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Intrauterine infections lead to serious complications for mother and fetus, including preterm birth, maternal and fetal death, and neurological sequelae in
the surviving offspring. Improving maternal and child heath is a global priority. Yet,
the development of strategies to prevent and treat pregnancy-related diseases has
lagged behind progress made in other medical ﬁelds. One of the challenges is ﬁnding tractable model systems that replicate the human maternal-fetal interface. Animal models offer the ability to study pathogenesis and host defenses in vivo. However, the anatomy of the maternal-fetal interface is highly divergent across species.
While many tools are available to study host responses in the pregnant mouse
model, other animals have placentas that are more similar to that of humans. Here
we describe new developments in animal and human tissue models to investigate
the pathogenesis of listeriosis at the maternal-fetal interface. We highlight gaps in
existing knowledge and make recommendations on how they can be ﬁlled.
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I

nfections during pregnancy can lead to infections of the placenta, spread to the fetus,
and cause serious pregnancy complications, including spontaneous abortion, preterm labor, stillbirth, neonatal sepsis and death, and neurological sequelae in the
survivors. The placenta and surrounding uterine tissues have long been considered
immunosuppressed in order to tolerate the fetal allograft (1). As a consequence it has
been hypothesized that the maternal-fetal interface is immunocompromised, which
would render it susceptible to infection. However, it is becoming increasingly clear that
the placenta is surprisingly resistant to all but a few, largely intracellular pathogens (2,
3). Our knowledge of the physical and biochemical nature of the maternal-fetal barrier
is just beginning to emerge, thanks in large part to the study of the few pathogens that
can breach it. As multiple tissues are involved, the utility of in vitro models is limited,
and development of animal models and advances in organ culture have thus played an
indispensable role. However, much remains unanswered, and asking the next questions
requires careful selection of appropriate model systems.
THE MATERNAL-FETAL INTERFACE
The maternal-fetal interface is composed of a maternal uterine layer called the
decidua and the fetal villi, which are bathed in maternal blood (Fig. 1). It has two major
functions: to nourish the fetus and to protect it from both maternal immune cells and
pathogens. In multiple ways, these functions conﬂict with each other: the ﬁrst requires
a thin, highly permeable barrier, while the second demands a thicker, more impermeable one. Further, maternal immune tolerance is best served by excluding certain
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FIG 1 Human and mouse placental tissues. Humans (A to C) have a villous hemochorial placenta, while mice (D to F) have
a labyrinthine hemochorial placenta. Here, maternal tissues are pink or bright red, while fetal tissues are blue, except for
the fetal blood, which is dark red. (A) In humans, decidual spiral arteries perfuse the chorionic villi with maternal blood.
(B) Villi can be ﬂoating freely in that blood (FV) or anchored in the maternal decidua (AV); these represent the two points
of interface between maternal and fetal tissues. In AV, extravillous trophoblasts (EVTs) invade deeply into the decidua,
whereas in FV, a single-cell layer of self-renewing cytotrophoblasts (CTB) underlies the continuous, single layer of
syncytiotrophoblast (SYN) that is in contact with maternal blood. It is here that nutrients, gas, and wastes pass across the
barrier. (C) The cross-sectional anatomy of an FV shows the fetal blood vessels within, as well as the branched microvilli
on the surface of the SYN, maximizing surface area. (D) In mice, blood from spiral arteries ﬂows through a layer of
spongiotrophoblasts (SpT), progenitors of trophoblast giant cells (TGCs) that line but do not deeply invade the decidua.
(E) TGCs, like EVTs, anchor the placenta more weakly than human placentas but still act as an important fetal-maternal
interface. (F) Maternal blood in mice is in direct contact with a layer of mononuclear trophoblasts (MNTs), which overlays
two layers of SYN. Nutrients, gasses, and wastes must cross the MNTs and SYN bilayer in order to reach fetal blood.
(Republished from reference 34 with permission of the publisher.)

leukocyte populations, while host defense requires a signiﬁcant immune presence.
These conﬂicts are resolved in important histological ways.
Placental tissues develop rapidly and change over time. At different stages of
gestation, the organ includes unique cell types, morphology, or functions not replicable
in vitro. Specialized fetal cells called trophoblasts are critical for the formation of the
maternal-fetal interface. Trophoblasts differentiate into subtypes depending on their
function. There are two sites of direct contact between trophoblasts and maternal
blood or tissues: (i) the area where extravillous trophoblasts (EVTs) invade and anchor
into the decidua and (ii) the much larger surface where syncytiotrophoblast (SYN) cells
are bathed in maternal blood. Underlying both EVTs and the SYN are undifferentiated
trophoblasts that replenish the cells above them. Remarkably, EVTs in the decidua are
juxtaposed to maternal immune cells. The decidual cytokine environment precludes a
strong T cell presence (4) in favor of monocytes/macrophages, NK cells, and T regulatory cells, which are likely to promote fetal tolerance (5).
Meanwhile, the trophoblasts in contact with maternal blood fuse to become the
SYN, an extensive multinucleated barrier between the maternal blood and fetal capilJune 2018 Volume 86 Issue 6 e00801-17
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laries that nutrients and waste can cross. While this layer is thin, the lack of intercellular
junctions (6) and high elastic modulus (7) likely repel both pathogens and immune
cells. The SYN also lacks major histocompatibility complex (MHC) class I proteins,
decreasing the likelihood of being recognized as foreign by maternal leukocytes (8).
Finally, the SYN has strong antiviral defenses, including production of microRNA
(miRNA)-containing exosomes and secretion of type III interferon, as well as interferonindependent host defenses that restrict colonization with Toxoplasma gondii (9–11).
Only a few of these differentiated trophoblasts can be derived in vitro, and they may
not fully represent the actual cells in vivo. The BeWo choriocarcinoma trophoblast cell
line can be induced to syncytialize with forskolin (12), but the cells are derived from a
tumor, their syncytium is patchy rather than continuous, and the extent to which its
gene expression mimics that of syncytia in vivo is not known. Few other human
trophoblast-derived lines can be induced to syncytialize at all (13), and the responses
of choriocarcinoma cell lines stimulated with Toll-like receptor (TLR) agonists do not
mimic the responses of primary human trophoblasts (14). A recently developed threedimensional culture model using the human choriocarcinoma JEG-3 cell line develops
phenotypes more closely related to natural SYN (15). In this method, Cytodex beads are
coated with human brain microvascular endothelial cells and incubated with JEG-3 cells
in a bioreactor. However, these cells still cannot appreciably reconstitute the entire
maternal-fetal interface. These studies underscore the difﬁculty of understanding the
antimicrobial actions of differentiated trophoblasts in vitro (Table 1).
Thus, in vivo models are necessary, as they provide a highly differentiated placenta
with all subsets of trophoblasts present and the ability to be analyzed at different
gestational ages. However, a key problem with studying placental infection in vivo is
the high divergence of the anatomy of the maternal-fetal interface across animal
species (16). Broadly, placentas fall into three main types: hemochorial, epitheliochorial,
and endotheliochorial. For this review, we will discuss only hemochorial placentas
found in primates and rodents. In these placentas, fetal trophoblasts are in direct
contact with maternal blood instead of being separated by an epithelial or endothelial
layer, a crucial consideration when studying the maternal-fetal barrier.
Hemochorial placentas can be further subdivided into villous or labyrinthine. Villous
placentas are found in primates, including humans, and are characterized as having
branched chorionic villi surrounded by maternal blood (Fig. 1A to C). Rodents, including
mice and guinea pigs, have a labyrinthine placenta (Fig. 1D to F). The areas of direct
contact between trophoblasts and maternal blood/tissues vary regardless of whether
the placenta is villous or labyrinthine. First, the number of SYN layers differs across
species. Humans and guinea pigs have one syncytial layer, while mice have two
syncytial layers and a discontinuous layer of mononuclear trophoblasts on the bloodbathed side of the syncytium. Second, the degree of trophoblast invasion into the
uterus differs. Humans, primates, and guinea pigs have a very invasive placenta, with
EVTs invading all the way into the inner third of the myometrium (16). In contrast, mice
and gerbils show very little invasiveness (17).
The differences between animal model placentas and humans are large, but models
nonetheless remain useful (Table 1). Even though the placental structure varies considerably across host clades, Listeria monocytogenes can infect placentas in a wide range
of animals (18, 19). This suggests commonalities in infection that can be applied to
human disease. As we discuss below, animal models and ex vivo systems have been
used to study dissemination to the placenta, bacterial interaction with specialized
trophoblasts, and the maternal immune responses to L. monocytogenes; these studies
would be impossible to recapitulate in vitro. The advantages of using multiple models
to conﬁrm results will also be discussed. By summarizing the results, beneﬁts, and
drawbacks of these models, we hope that researchers will better be able to ﬁnd the
right suite of animal and tissue experiments, rather than seeking out the perfect single
model.
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are evaluated on several aspects. Host genetic variation can be either an advantage or a disadvantage, depending on the desired application. Only fully in vivo models exhibit robust SYN; while SYN is present in
explants, it may include breaks from physical damage, and syncytialized choriocarcinoma cells are patchy and possibly exhibit different gene expression. Invasive extravillous trophoblasts can be found in all
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TABLE 1 Comparison of advantages and disadvantages of various models for studying placental pathogens, particularly L. monocytogenesa
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THE IDEAL PLACENTAL MODEL PATHOGEN: LISTERIA MONOCYTOGENES
The placenta is infected by a limited but diverse set of bacteria, viruses, and parasitic
protozoa. Despite the diversity, they share key features: they are intracellular pathogens, have a tropism for phagocytes, and reach the placenta through the bloodstream
(2, 3, 20). Of this set of pathogens, Listeria monocytogenes is a strong choice for
exploring placental pathogenesis. First, L. monocytogenes causes a foodborne illness
that is a major clinical concern during pregnancy because it can lead to serious
complications, including preterm birth (50%), fetal demise (20 to 30%), infant mortality
(24.5%) and long-term neurological damage in the surviving offspring (12.7%) (21, 22).
It is also not rare: L. monocytogenes has been detected in 1.6% of second-trimester
spontaneous abortions (23).
In addition to its clinical relevance, L. monocytogenes has several advantages for experimental research. L. monocytogenes is easily cultured, has a large genetic toolkit (24–26), and
has been used for decades to understand intracellular pathogenesis and the host’s immune
responses to infection (27–29). Its intracellular life cycle is well understood. L. monocytogenes can enter cells in three ways: phagocytosis, receptor mediated endocytosis, and
cell-to-cell spread (30). Receptor-mediated endocytosis occurs through interactions with
membrane-bound listerial internalins and host cell receptors. The most signiﬁcant of the
internalins are internalin A (InlA), which binds E-cadherin (Ecad) (31, 32), and internalin B
(InlB), which binds c-Met (33). Once internalized, the virulence factor listeriolysin O (LLO) is
able form pores in the acidifying phagosome and allow L. monocytogenes to escape into the
cytoplasm (27). Replication occurs in the cytoplasm, and the cells express ActA to induce
actin-based motility. The motile bacteria can then spread to neighboring cells without
exposure to the extracellular environment and restart the infection cycle. The tractability of
L. monocytogenes is a huge advantage for the investigation of maternal-fetal infections,
since genetic manipulation of the host decidua and placenta in relevant model systems is
much more challenging.
MOUSE MODELS OF PLACENTAL INFECTION
Mouse models offer several advantages, such as well-understood immune responses
to pathogens, a large set of genetic knockouts, and a short gestation with large litters
(Table 1). However, opinions vary as to the usefulness of the pregnant mouse model to
understand human disease. Like for human placentas, mouse placentas are hemochorial, trophoblasts invade the maternal decidua (though less extensively), and they a
have similar decidual immune cell composition. On the other hand, the mouse placenta
is labyrinthine and less invasive, and its morphology may have caused its trophoblasts
to evolve characteristics distinct from those of human trophoblasts. Rather than
columns of numerous, small EVTs extending deep into the decidua, the functionally
homologous murine trophoblasts are organized into a near monolayer of enormous
cells lining the decidua, creating a thinner maternal-fetal interface at the uterus
(compare Fig. 1B and E). On the other hand, the interface with the maternal blood is
thicker: fetal capillaries are surrounded by two layers of SYN, rather than the single layer
found in humans (compare Fig. 1C and F). Undergirding and extending beyond these
histological differences are a number of molecular differences that may play roles in
preventing or resolving infection (34). However, many of the criticisms of mouse
models are also concerns in other nonprimate animal models. Typically, research with
mice should be corroborated with other animal models to conﬁrm ﬁndings. Thus, the
mouse model is an important, if limited, model of infection.
Because L. monocytogenes does not naturally infect across the mouse gut, it is
typically injected intravenously (i.v.) via the tail vein. This leads to rapid colonization of
the liver and spleen and initiates hematogenous dissemination. However, it may lead
to experimental artifacts (35). Newer models have been developed which allow for
gastrointestinal (GI) infection by humanizing mouse Ecad in order to bind wild-type
InlA or mutating InlA to bind murine Ecad (36–39). However, even these newer models
require a large oral or intragastric inoculum and have variable systemic dissemination.
This complicates placental infection because a stringent bottleneck inhibits consistent
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placental colonization without a high systemic bacterial load (40). Thus, a large inoculum or a large number of animals is required to gather sufﬁcient data. Other new
techniques for GI infection show promise for improved systemic dissemination, but
these have not been tested in pregnant animals (41).
Mouse models are an economical and rapid method to test the role of virulence
factors in placental infections. Because of the bottlenecks from gut to blood and from
blood to placenta (40), placental infection is variable in all animals tested, leading to a
large range of CFU outcomes within a single experiment that complicates statistical
analysis. The large litter size and short gestational time make mice a cost-efﬁcient
model to understand which bacterial factors are critical for breaching the placental
barrier. The best-studied virulence factors of L. monocytogenes include InlA, InlB, LLO,
and ActA. Research into the role of these virulence factors has shed light on how L.
monocytogenes is able to colonize the placenta and reach the fetus.
A central concern with murine L. monocytogenes infection is the lack of InlA-Ecad
interactions due to a single amino acid difference from human Ecad (42). As discussed
above, models have been developed to circumvent this problem (37, 39); however, these
approaches have led to conﬂicting results as to the role of InlA in crossing the maternalfetal barrier. Disson et al. (39) found that InlA and InlB mutants were ⬃5-fold less capable
of placental infection without any signiﬁcant differences in the colonization of maternal
spleen or liver in mice expressing human Ecad. In contrast, when L. monocytogenes
expressing murinized InlA was used to infect wild-type mice, Wollert et al. (37) did not
detect any differences in bacterial burden or histology in murine placentas infected with
wild-type L. monocytogenes, suggesting that the InlA-Ecad interaction is not required to
colonize the placenta. Further, while gastrointestinal infections require either mutated Ecad
or InlA, placental infection occurs in wild-type mice infected intravenously even in the
absence of an InlA-Ecad interaction (43). Since Disson et al. (39) used a competitive infection
and the other studies measured CFU burden, a direct comparison is difﬁcult to make. A
possible reconciliation is that InlAB interactions are sufﬁcient and advantageous but not
necessary in placental invasion of mouse models.
LLO-deﬁcient L. monocytogenes cannot escape the vacuoles of infected cells and is
rapidly cleared from the spleens and livers of intravenously infected mice (43). These
ΔLLO bacteria are able to infect the placenta and persist over 72 h, but at very low
numbers, and they are incapable of spread to the fetus. ActA mutants are able to
escape the vacuole and replicate in the cytoplasm but cannot spread from cell to cell.
While maternal organs are able to clear the infection over 24 to 48 h and the mutants
have reduced ability to infect the placenta, the placental bacterial burden increases
over 4 days. Also, despite the loss of bacterial ability to spread from cell to cell, fetal
infection is possible with ΔactA mutants, albeit at low numbers. These mutants demonstrate that while the placenta is difﬁcult to initially infect, the placenta cannot easily
clear the bacteria, likely due to the immune restriction in the decidual environment.
Simultaneously, they show that fetal infection is possible (though attenuated) as long
as the bacterium reaches the host cell cytoplasm.
Mice have also been used to discover and test the roles of virulence factors that are
speciﬁcally used for colonization of the placenta. The secreted internalin InlP was
initially identiﬁed in a screen in pregnant guinea pigs to discover genes speciﬁcally
important for placental infection (44). Deletion of InlP causes an ⬃1,000-fold decrease
in placental CFU in the mouse compared to that of wild-type L. monocytogenes, with
only a slight decrease of bacterial burden in maternal organs (44). Interestingly, InlP
shares high homology with another secreted internalin, Lmo2027, but only InlP is
consistently found in virulent L. monocytogenes strains (44). Mouse models also suggest
the importance of a novel phosphotransferase (PTS) system found in a hypervirulent
strain of L. monocytogenes (45). The PTS locus, termed Listeria pathogenicity island 4
(LIPI-4), is both necessary and sufﬁcient for a 5-fold increase over a lab reference strain
in direct competition in vivo. These studies not only present an opportunity to understand how L. monocytogenes is able to infect the maternal-fetal interface but also offer
evolutionary insight into how pathogens gain this ability.
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Mouse models are the most powerful animal model for dissecting the host response to
placental infection due to their ability to be genetically manipulated. However, knockouts
and transgenes often have multiorgan effects, which is problematic since placental colonization is dependent on the systemic burden in maternal organs, including spleen, lymph
nodes, and liver (46, 47). An example of this can be seen in the role of colony-stimulating
factor 1 (CSF-1) during placental infection (48). CSF-1 is a chemotactic cytokine that is
important in innate immune cell development and survival. It is also expressed highly at the
maternal-fetal interface (49). Pregnant CSF-1-deﬁcient mice sustain higher burdens of L.
monocytogenes in the placenta than heterozygous mice (48). This can be attributed to
decreased chemokine production by trophoblasts, reducing neutrophil recruitment to the
implantation site. However, CSF-1⫺/⫺ mice also have immune deﬁciencies in maternal
organs that increase the bacterial burden on the spleen and liver, creating an atypical
innate immune cell response to infection (48). Given the high expression of CSF-1 by
trophoblasts, the data do suggest that CSF-1 has a role in pathogen defense there.
However, the systemic defects in CSF-1-deﬁcient mice raise questions as to what role
placental CSF-1 plays in infection when the maternal immune system is normal.
To circumvent these issues, some researchers use methods to speciﬁcally inactivate
genes in the placenta. The short gestational period, high fecundity, and in vitro fertilization
(IVF) technologies in mouse models allow dissection of fetal placental effects out from the
maternal background. One approach uses a mixed breeding scheme, where only the
maternal decidua or only the fetal trophoblasts express the mutation or transgene of
interest (50, 51). For example, a cross between a wild-type male and a homozygous mutant
female results in a mutant mother with wild-type placentas. Generating mutant placentas
in a wild-type mother is more difﬁcult, but mating a heterozygous female with a homozygous mutant male will result in ⬃50% of placentas carrying the mutation. One can also
implant the IVF-produced embryos of mutant parents into a wild-type mother, although
this may introduce new uncontrolled variables in placental anatomy and gene expression
(52, 53). Use of a placenta-speciﬁc Cre-expressing mouse would simplify these experiments
further (54, 55). In the event that the desired mutation does not exist, it is also possible to
infect the blastocyst with a lentivirus construct that leads to gene expression (or repression)
only in the placenta (56–58).
Finally, the pregnant mouse model can be used to understand how the host
immune system balances the need for fetal tolerance with the need for defense against
pathogens for both mother and fetus. There are important differences between human
and mouse immune systems (59), but unlike in other animal models, mouse immunity
is well understood, is serviced by a large panel of tools and reagents, and offers a wide
variety of well-characterized knockouts. Humans exhibit an increase in T regulatory cells
(Treg) during pregnancy that can be modeled in mice by breeding C57BL/6J females
with BALB/c males; offspring have an increased number of maternal Foxp3⫹ cells that
increase susceptibility to pathogens such as L. monocytogenes and Salmonella enterica
serovar Typhimurium (60). Further, L. monocytogenes infection leads to a reduction of
the Treg’s suppression of CD4⫹ T cells at the maternal-fetal interface (50). Such models
are useful in investigating the increased susceptibility to certain pathogens during
pregnancy and in determining how colonization and dissemination occur. Mouse
models can also test the roles of speciﬁc cell types and cytokines at the maternal-fetal
interface. For example, in trying to understand when the maternal immune system tips
from tolerating the fetus to attacking it, Perchellet et al. used a mixed mating scheme
where only the fetus expresses ovalbumin in a mother whose T cells are engineered to
recognize ovalbumin (51). They found that pregnancy-elevated Treg somewhat depress
the helper T cell (TH) response against the fetus but less so the cytotoxic T cell (TC)
response. It seems clear that maternal T cell activation is important for the immune
rejection of infected fetuses, yet the molecular mechanisms are only beginning to
emerge. Using L. monocytogenes and a variety of mouse genetic models and antibody
depletions, Chaturvedi et al. found that neutrophils express CXCL9 and recruit fetusspeciﬁc CD8⫹ T cells into the decidua, ultimately causing fetal resorption (61).
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GUINEA PIGS
Guinea pigs (Cavea porcellus) have been used as an animal model in infectious
disease since the 19th century. For many pathogens, the guinea pig is able to exhibit
human disease features not seen in mice. Guinea pig tuberculosis models have a low
infectious dose and are able to form granulomas (62). Similarly, studies with Legionella
pneumophila (63, 64) and Staphylococcus aureus (65–67) have demonstrated close
similarities to humans in susceptibility and infection routes. This makes them a good
model for preclinical drug and vaccine development for diseases that poorly infect
smaller animal models. Their placentas are also more similar to those of humans than
to those of mice.
Like human placentas but unlike murine ones, guinea pig placentas invade deep
into the decidua, with trophoblasts almost reaching the myometrium (Table 1). Also as
in humans, there is only one layer of syncytium between the maternal blood and the
fetal vessels, whereas mouse placentas have two syncytial layers. Additionally, guinea
pigs can vertically transmit both cytomegalovirus (68) and Chlamydia (69), which has
not been reported in mouse models. However, like murine placentas, guinea pig
placentas are labyrinthine and include specialized trophoblasts that may differ in
function than those in human villous placentas. There are practical drawbacks as well:
their gestation period is about three times longer than that of mice, which extends the
wait time between experiments. Guinea pigs also lack genetic deletion or transgenic
models, and fewer antibodies are available. Also, their relatively large size adds to the
cost of housing and limits the number of animals that a lab can use in studies.
In terms of L. monocytogenes infections, guinea pigs have the advantage of expressing
an Ecad that can interact with InlA (38); however, the InlB/c-Met interaction does not induce
internalization (70). Intravenous infection of pregnant guinea pigs with either an InlA- or
InlAB-deﬁcient mutant does not show a defect by competitive infection (70). This could
suggest that these internalins do not play a role in colonizing the placenta. Alternatively it
may be that in animal models where either the InlA or InlB entryway is closed, these
internalin pathways are not necessary for invasion of the placenta (39).
Since guinea pig gastrointestinal Ecad can mediate InlA-based internalization, an
oral model of infection is possible. Initial oral infections used high doses of L. monocytogenes in order for infection to occur (38). This results in modest but inconsistent
infection of the epithelium and mesenteric lymph nodes. Since placental infection relies
on systemic maternal infection, such gavage methods have led to poor systemic spread
and placental colonization (A. I. Bakardjiev, unpublished observation). As such, most
pregnant guinea pig infections have used intravenous injections to ensure sufﬁcient
placental infection (70). More recently, oral infection colonized placentas more reliably
in lower doses when the animals were fed L. monocytogenes-inoculated whipping
cream (71, 72). This opens new opportunities to understand the roles of virulence
factors in placental colonization and drug development.
Pregnant guinea pigs have also been used to understand how L. monocytogenes
trafﬁcs to and from the placenta (40, 47). In trafﬁcking studies, it is especially important
to use an animal with a placenta more anatomically similar to that of humans, as
differences in the thickness and structure of maternal-fetal interfaces can have a
signiﬁcant effect on trafﬁcking dynamics. Analysis of a competitive index using a
wild-type strain and an antibiotic resistant strain demonstrated that very few L.
monocytogenes organisms (perhaps just one!) are sufﬁcient to colonize the placenta.
These few bacteria then rapidly amplify in the unique immune environment of the
placenta and are able to spread back to the maternal organs; the maternal immune
system may be primed to reject an infected fetus for good reason.
GERBILS
The Mongolian gerbil (Meriones unguiculatus) has become a popular model for
pregnant animal infection models because it has a functional InlA-Ecad and InlB– c-Met
internalization process (Table 1) (39). The litter size of gerbils is similar to that of guinea
pigs (1 to 8 offspring) and smaller than that of mice (10 to 14 offspring), but the gerbil
June 2018 Volume 86 Issue 6 e00801-17
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gestation period is ⬃25 days, similar to that of mice and much less than that of guinea
pigs (⬃65 days), meaning experiments can be performed more quickly. However, there
are many disadvantages. Gerbils are poorly characterized compared to guinea pigs and
mice. Limited antibodies and no genetic tools are available. As with mice and guinea
pigs, gerbils have a labyrinthine placenta, rather than a villous placenta (73). Gerbils
also require more housing costs than mice but typically less than guinea pigs.
Gerbils’ capacity for InlA/InlB-mediated internalization has allowed investigators to
develop oral models of L. monocytogenes infection for pregnant gerbils that exhibit
effective placental colonization at dosages similar to those required for nonhuman
primates (NHPs) (39, 74). Oral infection of pregnant gerbils with an InlAB mutant shows
reduced infection of the placentas, suggesting their usefulness for colonization of the
placenta, including in intravenous inoculation (39). As with guinea pigs (40), the
placenta appears to serve as a reservoir for pathogen ampliﬁcation, worsening outcomes for the pregnant versus nonpregnant animal (74). However, while low doses of
L. monocytogenes in pregnant mice, guinea pigs, and nonhuman primates can all lead
to stillborn or reabsorbed fetuses, this important sequela has not been observed in
gerbils (74). The reason for this is unknown, but it does warrant caution in using gerbils
to understand the immune response to pathogens during pregnancy.
NONHUMAN PRIMATES
Of course, nonhuman primates (NHPs) have the placental structure and immune
response most similar to those of humans (Table 1). Like humans, NHPs such as rhesus
macaques (Macaca mulatta) and cynomolgus macaques (Macaca fascicularis) have a villous
hemochorial placenta that invades into the decidua, although less extensively than in
humans (75). Also, it is common for these models to have two discoid placentas for a single
fetus, while humans have one discoid placenta for each fetus (or, rarely, one for two
fetuses). Immune regulation in NHP placentas is by far the most similar to that in humans
(76). Additionally, NHPs express Ecad and c-Met isoforms that interact with InlA and InlB,
allowing for L. monocytogenes gastrointestinal infections (77, 78), and they are permissive
to other important transplacental human pathogens as well, including cytomegalovirus
(79), Toxoplasma (80, 81), and Trypanosoma cruzi (82). However, there are many disadvantages to NHPs. First are ethical and legal considerations placing an increasingly high bar on
the justiﬁcation for use of these animals (83, 84), coupled with the high cost and veterinarian expertise required to house them adequately. Second, NHPs have long gestation
periods. While this allows researchers to more easily determine if certain trimesters are
more susceptible than others, it also adds to time spent on the experiments. Further, the
number of fetuses per pregnancy is low, typically only one for rhesus macaques, requiring
larger numbers of animals for adequate statistical analysis. Lastly, the genetic and histological toolkits for NHPs are quite small. While depleting antibodies for some species exist,
the tools lag far behind the repertoire available for mice and guinea pigs.
Given the close similarities between humans and rhesus macaques, most studies
have focused on histology, disease progression, and determining the dose of pathogen
that would warrant clinical attention. The dosage question is not straightforward;
listeriosis during pregnancy, while very serious, is a rare event that limits how much
information can be gleaned from clinical reports. Like humans, pregnant rhesus and
cynomolgus macaques do not show overt signs of illness after inoculation (77, 85).
Further, hematological studies show few changes in leukocyte populations during
infections (77, 78). However, one of the earliest and most consistent signs of L.
monocytogenes infection in NHPs is fecal shedding of L. monocytogenes (78).
In terms of how it trafﬁcs through and affects the body, L. monocytogenes in pregnant
rhesus macaques appears clinically quite similar to L. monocytogenes in pregnant humans.
Bacterial burdens in maternal organs of cynomolgus macaques are low, but decidual and
placental tissues exhibit high bacterial loads. Dose-response curves for rhesus macaques
demonstrated that even low inoculums of L. monocytogenes are sufﬁcient to induce fetal
rejection, similar to ﬁndings in rodent studies (85, 86).
NHP studies may indicate differential susceptibility based on gestational age. TypJune 2018 Volume 86 Issue 6 e00801-17
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ically, listeriosis is considered a concern in the third trimester due to the high incidence
of clinical reports. However, rhesus macaques infected in the third trimester had
stillbirth occur in ⬃30% of animals, whereas cynomolgus macaques infected in the ﬁrst
trimester all had stillborn fetuses (78, 85). These differences could also be due to
variations in the L. monocytogenes or host strain used in the two studies. Given the
asymptomatic nature of infection in most pregnant humans and macaques, it is
possible that the highest risk occurs early in gestation and that infection is diagnosed
only in clinical settings at later times.

June 2018 Volume 86 Issue 6 e00801-17

Downloaded from http://iai.asm.org/ on April 19, 2019 by guest

HUMAN PLACENTAL ORGAN EXPLANTS
Ex vivo placental organ cultures help researchers to understand how the human
placenta resists infection (Table 1). They remove the concern of a species artifact. The
placenta is highly organized, with signiﬁcant cellular differentiation over space and
time. A large number of differentiated states and cellular phenotypes can be found only
in explant tissue (87). Tissues donated from each trimester and at term can be used, but
one must consider that the placenta and decidua are changing throughout pregnancy.
Thus, a ﬁrst-trimester sample differs considerably from a sample obtained after delivery.
For example, ﬁrst-trimester villi that are 7 gestational weeks or younger can invade into
Matrigel and form EVTs. Older villi can still be cultured but will be ﬂoating villi that lack
EVTs. Additionally, there can be large variability in results due to genetic differences
between donors. Second- and third-trimester placentas in particular may be problematic, since the reasons for pregnancy termination may involve fetal or placental
abnormalities. Therefore, multiple experimental replicates must be performed in order
to test for statistical signiﬁcance of results. Since obtaining villi from donors and
properly isolating them is challenging, this can add considerable time and expense to
projects. In many localities, laws may restrict donations or ban them entirely (88). Lastly,
human tissue in situ cannot be genetically manipulated by standard cell culture
techniques such as small interfering RNA (siRNA) knockdown or lentiviral transduction.
Despite the drawbacks, human placental cultures have led to key discoveries in
how the placenta resists infection. EVTs, the invasive placental cells found within
the decidua and uterine blood vessel walls, were found to be the initial portal of
entry for L. monocytogenes in explants (6). SYN was found to be an initial infection
site in one study using ﬂoating explants (89); however, other studies using invasive
explants have indicated that unless it is damaged, SYN is highly resistant to L.
monocytogenes (6, 7) and Toxoplasma gondii (2). Syncytialized JEG-3 choriocarcinoma cells are also resistant to T. gondii (15). These differences may be due to
different gestational ages and preparations of the villous cultures, as ﬂoating villi
lack EVT; however, Díaz-Luján et al. (90) also found that SYN protected term
placental explants without EVTs from Trypanosoma cruzi. Further investigation of
the villi demonstrated that differentiated EVTs, but not the underlying undifferentiated cytotrophoblasts, sequester L. monocytogenes to the vacuole and reduce the
amount of bacteria that could replicate in the cytosol (91). Therefore, the ability to
image and infect human placental tissue with differentiated and spatially organized
cell types can be a useful tool in understanding placental defenses.
Decidual organ cultures may also be used in order to explore how the maternal
uterine layer defends against pathogens (92). During pregnancy, the endometrium
undergoes dramatic transformation during decidualization (93). Colonization of the
decidua is critical for infection of the placenta (94, 95). However, only ⬃0.02% of the
inoculum is capable of colonizing decidual organ cultures (96). Once they have successfully colonized, however, the bacteria are able to proliferate in foci. It is unknown
how the decidua resists colonization. A possibility raised by Rizzuto et al. (96) is a
cell-autonomous resistance similar to what is seen in EVTs. Interestingly, CD68⫹ macrophages do not seem to associate with the listerial foci in the organ cultures. This may
suggest that decidual macrophages are not capable of responding to infections after
they are established.
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FUTURE DIRECTIONS AND CONCLUSIONS
There remain many questions that can be addressed in these models. L. monocytogenes continues to be useful in probing maternal and fetal defenses and in drawing
cross-species comparisons. However, many other pathogens are worthy of further
investigation. With the emergence of Zika virus on new continents, the mechanisms by
which viruses cross the placenta are of increasingly urgent concern (95). Transplacental
cytomegalovirus infections are the leading cause of congenital deafness, and other
neurological sequelae remain an important problem worldwide (97). Also, while most
cases of vertical HIV transmission occur perinatally, about 2% are due to placental
crossing, and this is hypothetically related to breaks in the trophoblast layer (98).
Learning more about how the signiﬁcantly larger, neglected kinetoplastid parasites
Leishmania and Trypanosoma cross the placenta could be beneﬁcial to tropical medicine (99). Further, while congenital syphilis has been all but eliminated from highincome countries, it is still a signiﬁcant problem in low-income ones (100, 101), yet
almost nothing is known about how it crosses the maternal-fetal barrier.
While several studies have investigated the roles of L. monocytogenes virulence
factors, fewer have looked at the host responses to pathogens at the maternal-fetal
interface. Does the maternal inﬂammatory response during early gestation (8) coincide
with more aggressive protection of the mother? If so, this may explain why earlytrimester infections in NHPs lead to more stillbirths. Does the EVT-decidua boundary
possess unique immune responses that limit infections without inducing a maternal
immune response? Answering these questions could help elucidate the role of the
immune response in supporting a healthy pregnancy. It may also lead to important
discoveries about life-threatening inﬂammatory conditions not usually associated with
infection, such as preeclampsia (102).
Finally, further experiments with these models could begin to answer questions of
evolution. The diversity of placental forms suggests that mammals have solved the central
conﬂicts of the placenta (being permeable but protective and immunotolerant but inﬂammatory) in different ways likely linked to gestational time, offspring number, microbial
communities, and other variables (103, 104). Some bacterial pathogens appear to have
explicitly evolved to transmit by causing spontaneous abortion, and yet the mechanisms by
which they do so are quite unknown (105, 106). Additionally, the question of whether the
placenta has a nonpathogenic, commensal microbiome during an uncomplicated pregnancy prior to the start of labor is an active area of investigation (107).
Placental infection is a rare but serious complication to pregnancy that deserves
greater scholarly attention. We have presented several animal models and described
their advantages, disadvantages, and uses in understanding placental infection. Unfortunately, placental anatomy varies greatly between species, leading some to conclude
that only humans have human placentas (76). Nevertheless, we believe that the use of
animal and organ culture models will improve our mechanistic understanding of
host-pathogen interactions in these unique tissues. The use of multiple complementary
models and comparison to phenotypic characterization of human tissues will increase
the likelihood that the resulting discoveries are relevant for human health.
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