 U/ml DNase |
for 1 h at 37°C. A 70-um filtered suspension was layered on lymphocyte separation media
(MP Biomedicals) and centrifuged. The interface layer was collected, washed, and
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resuspended with MEM. Cells were cultured in MEM with o-valine (Caisson Laboratories,
North Logan, UT), 10% human serum, placed in a type 1V collagen-coated plate (BD
Biosciences, Franklin Lakes, NJ), and kept at 37°C/5% COs,.

Mouse embryonic fibroblast cell preparation

Embryos were harvested on days 11.5-13.5, and fibroblast cells were prepared according to
the method described by Bowtell's laboratory (44-46). This is a standard method used for
the preparation of supporting fibroblast cells for stem cell growth. Mice embryonic
fibroblasts were propagated and maintained according to the 3T3 protocol (47).

Cytokine analysis

Cytokine concentration was determined, as previously described (48-50), using the cytokine
multiplex assays from Bio-Rad. Briefly, wells of a 96-well filter plate were loaded with
either 50 pl prepared standard solution or 50 ul cell-free supernatant and incubated on an
orbital shaker at £500 rpm for 2 h in the dark at room temperature. Wells were then vacuum
washed three times with 100 pl wash buffer. Samples were then incubated with 25 pl
biotinylated detection Ab at £500 rpm for 30 min in the dark at room temperature. After
three washes, 50 pl streptavidin-PE was added to each well and incubated for 10 min at
+500 rpm in the dark at room temperature. After a final wash, the beads were resuspended in
125 pl assay buffer for measurement with the LUMINEX 200 (LUMINEX, Austin, TX).
The cytokines included in the Multiplex assay were as follows: IL-1p, IL-10, GM-CSF,
IFN-y, TNF-a, IL-1a, IL-6, 1L-12p40, IL-12p70, G-CSF, KC, MIP-1a, RANTES, MCP-1,
and MIP-1p.

Immunohistochemistry

After Ag retrieval with Retrievagen A (pH 6.0; BD Biosciences), macrophages were
detected in paraffin-embedded murine uteri with rat anti-mouse F4/80 Ab at 1:20. NK cell
detection was performed, as previously reported (31,51).

For the localization of the p65 subunit of NF-xB, MHV-68-infected human trophoblast cells
were fixed and incubated with the mouse anti-NF-xB p65 Ab. Slides were then incubated
with Alexa Fluor546 anti-mouse IgG and counterstained with Hoechst 33342 dye
(Molecular Probes, Eugene, OR).

Total RNA isolation

Total RNA was extracted using TRIzol, and cDNA was prepared using a Verso cDNA kit
per manufacturer's protocol (Thermo Scientific, Wal-tham, MA).

Real-time PCR

Real-time PCR was performed in duplicate using SYBR Green (Invitrogen, Carlsbad, CA)
in an ABI Prism 7500 (Applied Biosystems, Foster City, CA). cDNA sample (1 ul) was
amplified with gene-specific primers using optimized PCR cycles. GAPDH was used as an
endogenous control for relative comparison of human TLR-2, TLR-3, and TLR-4. GAPDH
expression did not vary with treatments. TLR-2 forward, 5'-ATGCCTACT-
GGGTGGAGAAC-3'; TLR-2 reverse, 5-TGCACCACTCACTCACA-3'; TLR-3 forward,
5-GTGCCGTCTATTTGCCA-3'; TLR-3 reverse, 5'-AG-
TCTGTCTCATGATTCTGTTG-3'; TLR-4 forward, 5-CAGCTCTTGGT-
GGAAGTTGA-3’; TLR-4 reverse, 5-GCAAGAAGCATCAGGTGAAA-3'; GAPDH
forward, 5'-GAGTCAACGGATTTGGTCGT-3’; GAPDH reverse, 5'-
GACAAGCTTCCCGTTCTCAGCC-3'.
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The TLR-2, TLR-3, and TLR-4 cycle threshold value was analyzed using the AA cycle
threshold Livak method (52).

Serum from wild-type (wt) and TLR3 KO mice was analyzed for the presence of anti-viral
IgM or 1gG Abs. For coating of ELISA plates, MHV-68 GFP stocks were filtered through a
0.45-um-pore membrane, and virions were centrifuged through a 5% sucrose cushion
(SW28, 20,000 rpm for 75 min at 4°C). Virion pellets were resuspended in PBS containing
0.5% Triton X-100 and 0.5% FBS to achieve 5000x concentration. Maxisorb plates (Nunc-
immuno plates) (Corning Life Sciences, Corning, NY) were coated with 91 ug virus protein/
well, washed, blocked with 0.3 mg BSA, and incubated with serum from either wt or TLR3
KO with or without MHV-68 infection. After washing, goat anti-mouse 1gG or IgM, HRP-
conjugated Ab (Southern Biotechnology Associates, Birmingham, AL) was added at 1/4000
dilution in PBS/1% BSA for 2 h at room temperature, washed, and detected with
tetramethylbenzidine substrate at 405 nm.

Statistical analysis

Results

Data are expressed as mean + SE for in vitro study and median = first or third quartiles for in
vivo study. Statistical significance (p < 0.05) was determined using either two-tailed
unpaired Student t tests or Mann-Whitney U test for nonparametric data. Unless stated
otherwise, all experiments were performed in duplicate.

Maternal infection with MHV-68 does not induce preterm labor

Systemic administration of polyinosinic:polycytidylic acid [poly (1:C)] to pregnant mice
induced preterm labor and delivery, and production of proinflammatory cytokines (53,54).
The inflammatory response to the TLR-3 ligand was found in the placenta at E17.5 (local
response) as well as in the spleen (systemic response) (30,55) characterized by upregulation
of IL-6, IL-12p40, MCP-1, MIP-1pB, growth-related oncogene-a, and RANTES. These
observations indicated that the placenta was able to recognize and respond to viral products.
To understand the effects of viral infection in pregnancy, we used MHV-68. C57BL/6
pregnant mice received 1 x 108 PFU MHV-68 i.p. on E8.5 of pregnancy, and were followed
up to E17.5. Control animals received media as a placebo. This viral dose has previously
been shown to infect mice organs and produce a systemic viral response (37).

Maternal infection with MHV-68 had no effect on pregnancy outcome, including litter size,
weight, or gestational age at delivery (Fig. 1). We then evaluated whether the absence of
viral infection to the placenta and decidua was responsible for the lack of effect in
pregnancy outcome. To test this hypothesis, replicative viral loads (PFU/ml) were
determined using a limiting dilution plaque assay on frozen tissue taken from the placenta
and decidua (local), and spleen and lymph node (systemic and classical target organ for
MHV-68) (56) from pregnant mice who had received MHV-68 on E8.5 of pregnancy and
sacrificed 3 or 9 d after viral administration (dpi).

Three days after viral administration, we observed a high viral load in the spleen and lymph
nodes. Interestingly, viral titers in the decidua were significantly higher than those in the
spleen (Fig. 2A). The placenta was also infected, but overall viral titers were lower than
those in the spleen.

Nine days after viral administration, we observed a substantial increase in splenic viral titers
(higher than 3 logs), a slight decrease in the decidua, and increasing viral titers in the
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placenta (Fig. 2B). Most notably, no viruses were detected in the fetus of infected mothers
using the plaque assay or by PCR, even 9 d after viral administration (Fig. 2A and data not
shown).

These results suggest that the viral load administered to the mice is able to infect all the
organs, including placenta and decidua; however, in contrast to the effect observed with
poly(l:C), the viral infection in the placenta and decidua did not seem to have an effect on
pregnancy outcome. To better understand the differences between the two responses [virus
versus poly(l:C)], we evaluated the cytokine/chemokine profile in the placenta and spleen of
mice infected with MHV-68. MHV-68 infection did not induce the production of
chemokines and inflammatory cytokines seen with poly (1:C) administration (Fig. 2C, 2D).
Moreover, we observed inhibition on the production levels of IL-6, MIP-1B, and RANTES
in the placenta of MHV-68-infected mice. These data suggest that the change in the
cytokine profile may play an important role in the induction of preterm labor/delivery.

TLR-3 is necessary for the control of early viral infection

The effects of poly(1:C) in pregnancy outcome (and, in particular, preterm labor) are
mediated through TLR-3 (30,35), and this pattern recognition receptor plays an important
role in the immune response to herpesviruses (57). Moreover, some viruses such as
influenza A and Kaposi's sarcoma-associated herpesvirus have been associated with
activation of the TLR-3 pathway in humans (58,59). Thus, we evaluated the role of TLR-3
on MHV-68 infection during pregnancy by using TLR-3 KO mice. Similarly, as in the wt
mice, administration of MHV-68 had no effect on the duration of pregnancy (i.e., there was
no premature labor). However, we observed higher viral titers in all tissues, including the
decidua and placenta of TLR-3 KO mice, both at 3 and 9 dpi (Fig. 2E, 2F). The fetuses of
either wt or TLR-3 KO-infected mothers were not infected, suggesting that TLR-3 is not
required for the protection of fetuses against viral invasion.

We then evaluated whether the viral dose used in this study is able to mount an adaptive
immune response by assessing seroconversion. 1gG anti-MHV-68 were significantly higher
in both wt and TLR-3 KO-infected pregnant mice than in noninfected animals. However,
when we compared the response between wt and TLR-3 KO, we observed that 1gG anti
MHV-68 levels were significantly lower in the TLR-3 KO (Fig. 3). These results confirm
that MHV-68 infections during pregnancy are able to mount a specific adaptive immune
response characterized by the presence of anti-MHV-68 IgG. The presence of higher viral
titers and low levels of anti-MHV-68 1gG in the TLR-3 KO mice indicated that TLR-3
expression is required to elicit a potent antiviral Ab response against this dSSDNA virus.

Effect of MHV-68 infection on the placenta

Because we observed viral infection of the placenta and decidua in mothers, the next
objective was to determine the effect of MHV-68 infection on the placental and decidual
pathology. Thus, utero-placental units were collected at 9 dpi, and H&E staining was
performed. All histological samples were analyzed in a blinded manner by an independent
animal pathologist (C.B.). Sites of edema were observed only in the decidua of infected
mice; necrosis and inflammation foci were observed in the labyrinth of infected mice (Fig.
4A). Significant pathologic changes present within the labyrinth of TLR3 KO-treated mice
included an overall tissue hyperesinophilia, nuclear pyknosis, cellular fragmentation, and
multifocal loss of tissue of architecture (necrosis) in the labyrinth (Fig. 4B).

We then evaluated changes of the number and distribution of NK (lectin-positive) cells and
macrophages (F4/80 positive). NK cells were observed in decidua of control as well as
infected mice. No change in the location of these cells was observed as a result of the

J Immunol. Author manuscript; available in PMC 2011 February 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cardenas et al.

Page 7

infection (data not shown). Macrophages are mainly localized in the myometrium and
decidua of the pregnant mice (Fig. 4C, arrows). Few macrophages are also found in the
placenta. No differences in the distribution and number of macrophages were found in the
decidua and placenta from infected and control groups.

In addition, we observed an increase in collagen deposition in the perivascular spaces of
infected animals, predominantly in the labyrinth layer, as compared with control mice (Fig.
4D). The presence of collagen in the perivascular areas suggests that an active repair process
was taking place in the placenta of infected mice. Similar changes were observed in TLR-3
KO mice (Fig. 4D).

Fetal response to placental infection

Although we observed high viral titers in the placenta, no virus was detected in any of the
fetuses, as determined by the limiting dilution plaque assay and confirmed by PCR. To
determine whether the lack of fetal infection was due to inability of the virus to infect fetal
cells, mouse embryonic fibroblast cells were isolated and infected with MHV-68 in vitro
with a similar dose as that used for trophoblast cells (see below). Eighty percent of
embryonic fibroblasts were infected by MHV-68 in less than 12 h, as shown by GFP-
positive signal; however, the viral infection induced a lytic effect (data not shown). These
results suggest that the placenta is functioning as an immunological barrier, capturing the
virus and preventing it from reaching the fetus. To determine whether the infection of the
placenta could have an effect on the developing fetus, we next assessed fetal morphology
from mice infected with MHV-68 during pregnancy versus those receiving a placebo.

Analysis of the fetuses revealed that viral infection of the mother has a transient effect on
development. Three dpi, fetuses of infected mothers were smaller and had a lower weight (in
both wt and TLR-3 KO mice), although this effect was more evident in the TLR-3 KO group
(Supplemental Fig. 1A). Furthermore, we observed a delay in the process of differentiation
of the eye, tails, and limbs (Supplemental Fig. 1B). However, after 9 d, the differences
between the fetuses from infected and noninfected mice from both wt and TLR-3 KO were
no longer detectable (Supplemental Fig. 1C). These important observations are evidence of
the remarkable plasticity of the developing fetus.

Because we observed an early effect on fetal development, we then evaluated the integrity of
fetal organs and tissues using microscopic sections. Despite the absence of viruses in the
fetuses, we noted severe pathological changes in the fetal tissues of infected mothers from
both wt and TLR-3 KO. We observed hydrocephalus, defined as an increase in the
subarachnoid space, in the brains of all fetuses from infected mothers (Fig. 4E). We did not
see any changes in the lateral ventricles, nor did we detect abnormal immune infiltration or
white matter damage.

In the thoracic cavity, the pathological changes were characterized by the presence of
hemorrhage inside the lungs and pericardium in all treated animals compared with the
controls (Fig. 4F). However, there was no damage in the abdominal cavity or the limbs.

We then evaluated the cytokine profile in fetuses from infected and control mothers.
Interestingly, 9 dpi, we observed a significant increase in the levels of fetal proinflammatory
cytokines (Fig. 4G), including high levels of IFN-y and TNF-a. The presence of these two
cytokines may explain some of the morphological changes observed in these fetuses.

Collectively, these data suggest that although there is no demonstrable fetal viral infection,
the presence of an active inflammatory response in the placenta and decidua can have a
direct effect on fetal development.
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Trophoblast-viral interaction

To understand the implications of these observations in humans, trophoblast cells were
isolated from first trimester human placentas and infected with GFP-MHV-68 for either 24
or 48 h. Infection was monitored by the presence of GFP. Positive GFP-MHV-68-infected
trophoblast cells were observed ~12 h postinfection and remained viable up to 6 dpi (Fig.
5A).

Next, we determined the cytokine response induced by MHV-68 in trophoblast cells in vitro.
Contrary to what we observed with poly (I:C) treatment (which induces robust
proinflammatory cytokine/ chemokine production [30]), MHV-68 has a unique profile
characterized by inhibition of chemokines and lack of production of proinflammatory
cytokines (Table I). However, we observed a mild increase in modulatory cytokines, such as
IL-6, IL-1p, and the immune suppressor vascular endothelial growth factor (VEGF) (60)
(Table I). Evaluation of the cytokine response by trophoblast isolated from wt mice or
TLR-3 KO mice to MHV-68 infection revealed a similar profile in terms of the inhibition of
chemokines. However, contrary to the wt mice, we did not observe an increase in IL-1p and
IL-6, suggesting that TLR-3 expression might be necessary for the production of these two
cytokines (data not shown).

Differential regulation and role of the TLR/NF-kB pathway during MHV-68 infection in
trophoblast cells

The generalized inhibition of chemokine expression and the increased secreted levels of the
immune suppressor VEGF represent an important immune-regulatory mechanism by which
MHYV-68 can escape immune surveillance and successfully infect trophoblast cells.

Our next objective was to determine the potential mechanism by which MHV-68 inhibits
chemokine production. Because the NF-xB pathway is a major regulator of cytokine and
chemokine production, we evaluated the status of p65 (a regulatory subunit of NF-xB) in
trophoblast cells following MHV-68 infection. Trophoblast cells are characterized by
constitutive NF-«B activity and cytokine production (20,30). Therefore, p65 is localized in
the nuclei of the cells (Fig. 5B). Following MHV-68 infection, no nuclear staining was
observed along with a decrease in cytoplasmic expression (Fig. 5B), suggesting that the NF-
kB pathway is inhibited in trophaoblast cells infected by MHV-68. The viral-induced
inhibition of NF-«xB correlates with the inhibition on chemokine production observed in the
infected trophoblast and placenta.

TLR/MyD88 signal has been shown to be important in the regulation of MHV-68 replication
(61). Trophoblast cells express TLRs and are able to respond to TLR ligands (20,30);
therefore, we evaluated whether viral infection could affect the expression or function of
TLRs. MHV-68 infection induces TLR-2 and TLR-4 mRNA expression in human first
trimester trophoblast cells in a time-dependent manner. In contrast, TLR-3 mRNA levels
were not affected or were decreased postinfection (Fig. 5C).

The significant increase in TLR-2 expression following MHV-68 infection indicates a
potential association between TLR-2 and the viral adaptation to the host. Thus, wt
trophoblasts, trophoblasts stably transfected with a TLR-2 DN or TLR-1 DN, were infected
with MHV-68, and 48 h postinfection, supernatants from these cultures were collected and
transferred to new cultures of wt first trimester trophoblast cells. No de novo infection was
observed following transfer of supernatants obtained from TLR-2 DN trophoblasts, and
similarly, TLR1 DN reinfectivity was greatly reduced, suggesting that TLR-2 is necessary
for viral reactivation, replication, or egress (Supplemental Fig. 2).
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MHV-68 infection sensitizes to bacterial LPS

Because we observed that MHV-68 infection leads to an increase in the expression levels of
TLR-4 and TLR-2, we next tested the hypothesis that viral infection in early pregnancy
could affect the response to microbial products. We injected MHV-68 into pregnant wt mice
at E8.5 (early pregnancy), followed by LPS injection at E15.5 (late pregnancy). We selected
a dose of LPS that has a modest effect on pregnancy outcome (20 pg/kg) (30). Control mice
received only vehicle or only LPS at E15.5. LPS treatment of MHV-68—infected pregnant
mice induced preterm labor/delivery in less than 24 h in all of the treated mice (Fig. 6).
Anatomical examination of the mothers showed vaginal bleeding and 100% fetal death in
the MHV-68 plus LPS-treated group (Supplemental Fig. 3). LPS administration, without
previous viral infection, induced preterm labor/delivery in 29% of cases, and we did not
observe major anatomical changes in the mother or the fetus (Supplemental Fig. 4).

Discussion

We demonstrated that maternal viral infection can lead to productive replication in the
placenta and a fetal inflammatory response, even though the virus is not detected in the
fetus. The experiments described in this work are intended to show that viral infection of the
placenta can elicit a fetal inflammatory response, which in turn can cause organ damage and,
potentially, downstream developmental deficiencies. Furthermore, we demonstrated that a
viral infection of the placenta may sensitize to bacterial infection and promote preterm labor.

Pregnant women are exposed to many infectious agents that are potentially harmful to the
fetus. The risk evaluation has been focused on whether there is a maternal viremia or fetal
transmission (62). Viral infections that are able to reach the fetus by crossing the placenta
might have a detrimental effect on the pregnancy (63,64). It is well accepted that in those
cases infection can lead to embryonic and fetal death, induce miscarriage, or induce major
congenital anomalies (62,65). However, even in the absence of fetal viral infection, the fetus
could be adversely affected by the maternal response to the infection. Examples are
infections with HIV, hepatitis B, varizella zoster virus, and parvovirus B19, among others
(5,28,66,67). Indeed, viral crossing of the placenta may be the exception rather than the rule.

One of the main questions of this study was how a microorganism, in this case a virus, might
initiate a response that may not lead to preterm labor, but would alter the immunologic
balance at the maternal fetal interface. Poly(l:C) has been used in several studies as a model
for TLR3 activation and shown to be a potent inducer of preterm labor (68). However, the
use of MHV-68, which is able to activate TLR-3 (61), did not show the same outcome. Our
results indicate that only a condition characterized by the expression of inflammatory
cytokines at the maternal-fetal interface will trigger a cascade of events leading to the
termination of the pregnancy. In contrast, a viral infection in the placenta that triggers a mild
inflammatory response will not terminate the pregnancy, but is able to activate the immune
system not only of the mother, but of the fetus as well.

It is critical to take into consideration the fact that during pregnancy it is not only the
maternal immune system responding, but also the fetal/placental unit. Our results further
support the immunological role of the placenta and the fetus affecting the global response of
the mother to microbial infections. This is relevant for making decisions associated with
treatment and prevention during pandemics.

An important observation in this study is the fact that even though there is a high viral titer
in the placenta and decidua, no virus was detected in the fetus. This result further confirms
our and others' studies suggesting that the placenta is an active barrier, able to control an

infection and protect the fetus (49,69-72). However, the inflammatory response originated
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on the maternal side has a negative impact on the fetus and triggers a fetal inflammatory
condition.

Fetal inflammatory response syndrome (FIRS) is a condition in which, despite an absence of
cultivable microorganisms, neonates with placental infections have very high circulating
levels of inflammatory cytokines, such as IL-1, IL-6, IL-8, and TNF-a (73-75). We
observed a similar outcome in our animal model in which MHV-68 infection of the placenta
triggers a fetal inflammatory response similar to the one observed in FIRS, even though the
virus was not able to reach the fetus. In the case of human FIRS, these cytokines have been
shown to affect the CNS and the circulatory system (76). In this study, we showed that fetal
morphologic abnormalities may be caused by fetal proinflammatory cytokines, such as IL-1,
TNF-a, MCP-1, MIP1-B, and IFN-y. Beyond morphological effects on the fetal brain, the
presence of FIRS increases the future risk for schizophrenia, neurosensorial deficits, and
psychosis induced in the neonatal period (77-79).

Therefore, we propose that an inflammatory response of the placenta, which alters the
cytokine balance in the fetus, may affect the normal development of the fetal immune
system, leading to anomalous responses during childhood or later in life (77-79). One
example of this is the differential responses in children to vaccination or the development of
allergies (11,80). Antenatal infections can have a significant impact on later vaccine
responses. We can observe this type of outcome in other conditions associated with
placental infection, such as malaria. A few studies suggest that surviving infants with
placental malaria may suffer adverse neurodevelopmental sequelae and may have an
abnormal response to a later infection with the parasite (81). In the majority of the cases, the
parasite did not reach the fetus, but the inflammatory process in the placenta affected the
normal fetal development (82).

The differential cytokine response observed between poly(l:C) and MHV-68 infection
questioned the role of TLRs during a viral infection. However, our finding demonstrates a
unique interaction between the virus and TLR expression and function at the placenta and
decidua. We confirmed that TLR-3 is necessary for the control of viral replication, as
demonstrated by the presence of higher titers of MHV-68 found in the TLR-3 KO mice.
According to this, clinical data proved that TLR-3 controls herpesvirus infection, because
children with a TLR-3 deficiency are very susceptible to HSV-1-induced encephalitis (83).
In contrast, the virus requires TLR-2 and TLR-1 expression for its own replication. These
findings open the possibility of using TLR-2 or TLR-1 antagonists as potential agents for
preventing herpes viral replication.

Viral infection may influence the outcome of a concurrent bacterial infection (84); however,
to date there is no evidence indicating whether a viral infection sensitizes to bacterial
infection during pregnancy. We showed that MHV-68-infected pregnant mice undergo
preterm labor following injection of a low dose of LPS, which has almost no effect on
noninfected mice. These results suggest that a viral infection during pregnancy increases the
risk of preterm labor or maternal death in response to other microorganisms, such as
bacterial infection. In the pandemic of 1918, high rates of pregnancy loss and preterm
delivery were reported (1), and during the pandemic of 1957-1958, an increase in CNS
defects and other adverse outcomes were reported. In the more recent HIN1 influenza virus
infection, 13% of the deaths were pregnant women (3). In all these cases, a bacterial-
associated complication was reported.

In conclusion, we demonstrate that even in the absence of fetal viral infection, the
inflammatory response originating in the placenta and decidua induces an inflammatory
process with potential damage in fetal organs. It is therefore essential to evaluate the
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presence of maternal viral infections prenatally to prevent long-term adverse outcomes for
the child and the mother. Future studies are needed to develop useful biomarkers for viral
infections during pregnancy even in a subclinical state as a strategy of early detection and
prevention of fetal damage and maternal mortality. Furthermore, it is extremely important to
take into consideration the possibility of placental infection when determining a response to
emerging infectious disease threats.
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FIGURE 1.

Pregnancy outcome in wt mice infected with MHV-68. Wt pregnant mice were infected i.p.
with 1 x 108 PFU MHV-68 or vehicle at E8.5 and sacrificed at E17.5. A, Pups, uterus, and
gestational sacs from wt treated with vehicle, and B, pups, uterus, and gestational sac from
wt infected with MHV-68, showing no differences in gross anatomy. C, Fetal weight at the
time of delivery. Note the lack of difference between the two groups. n = 6 mice per group.
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FIGURE 2.

Effect of MHV-68 viral infection in pregnant mice. Viral titers as PFU/ml were determined
in wt pregnant mice infected with MHV-68 (1 x 10% PFU) 3 d (E11.5; A) and 9 d (E17.5; B)
postinfection. Viral titers were observed in lymph nodes, placenta, decidua, and spleen, but
were absent in the fetuses. *p < 0.05, decidua versus spleen. Placenta (C) and spleen (D)
cytokine profile was determined in wt pregnant mice treated with poly(1:C) or MHV-68 4
and 9 d postinfection, respectively. *p < 0.05, MHV-68 versus control; #p < 0.05, poly(l:C)
versus MHV-68. E and F, Viral titers as PFU/ml were determined in TLR-3 KO pregnant
mice infected with MHV-68: E, 3d (E11.5), and F, 9 d (E17.5) postinfection. Note the high
levels of viral titers in lymph nodes, placenta, decidua, and spleen, but absent in the fetuses.
Bars show median £ SEM. n = 6 mice per group.
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Seroconversion in wt and TLR-3 KO pregnant mice infected with MHV-68. Wt and TLR-3
KO mice were infected i.p. with MHV-68 (1 x 108 PFU) or vehicle at E8.5. Serum samples
were collected 9 dpi, and levels of 1gG Abs were determined by ELISA. Note the high levels
of 1gG anti-MHV-68 Abs in the wt treated group compared with controls. A significantly
lower response was observed in TLR-3 KO-treated mice. n = 6 mice per group. *p < 0.05.
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FIGURE 4.

Effect of MHV-68 viral infection on the maternal/fetal interface. Morphological changes
were observed in the placenta and decidua of MHV-68-infected pregnant mice associated
with the following: A, edema (*) in the D, but absent in the L and S. Upper and lower panel,
scale bar, 200 and 300 pm, respectively. B, Necrosis in placenta, marked loss of cellular
detail, fragmentation, hypereosinophilia (boxes) in the labyrinth subjacent to the epithelium
(E), and necrosis of scattered giant cells (arrowheads). These changes were more
accentuated in the TLR-3 KO compared with wt mice. Scale bars, 200 ym. C,
Immunohistochemistry for F4/80-positive macrophages (brown) localized in the
myometrium (MYO) and decidua (DEC) at E11.8 and E17.5. Black arrows show the edge
between myometrium and decidua. Original magnification x20. D, Increase in collagen
deposition (arrows) in the labyrinth layer of MHV-68—infected mice using Trichromic
Mason staining (original magnification x20. E, Presence of fetal brain hydrocephalus (black
arrows) in wt and TLR-3 KO MHV-68-infected mice (middle and right panel) compared
with normal controls (left panel). Note the width of LVs. Original magnification x10. F,
Fetal thoracic cavity from WT and TLR-3 KO pregnant mice infected with MHV-68. Note
the areas of hemorrhage in lung right middle lobe and pericardium. G, Fetal cytokine profile
from pregnant mice infected with MHV-68. Fetal lysates were obtained, and cytokines/
chemokines were measured by Luminex. Bars show median £ SEM. n = 6 mice per group.
*p < 0.05. Figures are representative of six animals per group and three independent
experiments. D, decidua; L, labyrinth; LV, lateral ventricle; S, sponginous layer.
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FIGURE 5.

Primary cultures of human first trimester trophoblast cells infected with GFP-MHV-68. A,
Infection was monitored by the presence of GFP-labeled MHV-68. Positive GFP-MHV-68—
infected trophoblast cells (white arrows) were observed ~12 h postinfection. B, Inhibition of
NF-xB activity in MHV-68-infected trophoblast cells. Expression of p65 was determined by
immunofluorescence. Note the decrease in the number of trophoblast cells with nuclear p65
(white dots) following MHV-68 infection. C, Expression of TLR-2, -3, and -4 by human
first trimester trophoblast cells following MHV-68 infection. TLR-2, -3, and -4 expressions
were determined by real-time quantitative RT-PCR. Note the significant increase on TLR-2
and -4 expression and decrease in TLR-3 in MHV-68-infected cells compared with the
control. n = 3 samples per group. *p < 0.05.
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FIGURE 6.

MHV-68 infection sensitizes to bacterial LPS. Wt mice were infected i.p. with MHV-68 at
E8.5, followed by a single dose of LPS (20 pg/kg) at E15.5. LPS induced preterm labor in
all of the animals that received prior MHV-68 infections (triangles), compared with animals
receiving only LPS (squares) or MHV-68 infection (circles). Bars show median + SEM. n =
6 mice per group. *p < 0.05. MHV-68 plus LPS versus PBS plus LPS. #p < 0.05. MHV-68
plus LPS versus PBS plus MHV-68.
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Cytokine/chemokine profile of poly(1:C)- or MHV-68-infected human trophoblast

Table |

Factor Poly(I:C) MHV-68
IL-6 16.3 13.3
IL-1B — 14.5
VEGF — 1.2
FGF-2 120 15.7
IL-8 17.2 1115
MCP-1 1.7 11625
RANTES 12.3 12.4
GRO-a 16,5 18.7
IL-1a 1115.8 —
GM-CSF 1261.1 —
IL-12p70 12.2 12.0
IFN-y 16.9 115
IP-10 1225.2 133
IFN-a. 12,6 115
IFN-B 160.0 13.0

Page 23

Cytokine/chemokine profile of poly(l:C)-treated and MHV-68-infected human primary trophoblast. Isolated human first trimester trophoblast cells
were treated with either 25 pug/ml poly(1:C) or MHV-68 at a multiplicity of infection of 1.4 for 72 h. Supernatants were collected, and cytokines
and chemokines were measured by Multiplex. Fold changes (mean + SEM) of cytokine/chemokine secretions with poly (I1:C) and MHV-68. n = 3
samples per group. *p < 0.05.

| Decrease; 1, increase; FGF-2, fibroblast growth factor-2; GRO-a, growth-related oncogene-a; 1P-10, IFN-y—inducible protein-10.
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