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Abstract

Campylobacter species (C. jejuni, C. fetus) are enteric abortifacient bacteria in humans and ungulates.
Campylobacter rectus is a periodontal pathogen associated with human fetal exposure and adverse
pregnancy outcomes including preterm delivery. Experiments in pregnant mice have demonstrated
that C. rectus can translocate from a distant site of infection to the placenta to induce fetal growth
restriction and impair placental development. However, placental tissues from human, small-for-
gestational age deliveries have not been reported to harbor C. rectus despite evidence of maternal
infection and fetal exposure by fetal IgM response. This investigation examined the temporal
relationship between the placental translocation of C. rectus and the effects on fetal growth in mice.
BALB/c mice were infected at gestational day E7.5 to examine placental translocation of C. rectus
by immunohistology. C. rectus significantly decreased fetoplacental weight at E14.5 and at E16.5.
C. rectus was detected in 63% of placentas at E14.5, but not at E16.5. In in vitro trophoblast invasion
assays, C. rectus was able to effectively invade human trophoblasts (BeWo) but not murine
trophoblasts (SM9-1), and showed a trend for more invasiveness than C. jejuni. C. rectus challenge
significantly upregulated both mRNA and protein levels of IL-6 and TNFa in a dose-dependent
manner in human trophoblasts, but did not increase cytokine expression in murine cells, suggesting
a correlation between invasion and cytokine activation. In conclusion, the trophoblast-invasive trait
of C. rectus that appears limited to human trophoblasts may play a role in facilitating bacterial
translocation and placental inflammation during early gestation.
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1. Introduction

Campylobacter rectus is an exclusively oral Gram-negative, anaerobic and motile bacterium
with a wide array of virulence factors including flagellum, surface layer proteins (S-layer),
RTX-type toxins, GroELlike proteins and lipopolysaccharide (LPS) (LaGier and Threadgill,
2008; Okuda et al., 1997; Wang et al., 2000). Together with other oral anaerobic bacteria, C.
rectus is associated with the initiation and progression of periodontal disease (lhara et al.,
2003; Socransky et al., 1998; Tanner et al., 1998). C. rectus has been implicated in the
association between periodontal disease and adverse pregnancy outcomes. For example, fetal
exposure to C. rectus has been demonstrated to be higher in preterm than in full term neonates
(Madianos et al., 2001). Moreover, C. rectus count levels are higher in the oral microbiota of
pregnant women with increased salivary estradiol concentrations (Yokoyama et al., 2008).
Indeed, C. rectus seems to thrive under high concentrations of estradiol and progesterone which
have been shown to significantly enhance C. rectus growth in vitro (Yokoyama et al., 2005).
Other Campylobacter spp. including C. fetus and C. jejuni have also been reported to be
associated with miscarriages, premature labor and severe perinatal infection in both humans
as well as in animals (Allos, 2001; O'Sullivan et al., 1988; Simor et al., 1986; Wong et al.,
1990). It is then plausible that C. rectus may be an important contributor to adverse pregnancy
outcomes due to its ability to disseminate systemically during pregnancy.

Our laboratory has studied the effects of C. rectus systemic infection on the fetoplacental unit
using a murine model of intra-chamber injection with live bacteria (Yeo et al., 2005). This
intra-chamber model demonstrated that remote subcutaneous C. rectus maternal infection
increases fetal resorptions and induces fetal growth restriction (Offenbacher et al., 2005). C.
rectus infection also results in abnormal placental architecture, as evidenced by the decreased
width of the vascular labyrinth and the increased width of decidual tissue in the placentas of
infected growth-restricted mice (Bobetsis et al., 2007). If C. rectus disseminates systemically
to reach the placenta it is then likely to interact with placental cells that express pattern
recognition receptors (i.e., Toll-like receptors) (Abrahams et al., 2004), and subsequently
induce a proinflammatory response that ultimately may contribute to an adverse pregnhancy
outcome. Indeed, recent results from our group have suggested that murine placentas from oral
C. rectus-infected dams show enhanced placental TLR4 expression along with increased
vasodilation in the junctional zone surrounded by focal areas of inflammatory infiltrate (Arce
et al., 2009).

The in vitro interactions of C. rectus with placental cells are yet to be studied. Hypothetically,
direct C. rectus contact with trophoblasts may alter gene expression and induce a
proinflammatory response. C. rectus may also have the ability to invade placental trophoblasts
since other Campylobacter species have been shown to readily invade host or
immunocompetent cells, a feature that may play a role in their virulence potential. For example,
C. jejuni invasion of enterocytes has been shown to induce oncotic changes in these cells with
extensive cytoplasmic vacuolation and loss of plasma membrane integrity, an important feature
in the pathogenesis of bacterial enteritis (Kalischuk et al., 2007). Moreover, bacterial invasion
into mammalian cells has also been proposed as an important mechanism to evade phagocytic
immune cells and allow systemic dissemination and bacterial translocation to different tissues
(Li et al., 2008; Medina et al., 2003).
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In this report we evaluated the presence of C. rectus in the placenta of pregnant mice that were
infected subcutaneously with live bacteria. We also evaluated the in vitro ability of C. rectus
to invade human as well as murine trophoblast cells, and whether C. rectus infection induces
changes in two important proinflammatory genes at the messenger RNA and protein levels.

2. Methods

2.1. Mouse model of C. rectus infection

All procedures were in accordance with the animal welfare guidelines and approved by the
University of North Carolina-Chapel Hill Institutional Animal Care and Use Committee. The
mouse infection model used was similar to that described before (Yeo et al., 2005). BALB/c
mice were housed under controlled and standardized conditions with 12 h light—dark cycles.
Regular mouse diet and water were provided ad libitum. Females were enrolled in the
experiments at approximately 6 weeks of age and immediately had a steel chamber implanted
subcutaneously. After 1 month of healing, females were mated overnight with males of the
same strain. The next morning, females were removed from the male cages and examined for
vaginal plugs. If a plug was found, that day was recorded as embryonic day EQ.5. At E7.5,
pregnant mice received an intra-chamber injection of 100 pL of 10° CFU/mL live C. rectus or
saline. Mice were then sacrificed at E14.5 and fetuses (n = 15 from 3 non-infected dams and
n = 25 from 4 infected dams) and their respective placental tissues were collected. In
preliminary experiments to establish the growth restriction model we collected weight data for
fetoplacental units obtained from 27 non-infected dams and 32 infected dams sacrificed at
E16.5. For histological analysis, placentas were collected and bisected sagitally then fixed in
4% paraformaldehyde and embedded in paraffin. Sections (6 um) were stained using standard
hematoxylin and eosin protocols and imaged using a Nikon Microphot-FXA Microscope
equipped with a QImaging Micropublisher CCD camera. Morphometric measurements of the
area occupied by each placental layer, namely decidua, spongiotrophoblast layer and labyrinth,
were conducted using the “Image J” software (http://rsh.info.nih.gov/ij/). For detection of C.
rectus in placental tissues, placentas from 2 control mice (n = 10) and 2 infected mice (n = 11)
from gestational day E14.5 were examined by immunostaining. Briefly, sections were de-
paraffinized, re-hydrated in ethanol/H,0 washes and permeabilized by incubation in 0.2%
Triton X in PBS. Slides were then incubated for 1 h in blocking buffer (5% BSA, 1% goat
serum and 0.2% Triton-X in PBS) and then incubated overnight at 4 °C with an FITC-
conjugated anti-Campylobacter antibody (Kirkegaard & Perry Labs, MD) and Texas Red-
conjugated Phalloidin (Invitrogen, CA). Slides were washed several times in PBS and
visualized with a Zeiss LSM5 Pascal Confocal Laser Scanning Microscope and 63x na 1.4
plan apo and 100x na 1.3 plan neofluar lenses. Images were captured using the LSM510
software. Images obtained from preliminary E16.5 experiments were included for comparison
purposes.

2.2. Mammalian cell lines

The human trophoblast cell line BeWo (ATCC CCL-98) derived from a human
choriocarcinoma (Pattillo and Gey, 1968) and the mouse trophoblast cell line SM9-1 (a kind
gift from JS Hunt, University of Kansas Medical Center, Kansas City, KS) derived from a
gestational day 9 Swiss—Webster mouse placenta (Bowen and Hunt, 1999) were used for
invasion experiments and cytokine assays. The Madin—Darby canine kidney epithelial cell line
MDCK (ATCC CCL-34) was used as a positive control for C. jejuni invasion as documented
elsewhere (Wine et al., 2008). BeWo cells were grown in Ham's F12K medium with 2mM .-
glutamine adjusted to contain 10% fetal bovine serum (FBS) according to ATCC propagation
instructions. SM9-1 cells were grown in RPMI-1640 supplemented with 1mM sodium
pyruvate, 5x10~° M2-mercaptoethanol and penicillin/streptomycin. Culture medium for
MDCK cells was Eagle's Minimum Essential Medium with 10% FBS. All cells were grown
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in T-25 flasks (Corning Inc. Life Sciences, Lowell, MA) or onto cover slips placed at the bottom
of a well in 24 well plates for invasion analysis. All cells were grown at 37 °C in 5% CO».

2.3. Bacterial cultures

Campylobacter rectus strain 314 or Campylobacter jejuni strain ATCC 43457 were used for
infection experiments. C. rectus 314 is an oral isolate from a periodontal disease patient. C.
rectus was grown under anaerobic conditions at 37 °C on Trypticase soy broth agar (Becton
Dickinson and Company, Cockeysville, MD) supplemented with 0.2% yeast extract, 0.3%
Phytone peptone, 0.2% NaCl, 0.3% ammonium formate, 0.4% sodium fumarate and 0.4% .-
asparagine, adjusted to pH 7.8. C. jejuni was grown on Mueller Hinton agar (Oxoid,
Cambridge, UK) plates at 37 °C under a microaerophilic atmosphere.

2.4. Invasion assays

Mammalian cells were grown onto cover slips in 24 well plates until 80-90% confluency.
Bacterial strains were harvested from agar plates after 72 h incubation (48 h incubation yielded
adequate growth for C. jejuni) and resuspended in tissue culture medium without antibiotics
to an optical density of 1.00 (600 nm). Mammalian cell monolayers were also washed 3 times
with cell culture medium without antibiotics prior to inoculation with bacteria. Bacterial cells
were added to obtain a multiplicity of infection (MOlIs) of 100 bacteria/mammalian cell, after
which plates were centrifuged at 250%g for 5 min, incubated for 5 h at 37 °C in 10% CO, and
washed with PBS. This time point and MOI were chosen for quantification as pilot experiments
showed that a similar number of C. rectus cells were found intracellularly at 5, 12 and 24 h
(data not shown). For visualization of adhesion/invasion, infected and non-infected controls
were then washed 3 times with PBS to remove non-adhered bacteria and fixed with 4%
paraformaldehyde for 30 min at room temperature. After washing twice with PBS, cells were
permeabilized with 0.2% Triton X-100 in PBS for 15 min. Blocking buffer (5% BSA, 1% goat
serum and 0.2% Triton-X-100) was added for 1 h and cells were incubated overnight at 4 °C
with an FITC-conjugated anti-Campylobacter antibody and Texas Red-conjugated Phalloidin.
Cells were then washed several times with PBS. Cover slips were mounted on glass slides and
observed using a Zeiss LSM5 Pascal Confocal Laser Scanning Microscope and 63xna 1.4
planapo and 100xna 1.3 plan neofluar lenses. Random fields were captured using the LSM510
software. Quantification of bacterial adhesion and invasion was done manually using the
LSM510 software and the ortho view to navigate the entire stack of images visualizing x, y
and z planes. Image stacks of up to 8 random fields were used for quantification of invasion/
adhesion by confocal microscopy.

2.5. Proinflammatory gene expression and cytokine assays

Infected cells at MOI 50, 100 and 500 during 12 h and non-infected controls were washed 3
times with PBS to remove non-adhered cells. The MOIs were determined by performing
preliminary experiments testing over a range of MOI that extended from 5 to 1000 MOI.
Additional experiments were also performed to include ultrapure E. coli LPS (0111:B4 strain,
Invivogen, San Diego, CA) using 1ug/well as positive control for proinflammatory gene
expression. Total RNA was isolated from cells with the use of the miRNeasy Mini Kit (Qiagen,
Valencia, CA). 1ug of total RNA was reversely transcribed using the Omniscript system
(Qiagen). Real-time PCR was performed with 1uL of the cDNA reaction in a 7500 Sequence
Detection System (ABI Prism, Applied Biosystems, Foster City, CA). TagMan pre-inventoried
assays for human (Hs00985639 _m1) and mouse (Mm00446190_m1) Interleukin 6 (IL-6) as
well as for human (Hs99999043_m1) and mouse (Mm99999068 m1) tumor necrosis factor
alpha (TNFa) were used for relative gene expression quantification. Reactions were performed
in duplicates and two independent assays were carried out for each gene. The 18S ribosomal
RNA subunit gene and the glyceraldehyde-3-phosphate dehydrogenase (gapdh) gene were
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used as endogenous housekeeping controls for human (BeWo) and murine (SM9-1) trophoblast
cells, respectively. Results were evaluated using the delta-delta Ct method, where delta Ct was
calculated as (gene of interest Ct) — (housekeeping gene Ct), and the relative quantity of mMRNA
expression was calculated by the delta—delta Ct as 2—[(infected sample delta Ct) — (non-infected
sample delta Ct)]. The quantification of IL-6 and TNFa in cell supernatants was performed by
means of XMAP multiplexing cytokine assays. Briefly, cell supernatants were collected after
timed infection, centrifuged at 1500xg for 5 min and then frozen until analysis. Multianalyte
kits for human and mouse IL-6 and TNFa were used following the manufacturer's instructions
(Fluorokine MAP Kits, R&D systems, Minneapolis, MN).

2.6. Statistical analysis

3. Results

A minimal sample size of 8 mice per group was calculated [power (1) of >0.90% with alpha-
error threshold of (a) = 0.05] based on our previous results on fetal growth restriction after C.
rectus systemic infection at E16.5 (Yeo et al., 2005). Continuous variables were expressed as
means and standard deviations. Mean placental weight values for control and infected mice
were compared using the unpaired Student's t-test. The detection frequency of C. rectus in
infected and non-infected murine placentas was compared by using the Fisher's exact test.
Counts of C. rectus invasion/adhesion in cells were compared using the unpaired Student's t-
test. mRNA fold differences and protein concentration differences were compared using one-
way ANOVA. The threshold for statistical significance was set at a P-value less than 0.05. All
analyses were performed using SAS v.9.2 (SAS Institute, Cary, NC).

C. rectus induces growth restriction and translocates from a distant site of infection to the
murine placenta in vivo. C. rectus infection impaired the development of the fetoplacental unit
at day E14.5 and E16.5 (Table 1). At E14.5, mice infected with C. rectus had a significantly
lighter placental weight (0.104+0.02 g) and fetoplacental weight (0.236+0.04 g, n = 25)
compared to the average placental weight (0.118+0.02 g, P = 0.03) and fetoplacental weight
(0.262+0.03, n = 15, P = 0.02) of non-infected mice. At E16.5, fetoplacental weight showed a
similar trend to that of E14.5 (0.570+0.004 g in C. rectus-infected mice vs. 0.612+0.004 g in
non-infected mice) and this difference was even more significant (P > 0.0001); however, we
observed a different trend for placental weight at E16.5, where C. rectus-infected placentas
were heavier than non-infected controls [0.14+0.005 g vs. 0.132+0.002 g, respectively (P >
0.0001)], probably because infected placentas presented higher cellular inflammatory
infiltration leading to placental edema (Offenbacher et al., 2005). Also, in contrast to our
previous findings at E16.5 (Bobetsis et al., 2007), the morphometric analysis of the placentas
from infected mice showed no significant differences in the mean percentage area of each of
the placental zones when compared to controls at E14.5 [49+8.45 vs. 53.8£14.0, respectively
(P =0.08)]; however, atrend for an increase in the size of the decidua layer in infected placentas
from fetuses with the lowest weight was noted. We also observed focal areas of inflammatory
infiltrate in the junctional zone of infected placentas as reported previously for E16.5 (data not
shown).

Immunofluorescent labeling of C. rectus on murine placental tissues and trophoblasts in culture
is depicted in Fig. 1. C. rectus was detected in 7 out of 11 stained placentas (63.6%) from
infected mice (Fig. 1b and c) and in none of the 10 placentas from non-infected controls (Fig.
1a) (P = 0.004) at E14.5. The presence of bacterial cells was not observed in the majority of
the scanned fields in infected placental tissues, as the bacteria were rather scarcely distributed
and seen as single or coupled bacteria cells. No bacterial cells were observed in murine
placentas analyzed at E16.5 (data not shown).
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C. rectus adheres and invades human trophoblasts. C. rectus adhesion and invasion, as
visualized by confocal microscopy, was evaluated in murine and human trophoblasts. In
addition, we compared the invasiveness of the oral C. rectus to a highly invasive intestinal
pathogenic strain of C. jejuni. Epithelial cells (MDCK) served as positive control for
Campylobacter invasion. Extracellular and intercellular localization of C. rectus without
cytoplasmic invasion was evident in murine trophoblasts (Fig. 1e). At the same microbial load,
there was much greater accumulation of C. jejuni extracellularly (Fig. 1f) without appreciable
evidence of intracellular invasion for either C. jejuni or C. rectus. However, both bacteria were
able to penetrate cell junctions and C. jejuni was more efficient than C. rectus at doing so (Table
2). In contrast, both C. rectus and C. jejuni were able to invade and localize intracellularly in
the human trophoblast BeWo cells, as well as in the positive control MDCK cells (Fig. 1g-1).
Inall cases, C. jejuni adhered, penetrated through cell junctions and invaded with significantly
more efficiency than C. rectus, except for intracellular invasion of the human trophoblast cell
line (BeWo) in which C. rectus showed a non-statistically significant trend for greater invasion
over C. jejuni (P = 0.08).

C. rectus upregulates IL-6 and TNFa gene expression in human trophoblasts. Table 3 illustrates
the mMRNA relative gene fold differences of C. rectus-infected cells vs. non-infected controls.
Human BeWo cell responses to the positive control (E. coli LPS) were upregulated for TNFa
(67.63+0.65) and IL-6 (11.47+0.28); however, gene expression responses to LPS were
particularly low for the murine SM9-1 cells for both IL-6 (0.74+0.28) and TNFa (1.12+0.34).
A statistically significant trend was also observed in C. rectus-infected cells, in which dose-
dependent responses of proinflammatory genes were observed for IL-6 (P < 0.05) and TNFa
(P <0.001) in human BeWo cells, but conversely relative gene differences in the murine SM9-1
cells were low for IL-6 and TNFa (Table 3).

In vitro C. rectus infection upregulates proinflammatory cytokine expression in human
trophoblasts. Fig. 2 depicts the cytokine concentration differences in cell supernatants from
infection experiments at 12 h. Both human IL-6 and TNFa were increased in a MOI-dependent
manner. Protein concentration differences were significantly different for human IL-6 (P <
0.0001) and TNFa (P < 0.0001). Murine proinflammatory cytokines were not detected in cell
supernatants after infection with C. rectus.

4. Discussion

The chamber infection murine model used in this report aims to simulate bacterial chronic
exposure in the murine host mimicking the repeated systemic challenge that would be
associated with a chronic oral infection in humans. Here we report fetoplacental unit growth
restriction at gestational day E14.5 (Table 1) along with evidence of C. rectus translocation to
and invasion of the murine placenta in vivo. The human clinical isolate C. rectus 314 was
detected in 64% of murine placentas after 7 days post-infection at E14.5 by immunohistology
(Fig. 1a—c), but C. rectus was not detected at E16.5 using the same technique (data not shown).
Interestingly, this finding could mean that intact bacteria can be found in the placenta at E14.5
but only bacterial DNA is detected at E16.5 by means of nested PCR amplifications (Bobetsis
etal., 2007). Since immunofluorescence not only detects viable bacteria but also dead bacterial
cells, such differences may be partially explained by C. rectus losing viability due to limited
growth conditions or due to immune clearance. Interestingly, C. rectus detection in placental
tissues from human, small-for-gestational age deliveries has not been reported yet, despite
evidence of a remarkable degree of fetal antibody seropositivity (cord blood IgM) to C.
rectus (Madianos et al., 2001).

Host cell invasion is an important feature in the pathogenesis of many bacteria, including
members of the Campylobacteraceae family. Campylobacter invasion into host cells has been
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studied mainly with the enteric pathogen C. jejuni (Fields and Thompson, 2008; Krause-
Gruszczynska et al., 2007). The invasiveness of C. jejuni in cultured epithelial cell lines has
been proposed to correlate with colonization efficiency and disease outcome (Bacon et al.,
2000; Hanel et al., 2004). However, to the best of our knowledge this investigation represents
the first study to present evidence of in vitro C. rectus invasion in trophoblastic cells and this
invasion process appears to be specific for human trophoblasts (Fig. 1). The invasiveness of
C. rectus evaluated in this study via confocal microscopy appears to be within the range
reported for other Campylobacter species in terms of quantity (0.01-2 bacteria per cell) (Biswas
etal., 2004). In these studies the number of internalized bacteria seems to increase with greater
concentrations reaching a plateau at a MOI of 100-200; however, even with the most invasive
strains only one to three bacteria are internalized per cell (Friis et al., 2005).

Even though C. jejuni showed significantly greater activity in terms of cellular adhesion and
paracellular translocation, this study supports the finding that scarce bacterial numbers of C.
rectus or C. jejuni get internalized in human BeWo trophoblasts using similar MOls. However,
we found that C. rectus preferentially invades human trophoblasts in vitro (Table 2), which
may indicate that C. rectus specifically targets the human placental trophoblast and thus
contributes to the apparent fetoplacental tropism proposed in humans (Madianos et al., 2001).
Furthermore, the invasion efficiency of C. rectus appeared to be greater than the invasiveness
of an established placental pathogen such as C. jejuni, at least for the C. jejuni strain tested.
Similar routes of infection from mucosal surfaces to other tissues have been described for
different C. jejuni strains, which have been shown to internalize into host cells localizing
intracellularly (van Alphen et al., 2008) and also to translocate through cell junctions disrupting
tight junction protein components (Chen et al., 2006). Either bacterial paracellular (through
junctions between cells) translocation or transcellular (via the cell cytoplasm) internalization
could potentially be useful for C. rectus to cross the oral epithelial barrier and to migrate to
distant sites including the developing fetoplacental unit. The ability to invade human
trophoblasts and localize in their cytoplasm may also confer C. rectus protection from immune
surveillance while in the immunologically protected placental tissue, as demonstrated with
other abortifacient bacteria such as Listeria monocytogenes (Bakardjiev et al., 2006).

This study also demonstrated that in response to C. rectus challenge a proinflammatory
response is induced in human trophoblastic cells. A clear dose-dependent (MOI)
proinflammatory activity was observed in the human BeWo cell line (Table 3 and Fig. 2) as
evidenced by the gene expression and protein upregulation of IL-6 and TNFa, two important
members of the cluster of proinflammatory cytokines involved in pathogenesis of
chorioamnionitis, preterm labor, low birth weight and preterm premature rupture of membranes
associated with intraamniotic infections (Gomez et al., 1997). Furthermore, among different
placental cell populations, trophoblasts in particular have been proposed to play a key role in
coordinating placental immune responses during implantation and pregnancy maintenance
(Mor, 2008). Trophoblasts are also thought to be primary sentinel cells that are involved in
microbial clearance preventing microbial translocation of infectious agents from mother to
fetus (Levy, 2007).

The results obtained with human trophoblasts contrast to those obtained with murine
trophoblasts, which were unresponsive to the C. rectus in vitro challenge and did not show
significant proinflammatory activity (Table 3). Even though the SM9-1 cell line has been
reported to express TNFa mRNA (Sharma, 1998), these murine trophoblasts derived from
Swiss mice did not offer a significant proinflammatory response when challenged by C.
rectus. This finding is also supported by the observation that SM9-1 murine trophoblasts were
not responsive to E. coli LPS challenge (1 pg/mL), although cells remained viable based upon
proliferation assays (data not shown). Moreover, C. rectus did not appear invasive in the mouse
trophoblast cultures, but did co-localize at regions of intercellular junctions suggesting that
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this human pathogen may use a paracellular pathway to effect translocation to promote murine
growth restriction. In fact, we have observed the bacteria confined to blood vessels in the
labyrinth rather than in the placental tissues, suggesting a different invasion mechanism in
vivo. Similarly, it is known that differences exist in the response of human and murine epithelial
cells to other Campylobacter species, as evidenced by differences in the expression of genes
involved in growth, transcription and steroid biosynthesis in human colonic epithelia vs.
unresponsive murine colonic cells (Rinella et al., 2006). Others have also reported that C.
jejuni, which normally does not bind to Chinese hamster ovary cells, binds avidly when these
cells are transfected with the human alphal,2-fucosyltransferase gene, thus further
demonstrating the specificity of Campylobacter spp. for human cells (Ruiz-Palacios et al.,
2003). To summarize, the differences between human and murine responses suggest that C.
rectus may have a recognition system that is specific for human trophoblasts which could
potentially enhance tropism and immune activation in the human host.

In conclusion, our studies demonstrated that C. rectus has the ability to translocate in vivo from
a distant site of infection to the fetoplacental unit. The ability of C. rectus to invade human
trophoblast cell lines and localize intracellularly as well as its ability to increase the expression
of important proinflammatory cytokines highlights its potential to be an important contributor
to adverse pregnancy outcomes associated with periodontal disease in humans.
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Fig. 1.

C. rectus invasiveness in murine placentas and mammalian trophoblasts. Immunofluorescence
analysis of murine placentas: (a—c) representative images in murine placentas from non-
infected (a) and infected mice (b and c). C. rectus was seen in placentas of infected mice (64%)
but not in the placentas of control mice. The presence of bacterial cells was rather scarce and
was not observed in the majority of the scanned fields: (d—i) representative images from in
vitro trophoblastic cell infection experiments and non-infected controls. Bacteria were found
extracellularly attached to murine trophoblasts, or present in the cell junctions within cells (e)
without apparent evidence of cytoplasmic invasion (f). Conversely, C. rectus and C. jejuni
were detected intracellularly in the human trophoblast BeWo cells (h and i). (j—I) The canine
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epithelial MDCK cells served as positive control target cells using a highly invasive intestinal
pathogenic strain of C. jejuni. For all image stacks, red stain corresponds to F-actin stained
with Texas Red-conjugated Phalloidin. Green-yellow fluorescent cells represent bacteria
stained with an FITC-conjugated Campylobacter-specific antibody. Magnifications: [a—c] at
63% na 1.4 plan apo and [d-1] at 100% na 1.3 plan neo fluar lenses. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of the article.)
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Fig. 2.

Proinflammatory cytokine expression in human trophoblasts after in vitro C. rectus infection.
Box plots depict mean + SD cytokine concentration values. Cell supernatants were harvested
and cytokines were quantified by xMAP multiplexing. Human IL-6 and TNFa were
significantly increased in a MOI-dependent manner. *P < 0.05 and **P < 0.0001.
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Table 1

Growth restriction in fetoplacental units at day E14.5 and E16.5 after C. rectus infection. Data represent mean
values+SD per group. Pregnant mice received an intra-chamber injection of live C. rectus or saline at E7.5. Mice
were sacrificed at E14.5 and 16.5 for the analysis of their fetoplacental tissues. Mean placental and fetoplacental
weight were significantly different between non-infected controls and C. rectus-infected mice. n values
correspond to the number of fetuses or placentas analyzed.

Gestational day/weight  Non-infected control C. rectus-infected P-Value
E14.5

Placental weight 0.118 £ 0.020 (n = 15) 0.104 £ 0.020 (n = 25) 0.03

Fetoplacental weight ~ 0.262 + 0.030 (n = 15) 0.236 + 0.040 (n = 25) 0.02
E16.5

Placental weight 0.132+0.002 (n=143) 0.14+0.005(n=105) <0.0001

Fetoplacental weight ~ 0.612 + 0.004 (n =143)  0.570 £ 0.004 (n = 105) <0.0001
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Quantification of adhesion and intercellular/intracellular localization of C. rectus and C. jejuni in trophoblast

cells in vitro. Data represent the mean number of bacterial cells counted in the entire stack of images in up to 8
random fields per sample (Fig. 1). C. jejuni and C rectus adhered to SM9-1 murine trophoblast cells but invasion
was negligible. In contrast, both C. jejuni and C. rectus invaded the human trophoblast cell line BeWo and the
canine epithelial cell MDCK (P < 0.05). It was noted that in most cases C. jejuni adhesion/invasion of cells was
significantly greater than that of C. rectus. However, C. rectus showed a non-significant trend of higher
invasiveness counts in BeWo cells when compared to C. jejuni (P = 0.08).

: . . Bacteria colocalizing with actin (cell : . :
Cell line | Bacteria Bacteria adhered/cell junctions) per cell Invasive bacteria/cell (cytoplasmic)
C. rectus 314 0.50+0.41° 0.44+0.10* 0.00+0.00
SM9-1
C. jejuni 43457 4.79+2.82° 153+0.71F 0.00+0.00
C. rectus 314 0.43+0.52" 0.08+0.11°" 5.51+3.18
BEWO
C. jejuni 43457 5.30+1.75" 2.83+0.32° 2.96x0.77
C. rectus 314 0.26+0.36" 0.100.12* 0.69+0.25"
MDCK
C. jejuni 43457 3.83+2.40" 1.40+0.65" 1.84+1.19"
*
P <0.05
**
P <0.01.
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Table 3

Relative proinflammatory gene expression in trophoblastic cultures after C. rectus infection in vitro. Data
represent mean fold changes+SD normalized to non-infected controls. Cells were infected at MOI 50, 100 and
500 during 12 h and the relative expression of human or murine IL-6 and TNFa was quantified by gPCR.

Gene MOI  mRNA expression fold differences

50 2.75+0.38

Human IL6 100 4.18+0.85"
500 6.39+0.61™"

50 10.9+054™

Human TNFa 100 246+055"F
500 56.4+1.96™"

50 0.5+6.88

Murine IL6 100 415+1.87
500 231+210

50 1.23+0.64

Murine TNFa 100 10+0.34
500 1.24+0.49

*
P < 0.05 when compared to non-infected controls.

**k
P < 0.001 when compared to non-infected controls.
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