Placenta 83 (2019) 43-52

Contents lists available at ScienceDirect =
PLACENTA
Placenta
journal homepage: www.elsevier.com/locate/placenta o B
Analysis of the capacity of Salmonella enterica Typhimurium to infect the R

human Placenta

Check for
updates

Ian D. Perry”, Tina Nguyen"©, Valeriia Shgrinad, Tanzy M.T. Love‘, Richard K. Miller®",
Lakshmi Krishnan”, Shawn P. Murphy™®"

2 Department of Microbiology and Immunology, University of Rochester School of Medicine and Dentistry, Rochester, NY, USA

Y Department of Biochemistry, Microbiology and Immunology, Faculty of Medicine, University of Ottawa, Ontario, Canada

© Human Health Therapeutics, Division of Life Sciences, National Research Council of Canada, Ottawa, Ontario, Canada

d Department of Biostatistics and Computational Biology, University of Rochester School of Medicine and Dentistry, Rochester, NY, USA

€ Department of Obstetrics and Gynecology, University of Rochester School of Medicine and Dentistry, Rochester, NY, USA

f Departments of Environmental Medicine and of Pathology and Clinical Laboratory Medicine, University of Rochester School of Medicine and Dentistry, Rochester, NY,

USA

ARTICLE INFO

Keywords:

Infection

Human

Placenta

Pregnancy

Salmonella enterica

Trophoblast

Whole-mount immunofluorescence

ABSTRACT

Introduction: Salmonella species are gram-negative facultative intracellular bacteria that are common causes of
foodborne illness in North America. Infections by Salmonella during pregnancy are a significant cause of fetal loss
in domestic livestock, and fetal and maternal mortality in mice. Furthermore, Salmonella infection is associated
with miscarriage, stillbirth and preterm birth in pregnant women. Despite these collective associations, the
extent to which Salmonella can infect the human placenta has not been investigated.

Methods: Human placental villous explants from several gestational ages were exposed to Salmonella enterica
serovar Typhimurium (STm) ex vivo. Infection was assessed by colony forming unit assay and whole mount
immunofluorescence (WMIF).

Results: Viable bacteria were recovered from placental villous explants of all gestational ages tested, but the
bacterial burden was highest in 1st trimester explants. Bacterial numbers did not change appreciably with time
post-infection in explants from any gestational age examined, suggesting that STm does not proliferate in pla-
cental villi. Exposure of villous explants to STm strains defective for the type III secretion systems revealed that
Salmonella pathogenicity island 1 is essential for optimal invasion. In contrast to placental explants, STm infected
and proliferated within villous cytotrophoblast cells isolated from term placentas. WMIF demonstrated that STm
was restricted primarily to the syncytiotrophoblast layer in infected placentas.

Discussion: Our study demonstrates that STm can invade into the syncytiotrophoblast but does not subsequently
proliferate. Thus, the syncytiotrophoblast may function as a barrier to STm infection of the fetus.

1. Introduction

fetal and maternal mortality in mice [3-8]. Multiple case reports de-
monstrate an association between Salmonella infections and stillbirth,

Infections during pregnancy represent a significant threat to the
health of both mother and fetus, for they cause numerous adverse
outcomes, including miscarriage, birth defects, preterm labor, and
maternal/fetal morbidity and mortality [1,2]. TORCH pathogens
(Toxoplasma gondii, “others” such as Listeria monocytogenes, Rubella
virus, Cytomegalovirus, Herpes Simplex Virus) are capable of crossing
the placenta and are major causes of perinatal morbidity and mortality
worldwide [1]. Similar to TORCH pathogens, Salmonella infections
during pregnancy cause significant fetal loss in domestic livestock, and

preterm birth, chorioamnionitis and miscarriage in humans [9-14].
However, the extent to which Salmonella species can infect the human
placenta has not been determined.

Salmonella species are gram-negative, facultative intracellular bac-
teria transmitted through contaminated food and the oral-fecal route.
Non-typhoidal Salmonella (NTS) enteritidis serovars such as Salmonella
enterica Typhimurium (STm) generally cause a self-limiting gastro-
intestinal infection in healthy adults and are most prevalent in North
America and sub-Saharan Africa [15-18]. NTS are a major cause of
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Abbreviations

Ab antibody

CFU colony forming units
CK7 cytokeratin 7

EVT extravillous trophoblast
FBS fetal bovine serum
HSV Herpes Simplex Virus
hCG human chorionic gonadotropin
IFN-A1  interferon-Al

LPS lipopolysaccharide

LM Listeria monocytogenes

NTS Non-typhoidal Salmonella enteritidis
PAMPs pathogen associated molecular patterns
PRRs pattern recognition receptors

1xPBS  phosphate buffered saline

SCV Salmonella containing vacuole

STm Salmonella enterica serovar Typhimurium
SYN Salmonella pathogenicity island; syncytiotrophoblast
TG Toxoplasma gondii

TBCs trophoblast cells

T3SS type three secretion system

vCTBs  villous cytotrophoblast cells

WMIF  whole mount immunofluorescence

foodborne illness in the United States [17]. Moreover, NTS are esti-
mated to account for > 30% of bloodborne infections in sub-Saharan
Africa [15]. Thus, Salmonella infections constitute a global health
concern for at-risk populations, particularly immune-suppressed in-
dividuals and pregnant women.

STm can infect diverse cell types, including epithelial cells and
macrophages, but the mechanisms of internalization and intracellular
life cycles differ in a cell type-dependent manner. Invasion of epithelial
cells by STm requires the Salmonella pathogenicity island 1 (SPI1)/type
three secretion system 1 (T3SS1), which encodes a needle-like complex
and associated effectors [19-21]. Once STm is internalized within an
epithelial cell, the bacteria localize to a specialized vacuole termed the
Salmonella-containing vacuole (SCV) [22-24]. STm can survive within
the SCV or escape into the cytoplasm of epithelial cells, where it has
been shown to undergo “hyper-replication” [25-27]. In contrast, mac-
rophages internalize Salmonella primarily through phagocytosis, after
which the bacteria also reside in the SCV [28]. Once the bacteria are
within the macrophage SCV, SPI2/T3SS2 encoded gene expression is
activated, which maintains the SCV and promotes intracellular survival
[28,29].

The fetal component of the placenta that directly contacts maternal
blood and the uterine wall is composed of tree-like structures called villi
[30]. There are two types of placental villi: 1) floating villi, which are
completely bathed in maternal blood and 2) anchoring villi, the tips of
which secure the placenta to the uterine wall. The outermost layer of
placental villi is composed of specialized epithelial cells called tro-
phoblast cells (TBCs). The syncytiotrophoblast (SYN) forms a multi-
nucleated layer around both floating and anchoring villi and directly
contacts maternal blood within the intervillous space, facilitating gas,
nutrient and waste exchange. The SYN is continuously regenerated by
fusion of underlying villous cytotrophoblast cells (vCTBs). Columns of
proliferating CTBs on the ends of anchoring villi differentiate into ex-
travillous trophoblast cells (EVTs), which invade the uterine en-
dometrium and function in remodeling the uterine arteries to facilitate
maternal blood flow to the intervillous space. Thus, there are two dis-
tinct interfaces at which the human placenta contacts maternal blood
and tissues: 1) the SYN with maternal blood within the intravillous
space and 2) EVTs with both the maternal decidua and blood within the
uterine spiral arteries. These two TBC subtypes represent a potential
entry point for vertical transmission of bloodborne pathogens across the
human placenta to the fetus. However, several lines of evidence suggest
that TBCs function as a barrier against congenital infections. The SYN of
1st trimester tissue is resistant to infection by Listeria monocytogenes
(LM), Toxoplasma gondii (TG) and certain viruses, while EVTs appear to
be relatively sensitive to these pathogens [31-34]. Likewise, SYN de-
rived by in vitro differentiation of term vCTBs are resistant to infection
by a wide variety of unrelated viruses [35,36]. Relatively few studies,
however, have compared the susceptibility of the human placenta to
infections across gestation.

To date, studies investigating the capacity of Salmonella to infect the
human placenta have been limited to TBC-like cell lines [8,37]. STm
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replicates rapidly in these cells, suggesting that human TBCs may be
susceptible to Salmonella infections. In the current study, we utilized an
ex vivo floating explant model to investigate the capacity of STm to
infect human placental villi across multiple gestational ages. The col-
lective results suggest that the SYN of the human placenta functions as a
barrier to STm infection.

2. Materials and methods
2.1. Human tissue collections

A total of 62 placentas was collected for this study. First (7-12
weeks; n = 22) and 2nd trimester (14-22 weeks; n = 17) placentas
were collected from elective terminations, while term placentas (> 39
weeks; n = 23) were collected from healthy, uncomplicated pregnan-
cies delivered by caesarean section. Placentas from mothers with
known comorbid conditions such as chorioamnionitis, sexually trans-
mitted diseases, chronic hypertension, diabetes, autoimmune disease,
pre-eclampsia and renal disease, as well as from reported smokers and
illicit drug users, were excluded from this study. Informed consent was
obtained for all placentas. This study was approved by the Institutional
Human Subjects Review Board at the University of Rochester.

2.2. Isolation of human term cytotrophoblast

Primary term vCTBs were isolated by Percoll gradient centrifugation
and negative immunoselection as previously described [38] with the
following exceptions: immunoselection was performed using anti-
Mouse IgG MicroBeads (Miltenyi Biotec Inc., San Diego, CA, USA), and
“The Big Easy” EasySep Magnet (STEMCELL Technologies Inc., Van-
couver, Canada). vCTB purity was determined by immunostaining or
flow cytometry with a cytokeratin-7 antibody (clone LP5K, EMD Mil-
lipore, Billerica, MA) and ranged from 92 to 98%. Cell viability was
assessed using a LIVE/DEAD stain assay (Invitrogen, Carlsbad, CA).

2.3. Bacterial preparation

Non-typhoidal STm strains SL1344, x3339 (an in vivo passaged de-
rivative of SL1344 [39]), x3339ASPI1, x3339ASPI2 and x3339ASPI1/
ASPI2 were grown overnight and subcultured with agitation in LB
media containing 50 ug/ml streptomycin until the cultures reached an
optical density of approximately 0.8 at 600 nm. Cultures were diluted
with glycerol to a final concentration of 20%, aliquoted and frozen at
—80 °C. Prior to use, bacterial stocks were thawed, washed once with
1x phosphate buffered saline (1xPBS) and diluted in 1xPBS to 108
colony forming units (CFU)/ml.

2.4. Placental villous explant and vCTB infection and quantification by
CFU assay

Placentas were processed within an hour after collection and
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washed in 1xPBS. Villous explants (~3-10 mg wet weight) were dis-
sected, washed in 1xPBS (Gibco, Grand Island, NY) at room tempera-
ture and adapted to ex vivo culture by incubation for 1h at 37 °C in
DMEM/F12 (Gibco) supplemented with 10% FBS (Atlanta Biologicals,
Norcross, GA) and 25 pg/ml streptomycin (Gibco). Since 1st trimester
placental tissue contains a substantially greater proportion of anchoring
versus floating villi compared to tissues of later gestational ages (and
therefore more EVTs), floating villi were preferentially selected for this
study based on morphological criteria. STm is resistant to streptomycin,
therefore this antibiotic was included in the culture medium to prevent
inadvertant contamination by Streptomycin-susceptible bacteria.
Individual explants were subsequently co-incubated with STm
(107 CFU) for 1h at 37 °C, after which the explants were washed ex-
tensively with 1xPBS, transferred to fresh plates with media containing
100 pg/ml gentamicin (Gibco), and cultured for 2 h to kill extracellular
bacteria. Thereafter, the explants were washed with 1xPBS and in-
cubated in media with 10 pg/ml gentamicin. Placental explants were
weighed and homogenized in 1xPBS (1 ml) using a handheld tissue
homogenizer (Omni International, Kennesaw, GA). Lysates were seri-
ally diluted, streaked onto LB agar plates containing 25 ug/ml strep-
tomycin, and plates incubated overnight at 37 °C. CFUs were counted
and normalized to explant wet weight. At least three explants from each
placenta was used for each experimental condition.

Human vCTBs were infected at a multiplicity of infection (MOI) of
10 as previously described for choriocarcinoma cells [8,37]. Briefly,
cells were plated in 24-well plates at 1 x 10° cells/well and infected the
following day.

2.5. Hormone measurements

Explant culture medium was collected at the times described and
frozen at —80 °C. Human chorionic gonadotropin (hCG), progesterone
and 17f-estradiol levels in the medium were measured by electro-
chemiluminescence using a Roche Cobas e411 automated analyzer
system (Roche Diagnostics, Indianapolis, IN, USA) as described by the
manufacturer.

2.6. Antibodies

Primary antibodies used were: anti-hCG (Dako, Glostrup, Denmark),
FITC anti-human cytokeratin 7 (CK7) (Millipore, Billerica, MA), and
anti-Salmonella Typhimurium lipopolysaccharide (STm LPS; Thermo
Fisher Scientific, Rockford, IL). The following secondary antibodies
were used: Cy3 goat anti-rabbit (EMD Millipore) for anti-hCG, and APC
goat anti-mouse IgG1l (Jackson ImmunoResearch, West Grove, PA) for
STm LPS. Purified mouse IgG1 isotype k (Biolegend, San Diego, CA) and
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rabbit polyclonal isotype (Biolegend) antibodies served as negative
controls in the immunofluorescence assays.

2.7. WMIF

Explants were fixed for 2 h at 4 °C with 90% methanol, washed with
1xPBS/0.1% triton-X100, and stained overnight at 4 °C with primary
antibodies in 1xPBS containing 0.1% triton-X100 and 5% goat serum
[40]. Stained samples were washed with 1xPBS/0.1% triton-X100 and
incubated with secondary antibodies for 2h at 4°C with agitation.
Explants were washed and mounted on slides using Mowiol mounting
medium and imaged using an Olympus FV1000 laser scanning confocal
microscope. Confocal images were taken using PLAPON 60x oil (NA
1.42) and UPLSAPO 100x oil (NA 1.4) objectives. Maximum intensity
projections were compiled into Z-stacks of ~10 pm thickness. The mi-
croscope settings were defined within the linear range for each anti-
body at the beginning of the study and were maintained throughout.

2.8. Statistics

To estimate the differences in bacterial growth under different
tissue conditions over time, two-way ANOVA models were fit to the
measures of logjg-bacteria growth. These models were each fit by
maximum-likelihood (ML) estimation using the Im function in R version
3.0.2. Post-hoc contrasts between treatments were estimated at pre-
specified time points when interaction effects were significant. The
error level on the contrasts was controlled for multiple comparisons by
using Tukey HSD p-values. P-values less than the significance level of
0.05 were considered statistically significant.

3. Results

3.1. Salmonella Typhimurium can infect human placental explants from
multiple gestational ages

To investigate the extent to which Salmonella can infect the human
placenta, we established a floating explant model in which we exposed
villous explants from 1st trimester (7-12 weeks), 2nd trimester (14-22
weeks) and term (> 39 weeks) placentas to 107 CFUs of STm strain
SL1344 for 1 h, washed and cultured the explants for 2 h with 100 pg/
ml gentamicin to kill extracellular bacteria, and harvested the explants
for CFU assays at 2, 6 and 24 h post-infection to enumerate the numbers
of viable, intracellular bacteria. First trimester placental tissues contain
a substantially greater proportion of anchoring versus floating villi
compared to later gestational tissues (and therefore significantly more
EVTs), which would complicate the interpretation of the results
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Fig. 1. Analysis of the capacity of STm to infect human placental villi across gestation. A) Individual villous explants from 1st trimester (N = 9; @), 2nd trimester
(N = 9; m) and term (N = 10; a) placentas were exposed for 1 h to 107 colony forming units (CFU) of STm strain SL1344 and the numbers of intracellular bacteria
were enumerated at 2, 6, and 24 h post-infection by CFU assay. The data points represent the average CFU recovered from at least three explants of each placenta
examined, normalized to the explant wet weights. The error bars show the standard error in reference to the mean. Statistical significance (p < 0.001 andp < 0.05)
is represented by *** and *, respectively. B) Villous explants from 1st and 2nd trimester placentas (N = 3) were exposed to STm strain SL1344, and subsequently
cultured in the absence (@) or presence (M) of exogenously added histidine (50 ug/ml). CFU assays were performed at 2, 6 and 24 h post-infection as described for 1A.

Results were not statistically significant (ns).
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comparing the susceptibility of the different gestational age tissues to
STm infection. Therefore, floating villi were selectively chosen from 1st
trimester placentas during the dissection process based on morpholo-
gical differences with anchoring villi. The numbers of STm CFU were
normalized to explant weight. No colonies were obtained from unin-
fected placentas of any gestational age (data not shown). Viable bac-
teria were recovered from 100% of the placental explants exposed to
STm, but the bacterial numbers obtained from 1st trimester tissues were
significantly higher compared to 2nd trimester and term (Fig. 1A). The
numbers of colonies obtained in these assays were similar to those
observed in a previous ex vivo study of human intestinal biopsies [41].
Importantly, the CFU numbers recovered did not change appreciably
over time post-infection from explants of the same gestational age
(Fig. 1A), suggesting that STm does not proliferate significantly within
intact human placental villi.

To assess the health and viability of the villous tissues in our ex vivo
model and to examine potential effects of Salmonella infection on pla-
cental health, secretion of hCG, progesterone and 17f3-estradiol into the
culture medium was measured by electrochemiluminescence at each
time point postinfection from a subset of experiments (two 1st trime-
ster, two 2nd trimester and six term). Hormone levels for the 24 h time
point of the term samples are shown in Supplemental Table 1. Secretion
of all three hormones was readily detectable from every villous explant
examined, and hormone levels were within previously observed ranges
for a given gestational age [42-46]. Furthermore, there were no dis-
cernible effects of STm infection on hCG, progesterone or estradiol le-
vels at any time point postinfection. These results indicate that the
villous tissues remained viable in our ex vivo system, both in the ab-
sence and presence of STm infection.

STm strain SL1344 is defective for histidine biosynthesis [47], thus
it does not replicate efficiently in human macrophages in the absence of
supplemental exogenous histidine [48]. To evaluate whether the in-
ability of STm strain SL1344 to proliferate in human placental explants
is due to insufficient histidine levels, 1st trimester and 2nd trimester
villous explants were subjected to CFU assays in the absence or pre-
sence of supplemental histidine (50 pg/ml). Culturing with a higher
histidine concentration had no statistically significant effects on the
numbers of CFUs at any time point (Fig. 1B). These results indicate that
the lack of STm strain SL1344 proliferation in placental villous explants
is not due to its deficiency in histidine biosynthesis.

3.2. STm deficient in SPI1 is significantly compromised in its ability to infect
human placental villi

To investigate the roles of the T3SS in STm infection of the human
placenta, we exposed 2nd trimester villous explants to a STm double
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mutant defective for both SPI1 and SPI2 [39], and enumerated bacterial
numbers by CFU assay. The bacterial numbers recovered from villous
explants infected with the ASPI1/SPI2 strain were significantly lower
(> 10-fold) compared to the SL1344 and parental X3339 strains
(Fig. 2A), suggesting that the T3SS are essential for infection of pla-
cental villi. To distinguish whether one or both of the T3SS are neces-
sary for optimal placental infection, 2nd trimester explants were ex-
posed to single mutant strains of SPI1 and SPI2. Similar numbers of
colonies were obtained from explants infected with the parental and
ASPI2 strains (Fig. 2B). In contrast, significantly lower numbers of
bacteria were recovered from villous explants exposed to the ASPI1
mutant (Fig. 2B). None of the strains proliferated extensively between 2
and 6, or 2 and 24 h post-infection (Fig. 2). These results suggest that
SPI1 is required for invasion of human placental villi, but SPI2 is dis-
pensable.

3.3. Intracellular localization of STm is restricted primarily to the SYN in
infected placental explants

To identify the specific placental cells infected by STm, we exposed
1st trimester and term villous explants to STm and performed WMIF as
previously described [40]. An antibody to Salmonella LPS was used to
identify intracellular bacteria, and antibodies to hCG and cytokeratin-7
(CK?7) to identify the SYN and TBCs, respectively. As expected, staining
for STm LPS was not detected in uninfected villous explants from 1st
trimester or term placentas at any time point examined (Figs. 3A and
4A, data not shown). However, at 2 and 24 h post infection, individual
and small clusters of LPS™ bacteria were detected in explants from both
1st trimester and term tissues (Figs. 3B and 4B; data not shown). Higher
magnification views of the tissues revealed that the bacteria were rod-
shaped (Supplemental Fig. 1; data not shown). Exposure of 1st trimester
or 2nd trimester villous explants to a recombinant STm strain expres-
sing red fluorescence protein [49] further confirmed that the bacteria
were indeed Salmonella (Supplemental Fig. 2). Importantly, LPS* bac-
teria were restricted to the outer placental layer (SYN) that stained for
hCG at both 2 and 24 h post-infection, as revealed in the orthogonal
views of Figs. 3B and 4B. The reproducible observation of small clusters
of STm at the same invasion site within the SYN, even after only 2h
postinfection, is consistent with a recent study demonstrating that STm
invasion of polarized epithelial cells is cooperative [50]. Furthermore,
it is essential to note that in numerous WMIF assays examining STm
localization within placental villi, bacteria were never observed in the
placental stroma (Figs. 3 and 4; data not shown). Together, these results
suggest that STm infection is restricted to the SYN in infected placental
villi from both early and late gestation.
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Fig. 2. Examination of the roles of Salmonella pathogenicity island 1 (SPI1) and SPI2 in infection of human placental villi. Second trimester human placental villous
explants (N = 7) were exposed for 1 h to 107 CFU of A) STm x3339 parental (@), parental SL1344 (m), or the double mutant ASPI1/SPI2 (a), or B) ST x3339 parental
(@), a ASPI1 mutant (m), or ASPI2 mutant (a). Infection was assessed by colony-forming assay at 2, 6, and 24 h post-infection as described for Fig. 1. Each data point
represents the average CFU per mg of tissue of three individual explants infected with a specific strain of STm. Statistical significance (p < 0.001 is represented by
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Fig. 3. WMIF analysis of STm intracellular localization in infected 1st trimester placental explants. First trimester placental explants were either: A) mock infected or
B) infected with STm strain SL1344 for 24 h and subjected to WMIF using antibodies to STm LPS (grey; top right panel), CK7 (green; middle left panel) and hCG (red;
middle right panel). DNA was stained with DAPI (blue; lower left panel). The upper left panels represent the merged images and include the orthogonal views (shown
by black arrowheads on the bottom and right sides) revealing the localization of the STm within the tissue. The white arrowheads indicate LPS™ STm. Images are
representative Z-stacks of approximately 10 um thickness. Scale bars represent 30 pM. The results are representative of 11 experiments.

3.4. STm actively proliferates within isolated human vCTBs, but SPI1 is
dispensable for invasion

In contrast with the lack of proliferation observed within placental
villous explants, STm infects and rapidly proliferates within human
trophoblast-derived choriocarcinoma cells [8,37]. To investigate the
capacity of STm to productively infect primary TBCs, we isolated vCTBs
from term placentas and performed CFU assays using the parental and
STm ASPI strains. Significantly higher numbers of CFUs were recovered
from term vCTBs infected with the parental strain at 6 and 24 h com-
pared to 2h post-infection (Fig. 5), which demonstrates that STm can
productively infect and replicate within human term vCTBs. Similar
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numbers of CFUs were obtained with the STm ASPI1 versus the parental
strain at all time points post infection, suggesting that SPI1 is not es-
sential for invading or replicating within human vCTBs (Fig. 5). In
contrast, the CFU numbers obtained from vCTBs infected with the
ASPI2 strain did not change significantly between 2 and 6 or 2 and 24 h,
suggesting that SPI2 is critical for replication within these cells.

4. Discussion

Although Salmonella infections during pregnancy have been linked
to adverse outcomes, the extent to which Salmonella species can infect
the human placenta has not been investigated. In this study, we utilized
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Fig. 3. (continued)

a floating explant model to demonstrate that STm can infect human
placental villi from multiple gestational ages, but the bacteria do not
proliferate significantly. Our results suggest that: 1) 1st trimester pla-
cental villi are more susceptible to STm invasion compared with 2nd
trimester or term tissues, 2) SPI1 is required for optimal invasion of
placental villous explants and 3) STm is restricted to the SYN in infected
villi.

The strengths of our study include using human placental villous
explants from all three trimesters, which enabled us to directly compare
the relative susceptibility of floating villi from different gestational
ages. To avoid potential long term culture-mediated changes in cyto-
kine production and other factors that could impact the extent of in-
fection, tissues were adapted to ex vivo culture for a relatively short
time. Additionally, the use of WMIF made it possible to visualize the
relatively small numbers of bacteria present within the infected ex-
plants, which would have been challenging had we used
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immunohistochemistry due to the necessity to section the tissues. One
limitation of our study is that neither the role(s) of infiltrating immune
cells nor placental blood flow on the progression of STm infection could
be evaluated using the villous explant model. Furthermore, the relative
susceptibility of the SYN versus EVTs in 1st trimester tissues could not
be rigorously compared using the floating explant model due to the
limited numbers of EVTs within anchoring villi in the absence of in vitro
outgrowth [45,51].

Constant maternal exposure to diverse pathogens surely resulted in
strong selective pressure for evolution of a placental barrier that would
prevent transmission to the fetus. The surface area of the human SYN is
estimated to reach approximately 11-12m? by the 3rd trimester in
order to meet the increasing nutrient and gas demands of the growing
fetus [52], providing a large surface for potential contact with blood-
borne pathogens. WMIF revealed that STm infection of human placental
villi was restricted to the SYN. Importantly, the CFU assays
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Fig. 4. STm is restricted to the syncytiotrophoblast of infected term placental
explants. Term placental explants were A) uninfected or B) infected for 24 h
with STm strain SL1344 and subjected to WMIF using antibodies to STm LPS
(grey; upper right panel) and CK7 (green; lower left panel), and DAPI to identify
the DNA (blue; lower right panel) as described for Fig. 3. The upper left panels
represent the merged images, and this panel in B includes the orthogonal view
of STm within the tissue (shown by black arrowheads on the bottom and right
sides). The LPS™ bacteria are indicated by the white arrowheads. Images are
representative Z-stacks that are ~10 um thick. Scale bars represent 30 uM. This
experiment was repeated 7 times with similar results.

demonstrated that the bacteria did not proliferate significantly over
24 h in placental villi from any gestational age tested. In contrast, STm
proliferated extensively in monolayers of term vCTBs. The numbers of
bacteria detected in the CFU assays of placental villous explants per
milligram of tissue were comparable to what was previously observed
in human intestinal biopsies, which function as a barrier to pathogenic
bacteria [41]. Based on these collective observations, we propose that
the SYN functions as a barrier to Salmonella infection, in part by pre-
venting bacterial proliferation. In the event that the SYN layer is
compromised, STm could infect and subsequently replicate within the
underlying vCTBs and cause placental pathology.

Comparison of the STm parental and T3SS mutant strains revealed
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Fig. 5. Analysis of the ability of STm to infect human vCTBs. Primary vCTBs
were isolated from term placentas (N = 3) and infected at an MOI of 10 with ST
x3339 parental (@), an STm mutant lacking SPI1 (m), or a mutant lacking SPI2
(A). Infection was assessed by CFU assay at 2, 6, and 24 h post-infection. Each
dot represents the average STm CFU recovered from three replicates in a single
experiment. Statistical significance (p < 0.001 and p < 0.05) is represented
by *** and *, respectively.

intriguing differences in the mechanisms required for STm inter-
nalization into different TBC subtypes and the subsequent intracellular
life cycles. Specifically, deletion of SPI1 decreased STm invasion into
human placental villi by ~10-fold, indicating that SPI1-mediated in-
ternalization is the primary mechanism by which STm enters the
human placenta. This is similar to the internalization mechanism into
other epithelial cell types [19-21]. Moreover, multiple bacteria were
commonly detected in infectious foci within the SYN in villous explants
at 2h post-infection. This is consistent with a previous study demon-
strating that STm invasion of polarized epithelial cells is cooperative,
such that SPI1-mediated alteration of the host cell actin network during
invasion of the first bacterium enables internalization of additional
bacterial cells [53]. Furthermore, the STm proliferation rate in polar-
ized versus non-polarized epithelial cells was substantially lower, si-
milar to the human placental villi [53]. In marked contrast, SPI1 is
dispensable for STm invasion of human choriocarcinoma cells [37] and
vCTBs (this study). Similar to macrophages, choriocarcinoma cells
utilize phagocytotic-like mechanisms involving scavenger receptors for
STm uptake [37]. Salmonella also employs SPI1-independent pathways
of invasion into other types of epithelial cells, including the outer
membrane protein Rck encoded by the Salmonella large virulence
plasmid [54,55]. However, Rck is dispensable for STm invasion of
human TBC lines [37]. The observation that SPI1 deletion results in 10-
fold lower invasion rates into human placental villi indicates that SPI1
is responsible for > 90% of internalization events, which suggests that
Rck (and other non-SPI1 mechanisms) plays only a minor (< 10%) or
negligible role in placental internalization of STm. Lastly, intracellular
proliferation of the ASPI2 strain in vCTBs is significantly lower com-
pared to the parental strain. This is consistent with previous studies
demonstrating that SPI2 plays an essential role in maintaining SCV
integrity in macrophages and certain epithelial cells, which facilitates
intracellular proliferation [23,24,28,29,37]. However, while the SCV
matures and fuses with lysozymes in macrophages, leading to bacterial
destruction, it fails to mature in choriocarcinoma cells, allowing STm to
proliferate rapidly and ultimately kill the infected host cells [37].
Neither the parental nor the ASPI strains proliferated in placental vil-
lous explants. It is currently unclear whether the inability of STm to
proliferate in the SYN is associated with a novel intracellular localiza-
tion (i.e., vacuolar or cytoplasmic).

Previous studies suggest that the human SYN is resistant to infec-
tions by numerous pathogens, but the precise molecular mechanisms
remain incompletely understood [32,34-36,56,57]. However, available
evidence suggests that the SYN utilizes multiple, distinct mechanisms
that are pathogen-dependent. For example, human placental resistance
to Herpes Simplex Virus (HSV) infection correlates with the absence of
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HSV receptors on vCTBs and the SYN [34]. Furthermore, SYN derived
by in vitro fusion of term vCTBs express a family of microRNAs encoded
by chromosome 19, which appear to confer protection against infection
by a wide variety of unrelated viruses, but not Listeria monocytogenes
(LM) or Toxoplasma gondii (TG) [36,57]. Moreover, interferon-A1 ex-
pression is induced when term vCTBs fuse into SYN in vitro, which
protects against Zika virus [35]. The SYN of 1st trimester placentas was
also shown to be relatively resistant to ex vivo infections by TG and LM
[31-33]. Moreover, SYN derived by in vitro fusion of term vCTBs is
resistant to TG attachment and replication [58]. Disruption of the
syncytial actin network moderately enhanced the ability of LM to in-
vade, suggesting that the syncytiotrophoblast forms a biophysical bar-
rier to this bacterium [33], but the precise molecular mechanism re-
sponsible has not yet been defined. Examining the potential role of
trophoblastic fusion status on the capacity of pathogenic bacteria to
invade and proliferate may shed light on these mechanisms.

Although our observations provide evidence that STm can invade
the SYN, there are several other routes by which blood-borne pathogens
may infect the placenta and affect pregnancy outcomes, such as infec-
tion of invasive EVTs by pathogens that reach the uterine decidua by
ascending through the genital tract, migration of immune cells that
were infected at other sites and antibody-mediated transcytosis [1].
Like STm, LM is a facultative intracellular bacterial species, but it es-
capes from the vacuole in a productive infection and proliferates in the
cytosol [59]. It is well established that LM can be transmitted across the
placenta to infect the fetus, leading to fetal loss, stillbirth and neuro-
logical defects [60-62]. LM was previously detected within the SYN and
vCTBs in term placentas from pregnant women with Listeriosis [61].
Similarly, LM was restricted predominantly to the SYN after ex vivo
infection of term villous explants [61]. Based on these results, the au-
thors proposed that the SYN is compromised in the course of congenital
LM infection. However, a different group subsequently examined LM
infection of 1st trimester villous explants using an in vitro matrigel
outgrowth model, and observed that LM infection was primarily loca-
lized to the EVTs, whereas the SYN was relatively resistant to infection
[31]. Likewise, although EVTs only represent ~5% of the surface area
of 1st trimester explants, over 80% of placental TG vacuoles were de-
tected in EVTs [32]. Based on these results and studies in a guinea pig
model, this group proposed that the principle route of pathogen
transmission across the placenta is through initial infection of the de-
cidua and subsequent spread to EVTs. However, to the best of our
knowledge, few studies have used the same experimental model to
quantitatively examine the susceptibility of the human placenta from
multiple gestational ages to infection by the same pathogen. The cur-
rent study utilized a floating villous explant model to focus on the
potential barrier function of the syncytiotrophoblast to STm infection
across gestation. Thus, future ex vivo studies of anchoring villi from 1st
trimester placentas cultured on Matrigel and decidual explants are ne-
cessary to examine the capacity of Salmonella to infect and replicate
within EVTs and decidual cells.

While our studies suggest that human SYN can function as a barrier
to STm infection, the underlying bases for Salmonella-mediated preg-
nancy complications such as miscarriage and preterm birth remain to
be identified. Salmonella expresses multiple pathogen associated mole-
cular patterns (PAMPs), including LPS and flagellin, which are re-
cognized by mammalian pattern recognition receptors (PRRs) and in-
duce inflammatory responses [63]. Comparable bacterial burdens were
observed in the placenta when pregnant mice were infected with the
STm auxotrophic mutant AaroA versus the parental SL1344 strain [8].
Intriguingly, infection with the parental SL1344 but not the AaroA
strain resulted in fetal resorption and maternal death that was asso-
ciated with increased systemic and placental production of multiple
pro-inflammatory cytokines and chemokines [8]. Interestingly, PRRs
are differentially expressed by human TBC subtypes across gestation,
which implies that the specific consequences of placental exposure to
PAMPs may be gestational age-dependent [64-68]. Exposure of both
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human placental explants and TBCs to LPS results in upregulation of
pro-inflammatory cytokine expression [66,69,70]. Moreover, it is well
established that altered pro-inflammatory cytokine production, parti-
cularly TNF-q, is associated with pregnancy complications [71]. Thus,
although the human SYN may block Salmonella proliferation, infection-
induced production of pro-inflammatory cytokines may result in pla-
cental damage and subsequent pregnancy complications. Future studies
are required to address this possibility.
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