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Abstract: The placenta is a unique mixed organ, composed of both maternal and fetal tissues, that
is formed only during pregnancy and serves as the key physiological and immunological barrier
preventing maternal–fetal transmission of pathogens. Several viruses can circumvent this physical
barrier and enter the fetal compartment, resulting in miscarriage, preterm birth, and birth defects,
including microcephaly. The mechanisms underlying viral strategies to evade the protective role of
placenta are poorly understood. Here, we reviewed the role of trophoblasts and Hofbauer cells in the
placenta and have highlighted characteristics of vertical and perinatal infections caused by a wide
range of viruses. Moreover, we explored current progress and future opportunities in cellular targets,
pathogenesis, and underlying biological mechanisms of congenital viral infections, as well as novel
research models and tools to study the placenta.
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1. Introduction

As a highly specialized organ present only during mammalian pregnancy, the placenta creates
an environment that is suitable for fetal growth and development through tight regulation and
coordination. The placenta, which is located at the interface between the mother and the fetus, takes
on a broad range of functions, such as respiration, excretion, and protection, and gives rise to different
cell types during the developmental process to carry out its duties. The placenta is comprised of both
maternal and fetal tissues, which are derived from the endometrium and chorionic sac, respectively,
and the intervillous space located between the two regions contains placental villi that are essential
for maternal–fetal exchange [1,2]. Trophoblasts are the precursor cells that lead to human placental
cells and originate from the outer layer of the blastocyst, which is a structure that forms after the
embryo is fertilized and develops into the placenta surrounding the fetus contained inside [3]. Thus,
trophoblasts, among many cellular components of the placenta, are mainly responsible for placental
structure and functionality. Since the placenta regulates the supply of nutrients directed towards the
growing embryo, malfunctions in the placenta can result in complications such as miscarriage, stillbirth,
preterm birth, and abnormalities of fetal growth and development including fetal growth restriction
(FGR) and microcephaly [4]. Furthermore, pregnancy-related complications are often caused by a
combination of multiple factors involved in placental development. Therefore, greater understanding
of the placenta, along with its implications in fetal development, especially on a cellular and molecular
level, is necessary to address these complications.
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In addition to the exchange of nutrients, the placenta is also a designated site for the transfer
of various hormones, drugs, and pathogens. As a result, the placenta also takes on a protective
role against pathogens that may cross the maternal–fetal barrier. Recent studies have confirmed
the vertical transmission of Zika virus (ZIKV), during which maternal infection with the virus
results in pregnancy-related complications and congenital abnormalities, including miscarriage and
microcephaly [5–7]. These findings, in turn, highlight the ability of viruses like ZIKV to develop
strategies to invade and target placental cells for infection, in addition to demonstrating the importance
of placental immunity in normal fetal growth and development. Unfortunately, the exact mechanisms
employed by certain viruses for immune evasion at the placenta have not been identified, and further
studies are necessary to clarify viral strategies to circumvent placental defense mechanisms. Moreover,
the experimental challenges associated with studying the human placenta using conventional models
can be gradually overcome using novel platforms that rely on microfluidic and microfabrication
techniques [8]. This approach has enabled the placenta to be recreated and studied in terms of its
function as a barrier at the maternal–fetal interface.

In this review, we have examined cellular components of the placenta and provide insight into
placental immunity and its importance in successful fetal growth and development. In addition,
the review highlights current progress and future opportunities associated with studying placental
pathogenesis, and introduce novel experimental platforms that can be used to study the biological
mechanisms of viral congenital infections.

2. Cellular Components of the Placenta

The human placenta is a disc-like structure attached to the uterine wall (decidua) and connected
to the fetus via the umbilical cord. Placentation, the formation of the placenta, begins as trophoblasts
of the fetal blastocyst origin interact with the decidua basalis of maternal endometrium origin. The
placenta develops diverse villi containing different types of specialized cells, as shown in Figure 1.
The placenta is assembled by the chorionic villi, which comprise floating villi and anchoring villi. The
floating villi are mainly responsible for transporting waste, nutrients, and gases between the mother
and the fetus, while the anchoring villi support the decidua [9]. Various subsets of maternal immune
cells constitute the decidual immune system, such as macrophages, dendritic cells, natural killer cells,
and T cells [10].

At the outermost layer of the placenta, two populations of trophoblasts are responsible for
coordinating maternal–fetal interactions, and serving as an initial line of defense against pathogens [11].
Syncytiotrophoblasts (STBs) are a multinucleated, fully differentiated population of trophoblasts that
form a continuous layer above cytotrophoblasts (CTBs), which are undifferentiated mononuclear stem
cells of the placenta that are able to differentiate into other trophoblast types [12]. While CTBs form the
anchoring villi, STBs form the floating villi and are responsible for the exchange that occurs at the villus
surface between maternal blood and fetus [13]. Aggregates of CTBs also organize into extravillous
cytotrophoblasts (EVTs), which are placental trophoblasts that invade the maternal decidua, anchor the
placenta, and subsequently lead to the transfer of nutrients to the fetus [9,14]. In addition to separating
the fetus from maternal tissues, the layer composed of STBs and CTBs is particularly important in
terms of protecting the semi-allogenic fetus against maternal immune attacks [15]. STBs and CTBs do
not express MHC class I and II molecules, and this lack of expression may explain why the maternal
immune response tolerates the fetus [16,17]. The expression of MHC class I molecules by EVTs has been
suggested to aid in the invasion of the maternal decidua. It is important to note that abnormalities in
the EVT-induced invasion of the maternal blood vessels are associated with pregnancy complications
such as FGR and even pregnancy loss [3]. Trophoblasts are also known to secrete high levels of
extracellular vesicles (EVs) enriched in non-coding RNAs, such as microRNAs (miRNAs) [18]. These
EVs are involved in maternal–fetal communication and possibly antiviral activity. As an example,
isolation and characterization of EVs from human trophoblasts in Ouyang et al. demonstrated the
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antiviral activity of placental EVs derived from human trophoblasts [19]. These findings emphasize
the important immunoregulatory role of placental trophoblasts.

Figure 1. Cells of the placenta. A schematic diagram of the human placenta during pregnancy is
shown. The human placenta contains three main types of epithelial trophoblasts: cytotrophoblasts
(CTBs), syncytiotrophoblasts (STBs), and extravillous trophoblasts (EVTs). The CTBs are mononuclear
cells at the fetal interface that eventually differentiate via cell-to-cell fusion into STBs. The STB layer
is a multinucleated structure that covers the entire surface of the villous tree throughout pregnancy
that is bathed in maternal blood, and mediate nutrient and gas exchange between mother and fetus.
Hofbauer cells (HC), macrophages of fetal origin, are found in the intervillous spaces, while EVTs
migrates from the chorionic villi, invades into the uterine wall, and remodels maternal spiral arteries to
facilitate blood supply of the placental unit. In addition to the EVTs, the decidual compartment also
includes maternal immune cells (eg, decidual dendritic cells, macrophages, natural killer cells and T
cells) and stromal cells. EVT, extravillous cytotrophoblasts; CTB, cytotrophoblasts; HC, Hofbauer cells;
STB, syncytiotrophoblasts.

The placenta also contains an extensive number of mesenchymal stem cells (MSCs) of fetal origin,
including amnion mesenchymal stromal cells, chorionic villi mesenchymal stromal cells, and decidua
mesenchymal stromal cells, which can differentiate into endothelial cells or macrophages known as
Hofbauer cells (HCs). Analysis of HCs in Reyes et al. has revealed that these cells are heterogeneous,
and the diversity of HCs differs throughout pregnancy, during which the first and third trimesters gave
rise to more diverse populations [20]. As antigen-presenting cells of the placenta, HCs, in conjunction
with trophoblasts, are mainly responsible for protecting the fetus from pathogens or toxins, and
have been shown to adopt an M2 polarity phenotype as opposed to M1, which is characteristic of
alternatively activated macrophages [20,21]. While M1 macrophages are able to kill microbes, M2
macrophages are associated with regulating and inhibiting inflammatory and immune responses as
part of the repair machinery following an infection [22]. M2 polarization, therefore, enable HCs to
serve as possible reservoirs of pathogens in the placenta, contributing to the vertical transmission of
pathogens from the mother to the fetus. In addition to placental immunity, HCs are also important
regulators of trophoblast differentiation, vasculogenesis, and angiogenesis through their production
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of cytokines and growth factors [23,24]. These placental macrophages are able to fulfil a role in
placental development, fetal protection, and intercellular communication through their ability to be
motile, phagocytose exogenous antibodies and to associate in groups, as demonstrated by in vitro
and in vivo studies using various experimental techniques, such as microscopy, flow cytometry, and
immunohistochemistry [25,26].

While different types of cells emerge throughout the stages of gestation, placental cells have
demonstrated immunomodulatory characteristics and expression of markers associated with stem cells,
both of which have made the placenta an important source of cells with potential regenerative and
reparative properties [27–30]. Igura et al. suggests the placenta as a viable source of MSCs and, upon
stimulation, these placental MSCs from the fetal chorionic villi possess the ability to differentiate into the
following mesenchymal lineages: adipocytes, osteocytes, and chondrocytes [31]. Characterization of
placental MSCs using real-time polymerase chain reaction (PCR) and flow cytometry has revealed that
they possess stem-cell-like gene and protein expression profiles, in addition to their immunomodulatory
and migratory properties [32]. Luan et al. analyzed the immunosuppressive properties of placental
MSCs using ELISA, the results of which showed that placental MSCs inhibit the proliferation and
interferon (IFN)-γ secretion of T cells [33]. Although placental stem cells have exhibited limited
plasticity in most studies due to the experimental challenges associated with studying the placenta,
the differential potential of these cells highlights the placenta as a promising therapeutic tool with
advantages over conventional methods for obtaining stem and progenitor cells, such as using bone
marrow harvested from donors.

3. Viral Infections during Pregnancy

The placenta is considered a site of immune privilege, in the sense that immune responses
to pathogens are downregulated to a certain degree to ensure proper function of the placenta [34].
Therefore, the immune response and tolerance must be balanced at the maternal–fetal interface to allow
the exchange of nutrients and waste while inhibiting harmful pathogens from crossing the placenta.
However, the immunotolerant environment created during pregnancy may permit viral transmission,
with the placenta serving as a portal for viral entry. Maternal infections can induce an inflammatory
process that poses a major threat to the developing fetus and results in pregnancy complications
ranging from miscarriage to preterm birth, malformation, and intrauterine fetal demise [35]. Table 1
shows some of the viruses that can cause vertical and perinatal infections. Some of the most common
pathogens that cross the placenta to infect the fetus are collectively referred to as “TORCH,” which
stands for Toxoplasma gondii, others (including varicella zoster virus), rubella, cytomegalovirus (CMV),
and herpes simplex virus (HSV) [36]. Based upon its effect on the fetus and development of the
congenital Zika syndrome, Zika virus has emerged as the newest TORCH agent [37].

Rubella virus (RV), belonging to the Togaviridae, can cause congenital abnormalities which have
increasing severity when the maternal infection occurs during the first trimester of pregnancy. While RV
infections normally result in mild symptoms in both children and adults, congenital infections manifest
as various birth defects, including microcephaly, that are collectively known as congenital rubella
syndrome (CRS), which damages the fetal heart and blood vessels [38]. Although the transmission
route taken by RV to the placenta has yet to be studied, viral antigens have been detected in the
chorionic villi, within CTBs and endothelial cells, and viral replication in the fetal endothelial cells
results in a different transcriptional profile in comparison to adult cells that were infected with RV
in vitro [39,40]. The change in gene expression profiles of the infected fetal cells may be explained
by the downregulation of genes involved in cytokine production and regulation, in addition to fetal
development of sensory organs. RV-induced apoptosis has also been suggested as a contributing factor
to CRS, as evident from the cellular damage in sites, such as the eyes, heart, brain, and ears [41–43].
Despite the detrimental pathologies associated with RV infection in the fetus, further studies are
necessary to understand RV-mediated invasion of the fetal compartments.
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Table 1. Viruses that infect the placenta via vertical or perinatal route. FGR: fetal growth restriction.

Virus Family Host Typical transmission route Pregnancy outcomes

Rubella virus Togaviridae Humans Aerosols,
secretions

Miscarriage, cognenital rubella syndromes
(hearing loss, cataract, congenital heart disease,

microcephaly etc.)

Herpes simplex virus α-herpesviridae Humans Oral or sexual contact Miscarriage, FGR, stillbirth in rare cases

Varicella zoster virus α-herpesviridae Humans Aerosols, vesicles
Miscarriage, FGR, congenital varicella

syndromes(skin and limb malformation, cataracts,
microcephaly, hydrocephalus etc.)

Cytomegalovirus β-herpesviridae Humans,
monkeys

Direct contact (bodily fluids,
blood, saliva, urine and

breastmilk)

Premature birth, FGR, congenital disorders
(microcephaly, hearing loss, vision loss, seisure,

intellectual disability etc.)

Coxsackievirus B Picornaviridae Humans Aerosols,
fecal-oral route Miscarriage, stillbirth, fetal sepsis

Zika virus Flaviviridae Humans,
monkeys Mosquito, sexual Miscarriage, microcephaly

Dengue virus Flaviviridae Humans Mosquito,
breast milk Miscarriage, premature birth, stillbirth

Ebola virus Filoviridae Humans, bats, primates Blood, bodily fluids Miscarriage, stillbirth

Marburg virus Filoviridae Human, bats Blood, bodily fluids Miscarriage, stillbirth

Human
immunodeficiency virus Retroviridae Humans Blood, bodily fluids Miscarriage, stillbirth

Parvovirus B19 Parvoviridae Humans Aerosols, saliva, blood Miscarriage, fetal anemia, nonimmune
hydrops fetalis

Lassa virus Arenaviridae Humans, rodents Aerosols, contact with infected
rodent hosts Perinatal mortality
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As a member of Herpesviridae family, herpes simplex virus (HSV) is also associated with the risk of
fetal transmission that can lead to abnormalities, especially in the central nervous system of newborns.
The majority of HSV infections during pregnancy are caused by HSV-2, and there exists greater risk of
HSV transmission during vaginal birth [44]. HSV infection during pregnancy can result in miscarriage
and also FGR, neurological complications including microcephaly, and even stillbirth. In addition,
another member of the α−herpesviridae Varicella zoster virus (VZV) may cause congenital varicella
syndrome (CVS) during the first two trimesters of pregnancy. Although rare, congenital VZV infections
can result in serious fetal manifestations, including neurodevelopmental defects when the infection
occurs during the first two trimesters [45]. Cellular and molecular analysis has revealed that VZV
DNA can be detected in the placenta and amniotic fluid, while VZV is able to successfully replicate
in CTBs [46]. Although the exact mechanisms of VZV transmission in the placenta are unknown,
VZV-infected T cells can be localized to the basal decidua, where VZV replicates and spreads to the
adjacent placenta in the intervillous blood space [13].

Human cytomegalovirus (CMV) also belongs to the herpes virus family that includes HSV-1,
HSV-2, and VZV [47]. Congenital infection with CMV is of great public health significance due to the
wide range of birth defects the virus can cause, including FGR and neurological complications like
microcephaly. Interestingly, the clinical spectrum of congenital CMV infections has been found to
be variable, with presentations ranging from asymptomatic infection to potentially life-threatening
disseminated disease. Despite its clinical significance, congenital CMV infection is often not diagnosed
properly because the majority of infected infants are asymptomatic at birth and screening programs
have not been substantially implemented [48]. Although the virus can be transmitted from the mother
to the fetus throughout the duration of pregnancy, maternal infection during the first trimester causes
the most severe disease in infants [49–51]. Analysis of the interaction between CMV and placenta using
immunochemistry has shown that CMV viral proteins are expressed in CTBs, fibroblasts, macrophages,
and STBs, among which CTBs were particularly permissive for CMV replication [52].

Group B Coxsackievirus (CVB) is a Picornaviridae enterovirus, with which infection during
pregnancy causes serious and sometimes fatal outcomes for the fetus [53,54]. Infections with
Coxsackievirus B3 (CVB3) during late pregnancy and delivery have been reported to have significant
effects on the fetus, including neurological defects, encephalitis, myocarditis, meningitis, and even
death [55–57]. According to Hwang et al., when cases of early pregnancy loss were analyzed for
the prevalence of enterovirus infection using RT-PCR and immunohistochemistry, the rate of CVB3
infection in cases of abortion was 57.1% [58]. Despite the high rate of fetal death associated with CVB
infections, there are limited data regarding the outcome of infection during early pregnancy, since
early maternal infections are commonly asymptomatic and therefore undetected. Coxsackievirus
and adenovirus receptor (CAR) expression at the host cell surface is essential for viral entry and
internalization of CVB3, and the receptor is not only highly expressed in the fetal brain, but also a
crucial factor in embryonic development of the heart [59,60]. Hwang et al. investigated the outcomes of
early CVB3 infection during pregnancy in ICR mice, demonstrating the vertical transmission of CVB3
enabled by the high expression level of CAR in the uterus and embryo of the pregnant mice [61]. CVB3
replication, as analyzed by RT-PCR and plaque assays, was confirmed in the embryos and placentas
of the CVB3-infected mice, whose embryos were particularly fragile in the brains and hearts [61].
Furthermore, Euscher et al. showed localization of CVB RNA and protein in HCs, STBs, and CTBs of
human placental tissue harvested from newborn infants [62].

Clinical observation of birth defects during the recent epidemic has also emphasized ZIKV as an
important threat to public health in the Americas. ZIKV is a mosquito-borne flavivirus that can undergo
vertical transmission to cause serious fetal defects, including microcephaly and abnormal central
nervous system development [63,64]. Previous reports have confirmed ZIKV RNA in the human fetal
brain and amniotic fluid [65,66]. Accumulating evidence suggests that cells in the placenta are major
targets of ZIKV. In particular, Bayer et al. demonstrated that primary human placental trophoblast cell
lines are permissive to ZIKV infection, whereas Schwartz, Rosenberg, and Quicke et al. confirmed the
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presence of ZIKV infection in HCs, in addition to hyperplasia of HCs and the lack of an inflammatory
response in the placenta in response to the infection [67–70]. Agaard et al. suggested that the
receptors necessary to mediate ZIKV entry are expressed during the differentiation process of placental
trophoblasts to CTBs and STBs, and allow ZIKV replication to occur in the trophoblasts [71]. These
observations highlight the potential role of the placenta as a reservoir and entry for the virus to reach
the fetus and target the trophoblast and HC populations. Because microcephaly is most likely caused by
an abnormal development of fetal neural stem cells (NSCs), McGrath et al. also investigated the effects
of ZIKV infection on the neuronal differentiation of human NSCs (hNSCs) [72,73]. Transcriptomic
analysis revealed that certain strains of ZIKV induce alterations in gene expression of hNSCs, such as
upregulation of genes functional in the innate immune response, inflammation, and apoptosis, and
downregulation of pathways involved in the cell cycle and neural development. Also a member of
the Flaviviridae family, Dengue virus (DENV) can also infect the fetus through vertical transmission
and result in complications for both the mother and fetus, including maternal death, miscarriage, and
stillbirth [74].

In addition to ZIKV, Ebola virus has also caused recent outbreaks that caused a public health
emergency. Ebola virus infection during pregnancy threatens the fetus: in nearly all cases, Ebola
infection in pregnant women has resulted in miscarriage, stillbirth, or neonatal death [75]. Given that
Ebola virus research has to be done in a biosafety laboratory level 4 facility, the pathophysiology or
maternal fetal transmission mechanisms are yet to be identified. Meanwhile, studies involving immune
correlates of protection or transmission at the placenta for human immunodeficiency virus (HIV) have
been somewhat established. It is known that HCs are key mediators of HIV transmission, limit HIV-1
replication, and potentially offset mother to child transmission by induction of immunoregulatory
cytokines [76]. Furthermore, many host restriction factors expressed by HCs or trophoblasts have been
identified, including APOBEC3G and ISGs [77,78]. Despite this, the detailed mechanisms underlying
HIV’s strategies to evade the protective role of placenta are poorly understood. In to the same
Filoviridae family, Marburg virus can also infect the placenta and result in similar complications for
the fetus as Ebola virus [79]. Lassa virus is a member of the Arenaviridae family, and an infection with
Lassa virus manifests as similar symptoms to an infection with Ebola virus, due to the similar cellular
targets that are shared between the two viruses [80]. Lassa fever is a hemorrhagic disease caused by
Lassa virus, and the increasing occurrence of this disease has highlighted Lassa virus as an important
pathogen that can lead to 90% perinatal mortality when infection occurs during pregnancy [81].

Other viruses that are capable of establishing a placental infection include parvoviruses. Vertical
transmission of parvoviruses can be explained by parvovirus B19 receptor expression by placental
trophoblasts and erythroid precursor cells [82]. B19 infection during pregnancy can result in
complications such as spontaneous abortion and intrauterine fetal death, and Pasquinelli et al.
has demonstrated that placental endothelial cells can also be infected with parvovirus B19 [83,84].

Current laboratory methods for determining viral infections during pregnancy rely on serology,
which measures levels of IgM and IgG, and virus detection, including virus isolation, and molecular
assays for the detection of viral nucleic acid [85]. However, greater efforts are needed to help pregnant
women and newborns to avoid the risk of infections and their consequences. The ability of the
previously mentioned pathogens to cross the placental barrier and ultimately infect the developing
fetus highlights the need to identify the mechanism underlying maternal–fetal transmission. Findings
from previous studies emphasize the important role of fetal placental cells as possible reservoirs and
conduit for pathogens at the maternal–fetal interface. Unfortunately, the exact mechanisms underlying
viral infections in the placenta remain to be identified. Further studies on vertical transmission of
pathogens, and investigation of the interactions between the viruses and the host at the placenta, in
particular, are crucial for the discovery and development of vaccines and therapies to prevent and treat
congenital infections.
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4. Research Models to Investigate Placental Pathogenesis

The study of early human placental development is hampered by practical and ethical issues,
and both animal and in vitro cell culture models are routinely used to study the essential functions
of the placenta. In particular, choriocarcinoma-derived cell lines such as BeWo, Jar, and Jeg-3, can be
alternatives for and complementary to the primary cell models as in vitro models for placental research.
Given the significant spatiotemporal differences in early placental development in rodents and humans,
it is important to develop new experimental approaches to study host–pathogen interactions at the
maternal–fetal interface during pregnancy. It is also critical for us to elucidate the pathways and
defense mechanisms associated with viral infection during pregnancy and further develop effective
and safe vaccines. In the following sections, we have summarized current experimental models that
can be used to study placental pathogenesis and discuss emerging opportunities to enhance our
understanding of the crosstalk between the maternal and fetal compartments (Figure 2).

Figure 2. Experimental approaches to study host–pathogen interactions at the placenta. The utility
of currently described or potential models of viral infections in the placenta is illustrated. Research
models are employed for the investigation of basic features of viral infection and pathogenesis and
to investigate unusual features of viral pathogenesis, including sexual transmission, transplacental
transmission, and congenital malformations in developing fetuses. In addition, these models could be
used in the future to evaluate candidate vaccines and therapeutics for the prevention and treatment of
viral disease in individuals and in fetuses during infection of pregnant hosts.

4.1. Pregnant Animal Model

Due to the unique characteristics of human placentation, an ideal model to study human pregnancy
remains to be established. However, animal models have proven to be valuable research tools in
understanding placental development and function, and range from non-human primates, guinea pigs,
and mice to horses and sheep [86]. Small animal models, including mice, rodents, and guinea pigs,
have a short gestational period and give birth to poorly developed young, whereas larger animals,
such as non-human primates, which have longer gestational period, comparable to that of humans,
and give birth to young with relative maturity [87]. The morphological and functional diversity of the
placenta between different species have allowed different aspects of human pregnancy to be studied
in suitable animal models. Table 2 outlines similarities and differences between humans and animal
models frequently used in the study of placental development and function.

Mice have been the most frequently used animal models not for their similarities to humans, but
for the practicality of their small size and short generation times. Mice and humans share similar
placental cell types and genes that regulate placental development, but trophoblast invasion in mice is
shallow and limited relative to the extensive invasion of maternal uterine vessels that occurs during
human pregnancy [88,89]. In both mouse and human placenta, STBs cover the villi and are in direct
contact with the maternal blood [90]. Mouse mutants, specifically, have been useful in understanding
the different genetic pathways involved in controlling placental development, and how morphogenesis



Viruses 2020, 12, 5 9 of 20

and placental cell differentiation can be affected in these mutants. Furthermore, studies of genes
associated with placental defects in mice have demonstrated the importance of placental defects as a
major factor contributing to abnormal embryonic development [91]. According to Perez-Garcia et al.,
co-occurrence of placental defects and embryonic defects are more common than previously thought,
and are often accompanied by defects in the fetal heart and brain, as observed in mouse models.

Guinea pigs are often selected as an animal model to study fetal growth restriction and transfer
of substrates across the placenta. Jansson and Persson et al. demonstrated using guinea pigs that
growth restriction is linked to an impaired placental transfer, resulting in a reduction of the amino
acids available [92]. In addition, Dyson et al. underlined guinea pigs as a suitable model for the study
microvascular dysfunction in relation to preterm birth and neonatal mortality [93]. Guinea pigs have
also been used extensively as an experimental model to study congenital CMV infections [94–96]. CMV
replication has been observed in trophoblastic cells of the guinea pig, demonstrating the ability of
guinea pigs to model human CMV infections at the placental level, and the occurrence of infection
in the fetus [97]. Similarly, guinea pigs have been used to model the placental pathology of ZIKV.
Immunocompetent guinea pigs are susceptible to infection by a contemporary strain of ZIKV [98,99].

Table 2. Comparison of commonly used animal models used to study human placentation.

Animal Similarities Differences References

Mice
• Chorioallantoic placenta
• Discoid, hemochorial placenta

• Gross morphology and specific
trophoblast cell types

• Yolk sac as major player in
maternal–fetal exchange

• Placental labyrinth
• Trophoblast invasion limited

to decidua
• Maternal and fetal blood separated

by three trophoblast layers

[100–102]

Guinea pigs

• Trophoblast invasion
• Hemochorial interface
• Pattern of placental development,

especially the distribution pattern
of trophoblast cell proliferation

• Lobulated placenta with lobes as
circulatory units

• Labyrinthine placentation
[103–105]

Horses

• Trophoblast population has
human counterparts with
conserved essential properties

• Conserved transcription factors for
trophoblast differentiation

• Extended length of gestation

• Diffuse placenta with
maternal–fetal exchange occurring
across all available surfaces

• Temporal and spatial MHC
expression regulation

• Endometrial epithelium,
connective tissue, and uterine
endothelium present

[86,106–108]

Non-human
primates

• Long gestational period
• Discoid, hemochorial placenta

• Rapid but shallow
trophoblast invasion [109–111]

The similarities of trophoblast cell types between horses and humans have made horses another
animal model used in the study of pregnancy immunology. Although the equine placenta is classified as
diffuse, with maternal–fetal exchange occurring across all available surface, the trophoblast populations
of human and horse placentas share significant phenotypic similarities. Non-human primates could be
considered the best animal model to study placental conditions due to their important similarities to
humans. However, their use in biomedical research is greatly limited due to important ethical questions,
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as well as their high cost. Apes resemble humans in having interstitial implantation, while chimpanzee
and gorilla resemble humans in the routes and extent of trophoblast invasion during placentation.

4.2. Placental Explants and Placenta-Derived Primary Cell Models

The maternal–fetal interface has been studied using cultures of human placental explants, a method
that requires optimization to mimic the in utero environments of gestational periods through differential
pressure, culture medium, and extracellular matrices. Viral pathogenesis has also been modeled in
placental and decidual tissue explants, demonstrating which placental cell types are susceptible to
infections and providing insight into specific transmission routes in the placenta [112]. First-trimester
human placental explant culture by Genbacev et al. was used to show that cytotrophoblasts are
vulnerable to infection with ZIKV strain MR766, whereas cytotrophoblasts cultured from full-term
placental explants in Bayer et al. were not infected by MR766 due to the high level of type III interferon
secretion [68]. In Platt et al., neurotropic flaviviruses related to ZIKV, including West Nile virus, were
shown to be able not only to cause placental infection, but also to replicate efficiently in second trimester
placental explants of the decidua and chorionic villi and fetal membrane [113]. These studies highlight
the importance of placental explants as culture models to study placental pathogenesis and identify
the pathogens that are capable of vertical transmission causing cause fetal infection and injury.

Although animal models provide useful platforms for supplementing and elevating cell-based
in vivo studies, these techniques fail to reflect the physiological parameters and cellular communication
occurring in human conditions, which are essential to understanding the mechanisms of placental
development and disease. Given the limitations of the pregnant animal model, it will be ideal to
characterize virus–host interactions using primary cells isolated from human placenta. Single-cell
RNA and DNA sequencing can help to identify the characteristics of maternal and fetal cells in the
decidua and placenta, and how these cells interact with one another. Recently, a comprehensive
single-cell transcriptomics atlas of the maternal–fetal interface during early pregnancy was completed
by Vento-Tormo et al. [114]. Researchers mapped over 70,000 single cells at the junction of the uterus
and placenta, revealing how cells cross-talk to each other to modulate immune response and maintain
pregnancy. Furthermore, single-cell RNA sequencing has revealed the diversity of trophoblast subtypes
and patterns of differentiation in the human placenta. Different cell subtypes from placenta secrete
diverse polypeptide hormones, as a source of many hormones involved in fetal growth and maternal
adaptation to pregnancy. Newly identified cell types have been reported, including CD68-positive
HBCs called macro_1 and macro_2 [115].

4.3. 3D Cell Culture and Organoid Models

To address the limitations of conventional two dimensional cell culture techniques, researchers in
stem cell and developmental biology have been making efforts with engineers and physical scientists to
develop advanced in vitro technologies for three dimensional (3D) cell culture models. Reconstructions
of host microenvironments using 3D tissue culture, multicellular complexity, microbiota composition,
and biomechanical forces allow researchers to mimic essential features present in the native host
microenvironment. This recent shift to studies utilizing 3D cell culture models has given rise to the
following three models: 3D cell cultures engineered in the rotating wall vessel (RWV) bioreactor,
extracellular-matrix-embedded/organoid models, and organ-on-a-chip models [116].

RWV is the most commonly used platform for suspension culture, providing cells with the
spatial freedom to display their natural affinities to co-localize and self-assemble, and this model
is particularly useful for studying the innate immune response to microbial infections [117]. As an
example, McConkey et al. recently described how that the trophoblast JEG-3 choriocarcinoma cell line
recapitulates the morphological and secretory phenotypes associated with primary syncytiotrophoblasts
when co-cultured in 3D with microvascular endothelial cells [118]. Additionally, 3D organoid models
can be developed from stem cells to mimic in vivo tissues, and Turco et al. generated human
trophoblast organoids that can be used to study development and dysfunction at the placenta, in
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addition to being viable for long-term culture [119]. Nanotechnology has also enabled organs to be
constructed on a microdevice, known as the organ-on-a-chip. An organ-on-a-chip can be broadly
defined as a microfabricated cell culture device designed to model the functional units of human organs
in vitro [120]. Several groups have reported the development of placenta-on-a-chip microdevices for
the study of complex placenta responses. The placental barrier can be simulated in vivo to create a 3D
microenvironment and flow system in both trophoblast and endothelial cells, resembling the dynamic
environment in maternal and fetal circulations in the body [8,119–122]. Yin et al. modeled the placenta
barrier using the organ-on-a-chip technology to investigate transfer at the maternal–fetal interface by
co-culturing placental cells to mimic the placenta in vivo [122].

Although these research models have various limitations in terms of modeling specific interactions
at the placenta, these platforms still allow physiological conditions of the host to be recreated for
interface of host–pathogen interactions. Exploring how these recently developed technologies may
be leveraged to address the major technical challenges in studying the placenta will lead to greater
understanding of this highly specialized organ.

5. Current Progress and Future Perspectives of Studying Maternal–Fetal Interface

Using the research models mentioned above, the influence of different immune signaling pathways
following viral infections during pregnancy, particularly those of the placenta and fetal development,
could be investigated and answer the following long-standing questions. Why do some maternal
infections, but not others, lead to congenital diseases? What are the cellular sources and targets of
virus in the placenta and the fetus? What are the molecular mechanisms of virus-induced host damage
in target cells?

Perhaps we can learn from remarkable progress in ZIKV research, which has provided significant
insight into the role of immune cells, cytokines, and viral virulence during pregnancy in the
past few years. For examples, Foo et al. identified CD14+ monocytes as the primary target for
both African- and Asian-lineage ZIKV infection from pregnant women [123]. Interestingly, there
was differential immunomodulatory response in the monocytes of these pregnant women, in that
African-lineage ZIKV infection led to M1-skewed inflammation, whereas Asian-lineage ZIKV infection
led to M2-skewed immunosuppression.

Distinct roles of type I vs. type III IFNs were also highlighted in ZIKV research. Although the
deficiency of IFN-αR in mice can lead to higher ZIKV titers in the placentas of offspring ZIKV titers,
while exposure of midgestation human chorionic villous explants to type I, but not type III IFNs
alters placental morphology, resulting in abnormal architecture of the maternal–fetal barrier [124,125].
On the other hand, type III IFNs have been suggested to play an important role in host defense.
Human trophoblasts constitutively release type III IFNs, which function in both a paracrine and
autocrine manner to protect trophoblast and non-trophoblast cells from ZIKV infection [68,126]. A
recent report by Caine et al. indicates the defensive role of type III IFNs in the female reproductive
tract [126]. In particular, mice lacking IFN-λ signaling sustain greater female reproductive tract
infection when progesterone is administered. Exogenous IFN-λ treatment confers an antiviral effect
when mice receive both estradiol and progesterone, but not progesterone alone. Further studies will be
necessary to delineate the pathways by which ZIKV accesses the fetal compartment, evades restriction
by trophoblast-derived IFNλ1 and other trophoblast-specific antiviral factors, and/or uses alternative
strategies to cross the placental barrier.

Current progress in understanding the molecular defense mechanisms of placental cells has been
focused on components secreted by trophoblasts: miRNAs and exosomes. Analysis of the miRNA
expression profiles in the placenta has revealed that a cluster of placenta-specific miRNAs linked to
chromosome 19, in particular, are differentially expressed by villous trophoblasts during placental
development [127,128]. Among many miRNAs expressed by human trophoblasts, the chromosome 19
microRNA cluster (C19MC) constitutes the largest human miRNA cluster, and C19MC miRNAs are
expressed from chromosome 19q13.41 [129]. This cluster includes 58 mature miRNA species that are
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encoded by 46 miRNA genes, spanning over 100 kb. Intriguingly, this cluster is expressed exclusively
in primates, and expressed almost exclusively in the placenta [18,128,130,131]. Study of this miRNA
secretion using the BeWo cell line revealed that STBs were the main source of the miRNAs released
into the maternal circulation, and the differential expression of C19MC miRNAs regulates placental
physiology [127].

Placental trophoblasts are known to produce high levels of exosomes [18]. Extracellular miRNAs
can be initially packaged and secreted by exosomes, which are small EVs derived from placental
trophoblasts, mainly involved in intercellular communication [132–134]. Being enclosed in exosomes
might explain why miRNAs circulating in plasma are highly stable. Exosome-mediated transfer
of miRNAs specific to the placenta is one mechanism of maternal–fetal communication, especially
in the context of regulating maternal immune response to pathogen infections. Valadi et al. have
demonstrated the ability of exosomes to shuttle various RNA species that can be translated and
ultimately regulate the activity or differentiation of these recipient cells [132]. Moreover, exogenous
expression of the entire C19MC in non-placental cells via exosome-mediated delivery drastically
reduces virus infection, and select expression of C19MC family members miR517-3p, miR516b-5p, and
miR512-3p alone significantly limited the replication of both RNA and DNA viruses [18,135]. Together,
these findings demonstrate the importance of placental trophoblasts at the maternal–fetal interface in
terms of limiting the spread of pathogens through miRNA-mediated regulation.

Going forward, investigation of how the microbiome is associated with placental pathology is a
new area of interest. Increasing evidence indicates a link between preterm birth and the microbiomes
of tissues previously thought to be sterile, including the placenta. Among the first evidence of a
placental microbiome is the finding by Aaggard et al. that bacteria are found in the placenta in full-term
pregnancies in the absence of histological inflammation and clinical infection [136]. Furthermore,
the placental membrane microbiome is altered among subjects with spontaneous preterm birth with
and without chorioamnionitis [137–140]. As expected, pregnancies that resulted in spontaneous
preterm births were associated with placental microbiota that varied depending on the severity of
chorioamnionitis, in addition to significant alterations in certain bacterial metabolic pathways, which
may be contributing factors to an increased risk of preterm birth. Ferretti et al. have also suggested
vertical transmission of microbes from multiple maternal sites of the body, among which the mouth and
gut make the greatest contributions to microbial diversity [141]. In contrast, a recent study reported
that bacterial infections of the placenta are uncommon and do not account for the majority of cases
of pregnancy-related complications, including preterm birth [142]. According to de Goffau et al.,
bacterial acquisition by infants occurs during labor and delivery, and a healthy human placenta does
not contain a microbiome. However, one cannot rule out vertical transmission of microbes and, given
the possibility that placental membrane microbiome altered by viral infection may also contribute
to the risk of miscarriage, preterm birth, and microcephaly, metagenomic sequencing studies will
be very important to identify bacterial species unique to the placenta and alteration patterns in the
microbiome composition.

Lastly, the interactions of hormones and the immune system contributing to both the outcome of
pregnancy and female susceptibility to viral infections should be further studied. Female reproduction
is regulated predominately by estrogen, progesterone, luteinizing hormone, and follicular stimulating
hormone. These sex hormones contribute significantly to the shift in immune function that occurs over
the three trimesters of pregnancy. Pregnant women have a unique immunological profile modulated
by the sex hormones required to maintain pregnancy, namely progesterone and estrogens. Insufficient
progesterone production has been associated with infertility and recurrent miscarriages [143,144],
whereas estrogens have also been implicated in inducing CD4+ CD25+ T regulatory cells (Tregs) and
are critical for maintaining tolerance within the maternal–fetal interface [145]. Progesterone also
upregulates the activity of uterine Tregs, which act as suppressors of inflammatory immune subsets,
particularly NK cells and macrophages resident to the endometrium [146]. Thus, hormonal regulation
of pregnancy and immune signaling are delicately balanced to protect fetal development. However,
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this balance can be disrupted by viral pathogens that cross placental barrier. For example, Littauer
and colleagues demonstrated that influenza virus infection disrupts progesterone production and
upregulates inflammatory mediators such as cyclooxygenase-2 and prostaglandins, resulting in preterm
birth and miscarriages [147]. Furthermore, using an animal model, the same group reported that viral
load was negatively associated with progesterone concentration, and reduced progesterone expression
was correlated with preterm birth in influenza virus-infected pregnant mice [148]. Administration of
progesterone to female mice following influenza A (H1N1) virus infection reduced immunopathological
changes and improved lung epithelial cell regeneration, although it did not reduce viral load [149].

6. Conclusions

The epidemics of ZIKV and its clinical consequences during pregnancy raised awareness of the
importance of research into placental pathology and immunology. Although many risk factors have
been taken into consideration in identifying the etiological agents of miscarriage, infertility and birth
defects, many cases of pregnancy complications are yet to be accompanied by a clear explanation. As
we previously summarized, certain viral infections can lead to detrimental defects on the developing
fetus. Several studies have confirmed the role of viral infections as a direct cause of miscarriage and
intrauterine fetal demise, especially during the second trimester of pregnancy. However, the association
between infection during the first trimester and miscarriages is still questionable. Therefore, it will be
important to further characterize cellular and molecular virulence mechanisms of viral pathogenesis
using cells or tissues derived from the placenta harvested from first trimester pregnancies.

Once thought to provide a passive structural and physiological barrier at the maternal–fetal
interface, the placenta is now emerging as an important regulator of immune response during pregnancy.
Future modeling of viral infections in the placenta using novel platforms such as 3D cell cultures or
organ-on-a-chip devices will address the extent of pathophysiology associated with viral infections
and the underlying biological mechanisms that can lead to the development of therapeutics to prevent
pregnancy complications.

Author Contributions: Conceptualization, J.K.L., H.P., O.S.S.; Writing—Original Draft Preparation, J.K.L.;
Writing—Review & Editing, J.K.L., S.-J.O., H.P., and O.S.S.; Funding Acquisition, O.S.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by the Basic Science Research Program of the National Research Foundation
of Korea (NRF) and was funded by the Ministry of Science, ICT & Future Planning (NRF-2019R1A2C1005961).

Acknowledgments: We would like to thank Rak-Kyun Seong for administrative and technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gude, N.M.; Roberts, C.T.; Kalionis, B.; King, R.G. Growth and function of the normal human placenta.
Thromb. Res. 2004, 114, 397–407. [CrossRef] [PubMed]

2. Benirschke, K.; Kaufmann, P. Pathology of the Human Placenta, 3rd ed.; Springer: New York, NY, USA, 1995.
3. Kliman, H.J. Trophoblast to human placenta. In Encyclopedia of Reproduction; Academic Press: San Diego, CA,

USA, 1999.
4. Woods, L.; Perez-Garcia, V.; Hemberger, M. Regulation of placental development and its impact on fetal

growth—new insights from mouse models. Front. Endocrinol. 2018, 9, 570. [CrossRef] [PubMed]
5. Brasil, P.; Pereira, J.P., Jr.; Moreira, M.E.; Ribeiro Nogueira, R.M.; Damasceno, L.; Wakimoto, M.; Rabello, R.S.;

Valderramos, S.G.; Halai, U.-A.; Salles, T.S.; et al. Zika virus infection in pregnant women in Rio de Janeiro.
N. Engl. J. Med. 2016, 375, 2321–2334. [CrossRef] [PubMed]

6. Cauchemez, S.; Besnard, M.; Bompard, P.; Dub, T.; Guillemette-Artur, P.; Eyrolle-Guignot, D.; Salje, H.;
Van Kerkhove, M.D.; Abadie, V.; Garel, C.J.T.L. Association between Zika virus and microcephaly in French
Polynesia, 2013–15: A retrospective study. Lancet 2016, 387, 2125–2132. [CrossRef]

http://dx.doi.org/10.1016/j.thromres.2004.06.038
http://www.ncbi.nlm.nih.gov/pubmed/15507270
http://dx.doi.org/10.3389/fendo.2018.00570
http://www.ncbi.nlm.nih.gov/pubmed/30319550
http://dx.doi.org/10.1056/NEJMoa1602412
http://www.ncbi.nlm.nih.gov/pubmed/26943629
http://dx.doi.org/10.1016/S0140-6736(16)00651-6


Viruses 2020, 12, 5 14 of 20

7. Dudley, D.M.; Van, K.R.; Coffey, L.L.; Ardeshir, A.; Keesler, R.I.; Bliss-Moreau, E.; Grigsby, P.L.; Steinbach, R.J.;
Hirsch, A.J.; MacAllister, R.P. Miscarriage and stillbirth following maternal Zika virus infection in nonhuman
primates. Nat. Med. 2018, 24, 1104–1107. [CrossRef]

8. Lee, J.S.; Romero, R.; Han, Y.M.; Kim, H.C.; Kim, C.J.; Hong, J.-S.; Huh, D. Placenta-on-a-chip: A novel
platform to study the biology of the human placenta. J. Matern. Fetal Neonatal Med. 2016, 29, 1046–1054.
[CrossRef]

9. Leóón-Juárez, M.; Martínez–Castillo, M.; González-García, M.; Helguera-Repetto, A.C.; Zaga-Clavellina, V.;
García-Cordero, J.; Flores-Pliego, A.; Herrera-Salazar, A.; Vázquez-Martínez, E.R.; Reyes-Muñoz, E. Cellular
and molecular mechanisms of viral infection in the human placenta. Pathog. Dis. 2017, 75, 7.

10. Sarah, A.; Robertson, M.G.P.; Joan, S.H. Knobil and Neill’s Physiology of Reproduction, 4th ed; Academic Press:
Cambridge, MA, USA, 2015.

11. Wang, Y.Z.S. Chapter 4, Cell Types of the Placenta; Morgan & Claypool Life Sciences: San Rafael, CA, USA, 2010.
12. Castellucci, M.; Kaufmann, P. Basic structure of the villous trees. In Pathology of the Human Placenta; Springer

Verlag: Berlin/Heidelberg, Germany, 2006; pp. 50–120.
13. Pereira, L. Congenital viral infection: Traversing the uterine-placental interface. Annu. Rev. Virol. 2018, 5,

273–299. [CrossRef]
14. Benirschke, K.; Burton, G.J.; Baergen, R.N. Nonvillous parts and trophoblast invasion. In Pathology of the

Human Placenta; Springer: New York, NY, USA, 2012; pp. 157–240.
15. Loewendorf, A.I.; Nguyen, T.A.; Yesayan, M.N.; Kahn, D.A. Normal human pregnancy results in maternal

immune activation in the periphery and at the uteroplacental interface. PLoS ONE 2014, 9, e96723. [CrossRef]
16. Comiskey, M.; Warner, C.M.; Schust, D.J. MHC molecules of the preimplantation embryo and trophoblast.

In Immunology of Pregnancy; Springer: Berlin/Heidelberg, Germany, 2006; pp. 130–147.
17. Redman, C.; McMichael, A.; Stirrat, G.; Sunderland, C.; Ting, A. Class 1 major histocompatibility complex

antigens on human extra-villous trophoblast. Immunology 1984, 52, 457.
18. Ouyang, Y.; Mouillet, J.-F.; Coyne, C.B.; Sadovsky, Y. Placenta-specific microRNAs in exosomes–good things

come in nano-packages. Placenta 2014, 35, S69–S73. [CrossRef] [PubMed]
19. Ouyang, Y.; Bayer, A.; Chu, T.; Tyurin, V.A.; Kagan, V.E.; Morelli, A.E.; Coyne, C.B.; Sadovsky, Y. Isolation of

human trophoblastic extracellular vesicles and characterization of their cargo and antiviral activity. Placenta
2016, 47, 86–95. [CrossRef] [PubMed]

20. Reyes, L.; Golos, T. Hofbauer cells: Their role in healthy and complicated pregnancy. Front. Immunol. 2018, 9,
2628. [CrossRef] [PubMed]

21. Wood, G.; Reynard, J.; Krishnan, E.; Racela, L. Immunobiology of the human placenta: II. Localization of
macrophages, in vivo bound IgG and C3. Cell. Immunol. 1978, 35, 205–216. [CrossRef]

22. Gordon, S.; Martinez, F.O. Alternative activation of macrophages: Mechanism and functions. Immunity 2010,
32, 593–604. [CrossRef]

23. Khan, S.; Katabuchi, H.; Araki, M.; Nishimura, R.; Okamura, H. Human villous macrophage-conditioned
media enhance human trophoblast growth and differentiation in vitro. Biol. Reprod. 2000, 62, 1075–1083.
[CrossRef]

24. Wetzka, B.; Clark, D.; Charnock-Jones, D.; Zahradnik, H.; Smith, S. Isolation of macrophages (Hofbauer cells)
from human term placenta and their prostaglandin E2 and thromboxane production. Hum. Reprod. (Oxf.
Engl.) 1997, 12, 847–852. [CrossRef]

25. Castellucci, M.; Kaufmann, P. A three-dimensional study of the normal human placental villous core: II.
Stromal architecture. Placenta 1982, 3, 269–285. [CrossRef]

26. Ingman, K.; Cookson, V.; Jones, C.; Aplin, J. Characterisation of Hofbauer cells in first and second trimester
placenta: Incidence, phenotype, survival in vitro and motility. Placenta 2010, 31, 535–544. [CrossRef]

27. In’t Anker, P.S.; Scherjon, S.A.; Kleijburg-van der Keur, C.; de Groot-Swings, G.M.; Claas, F.H.; Fibbe, W.E.;
Kanhai, H.H. Isolation of mesenchymal stem cells of fetal or maternal origin from human placenta. Stem Cells
2004, 22, 1338–1345. [CrossRef]

28. Takahashi, K.; Igura, K.; Zhang, X.; Mitsuru, A.; Takahashi, T.A. Effects of osteogenic induction on
mesenchymal cells from fetal and maternal parts of human placenta. Cell Transplant. 2004, 13, 337–342.
[CrossRef] [PubMed]

29. Miki, T.; Lehmann, T.; Cai, H.; Stolz, D.B.; Strom, S.C. Stem cell characteristics of amniotic epithelial cells.
Stem Cells 2005, 23, 1549–1559. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/s41591-018-0088-5
http://dx.doi.org/10.3109/14767058.2015.1038518
http://dx.doi.org/10.1146/annurev-virology-092917-043236
http://dx.doi.org/10.1371/journal.pone.0096723
http://dx.doi.org/10.1016/j.placenta.2013.11.002
http://www.ncbi.nlm.nih.gov/pubmed/24280233
http://dx.doi.org/10.1016/j.placenta.2016.09.008
http://www.ncbi.nlm.nih.gov/pubmed/27780544
http://dx.doi.org/10.3389/fimmu.2018.02628
http://www.ncbi.nlm.nih.gov/pubmed/30498493
http://dx.doi.org/10.1016/0008-8749(78)90140-5
http://dx.doi.org/10.1016/j.immuni.2010.05.007
http://dx.doi.org/10.1095/biolreprod62.4.1075
http://dx.doi.org/10.1093/humrep/12.4.847
http://dx.doi.org/10.1016/S0143-4004(82)80004-0
http://dx.doi.org/10.1016/j.placenta.2010.03.003
http://dx.doi.org/10.1634/stemcells.2004-0058
http://dx.doi.org/10.3727/000000004783983918
http://www.ncbi.nlm.nih.gov/pubmed/15468675
http://dx.doi.org/10.1634/stemcells.2004-0357
http://www.ncbi.nlm.nih.gov/pubmed/16081662


Viruses 2020, 12, 5 15 of 20

30. Miki, T.; Strom, S.C. Amnion-derived pluripotent/multipotent stem cells. Stem Cell Rev. 2006, 2, 133–141.
[CrossRef] [PubMed]

31. Igura, K.; Zhang, X.; Takahashi, K.; Mitsuru, A.; Yamaguchi, S.; Takahashi, T. Isolation and characterization
of mesenchymal progenitor cells from chorionic villi of human placenta. Cytotherapy 2004, 6, 543–553.
[CrossRef] [PubMed]

32. Abumaree, M.; Al Jumah, M.; Kalionis, B.; Jawdat, D.; Al Khaldi, A.; AlTalabani, A.; Knawy, B. Phenotypic
and functional characterization of mesenchymal stem cells from chorionic villi of human term placenta.
Stem Cell Rev. Rep. 2013, 9, 16–31. [CrossRef] [PubMed]

33. Luan, X.; Li, G.; Wang, G.; Wang, F.; Lin, Y. Human placenta-derived mesenchymal stem cells suppress T cell
proliferation and support the culture expansion of cord blood CD34+ cells: A comparison with human bone
marrow-derived mesenchymal stem cells. Tissue Cell 2013, 45, 32–38. [CrossRef] [PubMed]

34. Trowsdale, J.; Betz, A.G. Mother’s little helpers: Mechanisms of maternal-fetal tolerance. Nat. Immunol. 2006,
7, 241. [CrossRef]

35. Racicot, K.; Mor, G. Risks associated with viral infections during pregnancy. J. Clin. Investig. 2017, 127,
1591–1599. [CrossRef]

36. Kinney, J.S.; Kumar, M.L. Should we expand the TORCH complex?: A description of clinical and diagnostic
aspects of selected old and new agents. Clin. Perinatol. 1988, 15, 727–744. [CrossRef]

37. Schwartz, D.A. The origins and emergence of Zika virus, the newest TORCH infection: what’s old is new
again. Arch. Pathol. Lab. Med. 2016, 141, 18–25. [CrossRef]

38. Saraswathy, T.; Rozainanee, M.; Asshikin, R.N.; Zainah, S. Congenital rubella syndrome: A review of
laboratory data from 2002 to 2011. Southeast Asian J. Trop. Med. Public Health 2013, 44, 429–435. [PubMed]

39. Lazar, M.; Perelygina, L.; Martines, R.; Greer, P.; Paddock, C.D.; Peltecu, G.; Lupulescu, E.; Icenogle, J.;
Zaki, S.R. Immunolocalization and distribution of rubella antigen in fatal congenital rubella syndrome.
EBioMedicine 2016, 3, 86–92. [CrossRef] [PubMed]

40. Geyer, H.; Bauer, M.; Neumann, J.; Lüdde, A.; Rennert, P.; Friedrich, N.; Claus, C.; Perelygina, L.; Mankertz, A.
Gene expression profiling of rubella virus infected primary endothelial cells of fetal and adult origin. Virol. J.
2016, 13, 21. [CrossRef] [PubMed]

41. Lee, J.-Y.; Bowden, D.S. Rubella virus replication and links to teratogenicity. Clin. Microbiol. Rev. 2000, 13,
571–587. [CrossRef] [PubMed]

42. Knipe, D.; Howley, P.; Griffin, D.; Lamb, R.; Martin, M.; Roizman, B.; Straus, S. Fields Virology; Lippincott
Williams & Wilkins: Philadelphia, PA, USA, 2007; Volume 1, pp. 1001–1100.

43. Töndury, G.; Smith, D.W. Fetal rubella pathology. J. Pediatrics 1966, 68, 867–879. [CrossRef]
44. Anzivino, E.; Fioriti, D.; Mischitelli, M.; Bellizzi, A.; Barucca, V.; Chiarini, F.; Pietropaolo, V. Herpes simplex

virus infection in pregnancy and in neonate: Status of art of epidemiology, diagnosis, therapy and prevention.
Virol. J. 2009, 6, 40. [CrossRef]

45. Mustonen, K.; Mustakangas, P.; Valanne, L.; Haltia, M.; Koskiniemi, M. Congenital varicella-zoster virus
infection after maternal subclinical infection: Clinical and neuropathological findings. J. Perinatol. 2001, 21,
141. [CrossRef]

46. Nikkels, A.F.; Delbecque, K.; Pierard, G.E.; Wienkotter, B.; Schalasta, G.; Enders, M. Distribution of
varicella-zoster virus DNA and gene products in tissues of a first-trimester varicella-infected fetus. J. Infect.
Dis. 2005, 191, 540–545. [CrossRef]

47. Whitley, R.J.; Roizman, B. Herpes simplex virus infections. Lancet 2001, 357, 1513–1518. [CrossRef]
48. Emery, V.C.; Lazzarotto, T. Cytomegalovirus in pregnancy and the neonate. F1000 Res. 2017, 6, 138. [CrossRef]

[PubMed]
49. Enders, G.; Daiminger, A.; Bäder, U.; Exler, S.; Enders, M. Intrauterine transmission and clinical outcome of

248 pregnancies with primary cytomegalovirus infection in relation to gestational age. J. Clin. Virol. 2011, 52,
244–246. [CrossRef] [PubMed]

50. Daiminger, A.; Bäder, U.; Enders, G. Pre–and periconceptional primary cytomegalovirus infection: Risk of
vertical transmission and congenital disease. Bjog: Int. J. Obstet. Gynaecol. 2005, 112, 166–172. [CrossRef]
[PubMed]

51. Pass, R.F.; Fowler, K.B.; Boppana, S.B.; Britt, W.J.; Stagno, S. Congenital cytomegalovirus infection following
first trimester maternal infection: Symptoms at birth and outcome. J. Clin. Virol. 2006, 35, 216–220. [CrossRef]

http://dx.doi.org/10.1007/s12015-006-0020-0
http://www.ncbi.nlm.nih.gov/pubmed/17237552
http://dx.doi.org/10.1080/14653240410005366-1
http://www.ncbi.nlm.nih.gov/pubmed/15770794
http://dx.doi.org/10.1007/s12015-012-9385-4
http://www.ncbi.nlm.nih.gov/pubmed/22628114
http://dx.doi.org/10.1016/j.tice.2012.09.002
http://www.ncbi.nlm.nih.gov/pubmed/23107983
http://dx.doi.org/10.1038/ni1317
http://dx.doi.org/10.1172/JCI87490
http://dx.doi.org/10.1016/S0095-5108(18)30670-5
http://dx.doi.org/10.5858/arpa.2016-0429-ED
http://www.ncbi.nlm.nih.gov/pubmed/24050074
http://dx.doi.org/10.1016/j.ebiom.2015.11.050
http://www.ncbi.nlm.nih.gov/pubmed/26870820
http://dx.doi.org/10.1186/s12985-016-0475-9
http://www.ncbi.nlm.nih.gov/pubmed/26837541
http://dx.doi.org/10.1128/CMR.13.4.571
http://www.ncbi.nlm.nih.gov/pubmed/11023958
http://dx.doi.org/10.1016/S0022-3476(66)80204-4
http://dx.doi.org/10.1186/1743-422X-6-40
http://dx.doi.org/10.1038/sj.jp.7200508
http://dx.doi.org/10.1086/426942
http://dx.doi.org/10.1016/S0140-6736(00)04638-9
http://dx.doi.org/10.12688/f1000research.10276.1
http://www.ncbi.nlm.nih.gov/pubmed/28299191
http://dx.doi.org/10.1016/j.jcv.2011.07.005
http://www.ncbi.nlm.nih.gov/pubmed/21820954
http://dx.doi.org/10.1111/j.1471-0528.2004.00328.x
http://www.ncbi.nlm.nih.gov/pubmed/15663580
http://dx.doi.org/10.1016/j.jcv.2005.09.015


Viruses 2020, 12, 5 16 of 20

52. Fisher, S.; Genbacev, O.; Maidji, E.; Pereira, L. Human cytomegalovirus infection of placental cytotrophoblasts
in vitro and in utero: Implications for transmission and pathogenesis. J. Virol. 2000, 74, 6808–6820. [CrossRef]

53. Axelsson, C.; Bondestam, K.; Frisk, G.; Bergström, S.; Diderholm, H. Coxsackie B virus infections in women
with miscarriage. J. Med Virol. 1993, 39, 282–285. [CrossRef]

54. Brown, G.C.; Evans, T.N. Serologic evidence of Coxsackievirus etiology of congenital heart disease. JAMA
1967, 199, 183–187. [CrossRef]

55. Bendig, J.W.; Franklin, O.M.; Hebden, A.K.; Backhouse, P.J.; Clewley, J.P.; Goldman, A.P.; Piggott, N.
Coxsackievirus B3 sequences in the blood of a neonate with congenital myocarditis, plus serological evidence
of maternal infection. J. Med. Virol. 2003, 70, 606–609. [CrossRef]

56. Genen, L.; Nuovo, G.J.; Krilov, L.; Davis, J.M. Correlation of in situ detection of infectious agents in the
placenta with neonatal outcome. J. Pediatrics 2004, 144, 316–320. [CrossRef]

57. Konstantinidou, A.; Anninos, H.; Spanakis, N.; Kotsiakis, X.; Syridou, G.; Tsakris, A.; Patsouris, E.
Transplacental infection of Coxsackievirus B3 pathological findings in the fetus. J. Med. Virol. 2007,
79, 754–757. [CrossRef]

58. Hwang, J.H.; Kim, J.W.; Hwang, J.Y.; Lee, K.M.; Shim, H.M.; Bae, Y.K.; Paik, S.S.; Park, H. Coxsackievirus
B infection is highly related with missed abortion in Korea. Yonsei Med. J. 2014, 55, 1562–1567. [CrossRef]
[PubMed]

59. Asher, D.R.; Cerny, A.M.; Weiler, S.R.; Horner, J.W.; Keeler, M.L.; Neptune, M.A.; Jones, S.N.; Bronson, R.T.;
DePinho, R.A.; Finberg, R.W. Coxsackievirus and adenovirus receptor is essential for cardiomyocyte
development. Genesis 2005, 42, 77–85. [CrossRef] [PubMed]

60. Dorner, A.A.; Wegmann, F.; Butz, S.; Wolburg-Buchholz, K.; Wolburg, H.; Mack, A.; Nasdala, I.; August, B.;
Westermann, J.; Rathjen, F.G. Coxsackievirus-adenovirus receptor (CAR) is essential for early embryonic
cardiac development. J. Cell Sci. 2005, 118, 3509–3521. [CrossRef] [PubMed]

61. Hwang, J.Y.; Lee, K.M.; KiM, Y.H.; SHiM, H.M.; Bae, Y.K.; Hwang, J.H.; ParK, H. Pregnancy Loss
Following Coxsackievirus B3 Infection in Mice during Early Gestation Due toHigh Expression of
Coxsackievirus-Adenovirus Receptor (CAR) in Uterus and Embryo. Exp. Anim. 2014, 63, 63–72. [CrossRef]
[PubMed]

62. Euscher, E.; Davis, J.; Holzman, I.; Nuovo, G.J. Coxsackie virus infection of the placenta associated with
neurodevelopmental delays in the newborn. Obstet. Gynecol. 2001, 98, 1019–1026. [PubMed]

63. Johansson, M.A.; Mier-y-Teran-Romero, L.; Reefhuis, J.; Gilboa, S.M.; Hills, S.L. Zika and the risk of
microcephaly. New Engl. J. Med. 2016, 375, 1–4. [CrossRef]

64. Lee, J.K.; Shin, O.S. Advances in Zika virus–host cell interaction: Current knowledge and future perspectives.
Int. J. Mol. Sci. 2019, 20, 1101. [CrossRef] [PubMed]

65. Oliveira Melo, A.; Malinger, G.; Ximenes, R.; Szejnfeld, P.; Alves Sampaio, S.; Bispo de Filippis, A. Zika virus
intrauterine infection causes fetal brain abnormality and microcephaly: Tip of the iceberg? Ultrasound Obstet.
Gynecol. 2016, 47, 6–7. [CrossRef]

66. Calvet, G.; Aguiar, R.S.; Melo, A.S.; Sampaio, S.A.; De Filippis, I.; Fabri, A.; Araujo, E.S.; de Sequeira, P.C.;
de Mendonça, M.C.; de Oliveira, L. Detection and sequencing of Zika virus from amniotic fluid of fetuses
with microcephaly in Brazil: A case study. Lancet Infect. Dis. 2016, 16, 653–660. [CrossRef]

67. Quicke, K.M.; Bowen, J.R.; Johnson, E.L.; McDonald, C.E.; Ma, H.; O’Neal, J.T.; Rajakumar, A.; Wrammert, J.;
Rimawi, B.H.; Pulendran, B. Zika virus infects human placental macrophages. Cell Host Microbe 2016, 20,
83–90. [CrossRef]

68. Bayer, A.; Lennemann, N.J.; Ouyang, Y.; Bramley, J.C.; Morosky, S.; Marques, E.T.D.A.; Cherry, S.; Sadovsky, Y.;
Coyne, C.B. Type III interferons produced by human placental trophoblasts confer protection against Zika
virus infection. Cell Host Microbe 2016, 19, 705–712. [CrossRef] [PubMed]

69. Schwartz, D.A. Viral infection, proliferation, and hyperplasia of Hofbauer cells and absence of inflammation
characterize the placental pathology of fetuses with congenital Zika virus infection. Arch. Gynecol. Obstet.
2017, 295, 1361–1368. [CrossRef] [PubMed]

70. Rosenberg, A.Z.; Yu, W.; Hill, D.A.; Reyes, C.A.; Schwartz, D.A. Placental pathology of Zika virus: Viral
infection of the placenta induces villous stromal macrophage (Hofbauer cell) proliferation and hyperplasia.
Arch. Pathol. Lab. Med. 2016, 141, 43–48. [CrossRef] [PubMed]

http://dx.doi.org/10.1128/JVI.74.15.6808-6820.2000
http://dx.doi.org/10.1002/jmv.1890390405
http://dx.doi.org/10.1001/jama.1967.03120030087016
http://dx.doi.org/10.1002/jmv.10437
http://dx.doi.org/10.1016/j.jpeds.2003.12.015
http://dx.doi.org/10.1002/jmv.20887
http://dx.doi.org/10.3349/ymj.2014.55.6.1562
http://www.ncbi.nlm.nih.gov/pubmed/25323892
http://dx.doi.org/10.1002/gene.20127
http://www.ncbi.nlm.nih.gov/pubmed/15864812
http://dx.doi.org/10.1242/jcs.02476
http://www.ncbi.nlm.nih.gov/pubmed/16079292
http://dx.doi.org/10.1538/expanim.63.63
http://www.ncbi.nlm.nih.gov/pubmed/24521864
http://www.ncbi.nlm.nih.gov/pubmed/11755547
http://dx.doi.org/10.1056/NEJMp1605367
http://dx.doi.org/10.3390/ijms20051101
http://www.ncbi.nlm.nih.gov/pubmed/30836648
http://dx.doi.org/10.1002/uog.15831
http://dx.doi.org/10.1016/S1473-3099(16)00095-5
http://dx.doi.org/10.1016/j.chom.2016.05.015
http://dx.doi.org/10.1016/j.chom.2016.03.008
http://www.ncbi.nlm.nih.gov/pubmed/27066743
http://dx.doi.org/10.1007/s00404-017-4361-5
http://www.ncbi.nlm.nih.gov/pubmed/28396992
http://dx.doi.org/10.5858/arpa.2016-0401-OA
http://www.ncbi.nlm.nih.gov/pubmed/27681334


Viruses 2020, 12, 5 17 of 20

71. Aagaard, K.M.; Lahon, A.; Suter, M.A.; Arya, R.P.; Seferovic, M.D.; Vogt, M.B.; Hu, M.; Stossi, F.; Mancini, M.A.;
Harris, R.A. Primary human placental trophoblasts are permissive for Zika virus (ZIKV) replication. Sci. Rep.
2017, 7, 41389. [CrossRef] [PubMed]

72. Homem, C.C.; Repic, M.; Knoblich, J.A. Proliferation control in neural stem and progenitor cells. Nat. Rev.
Neurosci. 2015, 16, 647. [CrossRef] [PubMed]

73. McGrath, E.L.; Rossi, S.L.; Gao, J.; Widen, S.G.; Grant, A.C.; Dunn, T.J.; Azar, S.R.; Roundy, C.M.; Xiong, Y.;
Prusak, D.J. Differential responses of human fetal brain neural stem cells to Zika virus infection. Stem Cell
Rep. 2017, 8, 715–727. [CrossRef]

74. Pouliot, S.H.; Xiong, X.; Harville, E.; Paz-Soldan, V.; Tomashek, K.M.; Breart, G.; Buekens, P. Maternal dengue
and pregnancy outcomes: A systematic review. Obstet. Gynecol. Surv. 2010, 65, 107–118.

75. Bebell, L.M.; Oduyebo, T.; Riley, L.E. Ebola virus disease and pregnancy: A review of the current knowledge of
Ebola virus pathogenesis, maternal, and neonatal outcomes. Birth Defects Res. 2017, 109, 353–362. [CrossRef]

76. Johnson, E.L.; Chakraborty, R. Placental Hofbauer cells limit HIV-1 replication and potentially offset mother
to child transmission (MTCT) by induction of immunoregulatory cytokines. Retrovirology 2012, 9, 101.
[CrossRef]

77. Abrahams, V.M.; Schaefer, T.M.; Fahey, J.V.; Visintin, I.; Wright, J.A.; Aldo, P.B.; Romero, R.; Wira, C.R.;
Mor, G. Expression and secretion of antiviral factors by trophoblast cells following stimulation by the TLR-3
agonist, Poly (I: C). Hum. Reprod. 2006, 21, 2432–2439. [CrossRef]

78. Dalsgaard, A.; Aboagye-Mathiesen, G.; Justesen, J.; Zdravkovic, M.; Ebbesen, P. Basal and interferon-induced
2′, 5′-oligoadepylate synthetase activity in human placental trophoblast and trophoblast-derived malignant
cell lines. Placenta 1995, 16, 137–146. [CrossRef]

79. Bebell, L.M.; Riley, L.E. Ebola virus disease and Marburg disease in pregnancy: A review and management
considerations for filovirus infection. Obstet. Gynecol. 2015, 125, 1293. [CrossRef] [PubMed]

80. Prescott, J.B.; Marzi, A.; Safronetz, D.; Robertson, S.J.; Feldmann, H.; Best, S.M. Immunobiology of Ebola and
Lassa virus infections. Nat. Rev. Immunol. 2017, 17, 195–207. [CrossRef] [PubMed]

81. Agboeze, J.; Nwali, M.I.; Nwakpakpa, E.; Ogah, O.E.; Onoh, R.; Eze, J.; Ukaegbe, C.; Ajayi, N.; Nnadozie, U.U.;
Orji, M.-L. Lassa fever in pregnancy with a positive maternal and fetal outcome: A case report. Int. J. Infect.
Dis. 2019, 89, 84–86. [CrossRef] [PubMed]

82. Jordan, J.; DeLoia, J. Globoside expression within the human placenta. Placenta 1999, 20, 103–108. [CrossRef]
83. Pasquinelli, G.; Bonvicini, F.; Foroni, L.; Salfi, N.; Gallinella, G. Placental endothelial cells can be productively

infected by Parvovirus B19. J. Clin. Virol. 2009, 44, 33–38. [CrossRef]
84. De Jong, E.P.; de Haan, T.R.; Kroes, A.C.; Beersma, M.F.; Oepkes, D.; Walther, F.J. Parvovirus B19 infection in

pregnancy. J. Clin. Virol. 2006, 36, 1–7. [CrossRef]
85. Mendelson, E.; Aboudy, Y.; Smetana, Z.; Tepperberg, M.; Grossman, Z. Laboratory assessment and diagnosis

of congenital viral infections: Rubella, cytomegalovirus (CMV), varicella-zoster virus (VZV), herpes simplex
virus (HSV), parvovirus B19 and human immunodeficiency virus (HIV). Reprod. Toxicol. 2006, 21, 350–382.
[CrossRef]

86. Furukawa, S.; Kuroda, Y.; Sugiyama, A. A comparison of the histological structure of the placenta in
experimental animals. J. Toxicol. Pathol. 2014, 27, 11–18. [CrossRef]

87. Enders, A.; Carter, A. Comparative placentation: Some interesting modifications for histotrophic nutrition–a
review. Placenta 2006, 27, 11–16. [CrossRef]

88. Carter, A.M. Animal models of human placentation–a review. Placenta 2007, 28, S41–S47. [CrossRef]
[PubMed]

89. Georgiades, P.; Ferguson-Smith, A.; Burton, G. Comparative developmental anatomy of the murine and
human definitive placentae. Placenta 2002, 23, 3–19. [CrossRef] [PubMed]

90. Rossant, J.; Cross, J.C. Placental development: Lessons from mouse mutants. Nat. Rev. Genet. 2001, 2, 538.
[CrossRef]

91. Perez-Garcia, V.; Fineberg, E.; Wilson, R.; Murray, A.; Mazzeo, C.I.; Tudor, C.; Sienerth, A.; White, J.K.;
Tuck, E.; Ryder, E.J. Placentation defects are highly prevalent in embryonic lethal mouse mutants. Nature
2018, 555, 463. [CrossRef] [PubMed]

92. Jansson, T.; Persson, E. Placental transfer of glucose and amino acids in intrauterine growth retardation:
Studies with substrate analogs in the awake guinea pig. Pediatric Res. 1990, 28, 203. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/srep41389
http://www.ncbi.nlm.nih.gov/pubmed/28128342
http://dx.doi.org/10.1038/nrn4021
http://www.ncbi.nlm.nih.gov/pubmed/26420377
http://dx.doi.org/10.1016/j.stemcr.2017.01.008
http://dx.doi.org/10.1002/bdra.23558
http://dx.doi.org/10.1186/1742-4690-9-101
http://dx.doi.org/10.1093/humrep/del178
http://dx.doi.org/10.1016/0143-4004(95)90002-0
http://dx.doi.org/10.1097/AOG.0000000000000853
http://www.ncbi.nlm.nih.gov/pubmed/26000499
http://dx.doi.org/10.1038/nri.2016.138
http://www.ncbi.nlm.nih.gov/pubmed/28111475
http://dx.doi.org/10.1016/j.ijid.2019.08.023
http://www.ncbi.nlm.nih.gov/pubmed/31465848
http://dx.doi.org/10.1053/plac.1998.0353
http://dx.doi.org/10.1016/j.jcv.2008.10.008
http://dx.doi.org/10.1016/j.jcv.2006.01.004
http://dx.doi.org/10.1016/j.reprotox.2006.02.001
http://dx.doi.org/10.1293/tox.2013-0060
http://dx.doi.org/10.1016/j.placenta.2005.10.013
http://dx.doi.org/10.1016/j.placenta.2006.11.002
http://www.ncbi.nlm.nih.gov/pubmed/17196252
http://dx.doi.org/10.1053/plac.2001.0738
http://www.ncbi.nlm.nih.gov/pubmed/11869088
http://dx.doi.org/10.1038/35080570
http://dx.doi.org/10.1038/nature26002
http://www.ncbi.nlm.nih.gov/pubmed/29539633
http://dx.doi.org/10.1203/00006450-199009000-00007
http://www.ncbi.nlm.nih.gov/pubmed/2235115


Viruses 2020, 12, 5 18 of 20

93. Dyson, R.M.; Palliser, H.K.; Kelleher, M.A.; Hirst, J.J.; Wright, I.M. The guinea pig as an animal model for
studying perinatal changes in microvascular function. Pediatric Res. 2012, 71, 20. [CrossRef]

94. Bia, F.J.; Griffith, B.P.; Fong, C.K.; Hsiung, G. Cytomegaloviral infections in the guinea pig: Experimental
models for human disease. Rev. Infect. Dis. 1983, 5, 177–195. [CrossRef]

95. Choi, Y.; Hsiung, G. Cytomegalovirus infection in guinea pigs. II. Transplacental and horizontal transmission.
J. Infect. Dis. 1978, 138, 197–202. [CrossRef]

96. Kumar, M.L.; Nankervis, G.A. Experimental congenital infection with cytomegalovirus: A guinea pig model.
J. Infect. Dis. 1978, 138, 650–654. [CrossRef]

97. Griffith, B.; McCormick, S.; Fong, C.; Lavallee, J.; Lucia, H.; Goff, E. The placenta as a site of cytomegalovirus
infection in guinea pigs. J. Virol. 1985, 55, 402–409.

98. Kumar, M.; Krause, K.K.; Azouz, F.; Nakano, E.; Nerurkar, V.R. A guinea pig model of Zika virus infection.
Virol. J. 2017, 14, 75. [CrossRef] [PubMed]

99. Krause, K.K.; Azouz, F.; Shin, O.S.; Kumar, M. Understanding the pathogenesis of Zika virus infection using
animal models. Immune Netw. 2017, 17, 287–297. [CrossRef] [PubMed]

100. Croy, B.; Chapeau, C. Evaluation of the pregnancy immunotrophism hypothesis by assessment of the
reproductive performance of young adult mice of genotype. Reproduction 1990, 88, 231–239. [CrossRef]
[PubMed]

101. Malassine, A.; Frendo, J.L.; Evain–Brion, D. A comparison of placental development and endocrine functions
between the human and mouse model. Hum. Reprod. Update 2003, 9, 531–539. [CrossRef]

102. Schmidt, A.; Morales-Prieto, D.M.; Pastuschek, J.; Froehlich, K.; Markert, U.R. Only humans have human
placentas: Molecular differences between mice and humans. J. Reprod. Immunol. 2015, 108, 65–71. [CrossRef]

103. Carter, A.M.; Enders, A.; Jones, C.; Mess, A.; Pfarrer, C.; Pijnenborg, R.; Soma, H. Comparative placentation
and animal models: Patterns of trophoblast invasion—A workshop report. Placenta 2006, 27 (Suppl. A),
S30–S33. [CrossRef]

104. Kaufmann, P. Guinea pig Cavia porcellus. Comp. Placentation 2004.
105. Mess, A. The guinea pig placenta: Model of placental growth dynamics. Placenta 2007, 28, 812–815. [CrossRef]
106. Noronha, L.E.; Antczak, D.F. Maternal immune responses to trophoblast: The contribution of the horse to

pregnancy immunology. Am. J. Reprod. Immunol. 2010, 64, 231–244. [CrossRef]
107. De Mestre, A.M.; Miller, D.; Roberson, M.S.; Liford, J.; Chizmar, L.C.; McLaughlin, K.E.; Antczak, D.F. Glial

cells missing homologue 1 is induced in differentiating equine chorionic girdle trophoblast cells. Biol. Reprod.
2009, 80, 227–234. [CrossRef]

108. Adams, A.; Antczak, D. Ectopic transplantation of equine invasive trophoblast. Biol. Reprod. 2001, 64,
753–763. [CrossRef] [PubMed]

109. Carter, A.M. Comparative studies of placentation and immunology in non-human primates suggest a
scenario for the evolution of deep trophoblast invasion and an explanation for human pregnancy disorders.
Reproduction 2011, 141, 391. [CrossRef] [PubMed]

110. Grigsby, P.L. Animal models to study placental development and function throughout normal and dysfunctional
human pregnancy, Seminars in reproductive medicine, 2016; Thieme Medical Publishers: New York, NY, USA,
2016; pp. 11–16.

111. Enders, A.C.; Lantz, K.C.; Peterson, P.E.; Hendrickx, A.G. From blastocyst to placenta: The morphology of
implantation in the baboon. Hum. Reprod. Update 1997, 3, 561–573.

112. Tabata, T.; Petitt, M.; Puerta-Guardo, H.; Michlmayr, D.; Wang, C.; Fang-Hoover, J.; Harris, E.; Pereira, L.
Zika virus targets different primary human placental cells, suggesting two routes for vertical transmission.
Cell Host Microbe 2016, 20, 155–166. [CrossRef] [PubMed]

113. Platt, D.J.; Smith, A.M.; Arora, N.; Diamond, M.S.; Coyne, C.B.; Miner, J.J. Zika virus–related neurotropic
flaviviruses infect human placental explants and cause fetal demise in mice. Sci. Transl. Med. 2018, 10,
eaao7090. [CrossRef] [PubMed]

114. Vento-Tormo, R.; Efremova, M.; Botting, R.A.; Turco, M.Y.; Vento-Tormo, M.; Meyer, K.B.; Park, J.-E.;
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