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ARTICLE INFO ABSTRACT

Keywords: Throughout history, pandemics of infectious diseases caused by emerging viruses have spread worldwide. Evi-
Zika dence from previous outbreaks demonstrated that pregnant women are at high risk of contracting the diseases
Variola and suffering from adverse outcomes. However, while some viruses can cause major health complications for the
ggll'l;i;z/?rus mother and her fetus, others do not appear to affect pregnancy. Viral surface proteins bind to specific receptors
Pregnancy on the cellular membrane of host cells and begin therewith the infection process. During pregnancy, the mo-

lecular features of these proteins may determine specific target cells in the placenta, which may explain the
different outcomes. In this review, we display information on Variola, Influenza, Zika and Corona viruses focused
on their surface proteins, effects on pregnancy, and possible target placental cells. This will contribute to un-
derstanding viral entry during pregnancy, as well as to develop strategies to decrease the incidence of obstetrical
problems in current and future infections.

1. Introduction

Defining viruses is surprisingly controversial. Throughout history
they have been called pathogenic entities [1-3], microscopic parasites
[4], small-sized infectious agents [5], collections of genes surrounded by
a protein coat [6] or organic particles [7], but most definitions can agree
on something: viruses are not living beings as they rely on other cells to
survive and replicate. Despite their common dependency from host cell
for replicating, viruses are surprisingly diverse and based on their
physical characteristics can be grouped into four classes: virus particles
or virions, virus-like particles, endogenous viral elements and temperate
viruses [5].

Virions are the particles responsible for infection in humans [5,7].
They consist of at least an inner nucleic acid core containing genetic
material such as DNA or RNA, either single- or double-stranded, and a
protein shell known as capsid, which encloses and protects their nucleic
acid genome. In some cases, virions can be further coated by an envelope
composed of a lipid bilayer which is derived from cell membranes.
Finally, there are other viral particles such as surface glycoproteins and
matrix proteins which can be found on most extracellular enveloped
virions [5,8].

Several factors on cell and virion surfaces influence host-cell
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interaction and intracellular viral tropism which consequently ensure an
efficient propagation and viral replication [9]. There are two main
mechanisms of viral tropism: receptor-dependent tropism based on
binding of the virus to specific molecules on host cells for initiation of
invasion, and receptor-independent tropism involving virus entry in the
host cell through a vector [9,10]. The majority of viruses rely on
receptor-dependent tropism, thus, the sole receptor expression on a
specific cell type is indicative for its susceptibility for viral infection, cell
entry and viral replication [10,11].

Consequently, the viral structure comprises two major roles, the
protective one accomplished by the capsid proteins and the infectious
one which drives the recognition of cellular receptors by surface pro-
teins and subsequent viral entry to the host cells [8]. The proteins or
protein domains on the virus surface are subject to selective pressure by
the host immune system. Such selective pressure leads viruses to mutate
constantly, especially on antibody-binding regions or epitopes, giving
birth to new viral variants [12,13]. In addition to mutation by selection,
some viruses can go under genetic recombination of large nucleic acid
regions leading to new viral subtypes [14].

Those viruses with enhanced adaptability are often responsible for
spreading diseases across large regions or even worldwide resulting in
pandemics. Throughout history, pandemics of diseases such as smallpox
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or influenza have revealed that pregnant women are a common de-
nominator in the high-risk groups of many human viruses [15-17].

Although substantial progress has been made so far to understand the
immune response during pregnancy in the scenario of a viral infection,
many questions remain unanswered. Further, the importance of un-
derstanding the role of viral infection during pregnancy is becoming
more and more relevant as currently, we are confronting one of the
biggest pandemics of all times.

During pregnancy, women undergo an immunological adaptation
that keeps the immune system functional but allows tolerance of the
fetus [18]. Viruses can gain access to the decidua and placenta by
ascendant infection or via blood dissemination [19,20]. Viral tropism to
the decidua and placenta is dependent on viral entry receptor expression
in these tissues as well as on the maternal immune response to the virus;
Consequently, infection can cause perinatal outcomes ranging from no
effect to pregnancy loss by spontaneous abortion or to fetal infection
with resulting congenital viral syndromes [20-22]. Remarkably, less is
known about the mechanisms responsible for the infection of placental
cells and how this impacts the pregnancy outcome.

In this Review, we discuss the current understanding on the viral
surface proteins of some pandemic viruses and their interaction with
receptors expressed in placental cells. Epidemiological and biological
data on Variola, Influenza, Zika and Corona viruses was summarized
focused on their effects on pregnancy and the reported target placental
cells. These viruses have caused major pandemics and are known for
having differential effects on the mother and fetus wellbeing, which is
reflected in the number of studies identified on PubMed using the
respective virus and MeSH terms for “pregnancy” (Fig. 1). Under-
standing placental infection and the differences among pandemic vi-
ruses could prove to be useful in the future for the control and perhaps
prediction of deleterious effects of virus infection during pregnancy.

2. Variola virus
2.1. General aspects

Among others, the Orthopoxviridae genus includes closely related
viral species such as Variola virus (VarV) major and minor, the two

variants that cause smallpox in humans; Vaccinia virus (VacV), suc-
cessfully used in the vaccine against smallpox because of its antigenic
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similarity; and some animal orthopoxviruses such as Monkeypox
(MonV), Camelpox (CamV) and Cowpox (CowV), which infect naturally
a wide variety of mammalian species including humans and are
responsible for several zoonotic outbreaks [23]. Orthopoxvirus are
unique in many ways: For instance, their big size of 200-400 nm makes
them visible under a light microscope. Their replication and assembly
occur entirely in the cytoplasm, completely independent of their host's
nucleus, something untypical for a linear double-stranded DNA virus. No
specific cellular receptor or protein is targeted or utilized for entry into
its host, and finally, they have high stability under challenging envi-
ronmental conditions such as heat or dehydration [24-26].

VarV was most frequently transmitted by droplets entering via the
respiratory system or less frequently by contact with skin lesions. The
infection spread through lymph nodes and blood stream causing a sys-
temic smallpox disease with variable clinical manifestations ranging
from mild symptoms such as fever, cough, skin and mucous injuries and
rash to severe highly lethal cardiovascular or hemorrhagic forms.
Blindness and disfigurations due to skin scabs were common complica-
tions in survivors [23,27,28].

Historically, smallpox was the first illness to be prevented by im-
munization back in the 1700s using a technique called “variolation”
consisting on inserting dried smallpox scabs up the nose or throughout a
puncture in the skin. This technique was later modified after Edward
Jenner's demonstration that inoculation of CowV cross-protected against
smallpox in humans [29]. Thanks to a consistent program of compulsory
vaccination with VacV strain by the World Health Organization (WHO),
since 1979 smallpox is considered the only human disease that has been
successfully eradicated [30,31]. However, the reappearance of smallpox
or a smallpox-like disease poses a major health concern, due to the
emergence or reemergence of VarV-like infections. Some animal
Orthopoxviruses could become human-adapted in a common process
among the genus, called host-switch. Host switch would cause not only
zoonotic outbreaks but also potential epidemics [29,32]. For example,
monkeypox is endemic to some regions Africa, and recent zoonotic
outbreaks have been reported in distant countries such as USA [27].

Another form of reemergence considered by health organizations is
as a form of bioterrorism. Following the eradication of smallpox, sci-
entists and public health officials agreed to reduce the number of lab-
oratories holding stocks of variola virus to only four locations.
Nowadays, there are only two locations that officially store and handle
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Fig. 1. Selected pandemic viruses for this review. Infographic of number of publications reported in PubMed concerning the respective virus in pregnancy.
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variola virus for research under WHO supervision: the Centers for Dis-
ease Control and Prevention in Atlanta, Georgia, and the State Research
Center of Virology and Biotechnology (VECTOR Institute) in Koltsovo,
Russia [27,33]. Although there is no immediate direct threat of a bio-
terrorist attack using smallpox, if the virus were used in a bioterrorist
attack, people who come into contact with the virus would be sick as the
vaccine is no longer given routinely [27].

2.2. Epidemiology and pregnancy outcomes

Smallpox was one of the most devastating diseases known to hu-
manity and caused millions of deaths before it was eradicated. It is
believed to have existed for at least 3000 years. Although the origin of
VarV remains unknown; the first clinical descriptions of smallpox were
noted in China (4th century), India (7th century), and in the Mediter-
ranean area (10th century) [34]. By the 15th and 16th centuries, at least
150 countries had reported cases of smallpox [35]. The last natural
outbreak of smallpox in the United States happened in 1949, and the last
case in the entire world was reported in 1977 [23,27,36].

Both vaccinated and unvaccinated women who contract smallpox
during pregnancy, suffer much higher mortality rates than non-pregnant
ones. Estimate of case fatality rates due to variola major infection among
non-vaccinated males and non-pregnant females is approximately 30%
(Fig. 2). However, 63% of non-vaccinated females suffer lethal in-
fections if they contract the disease while pregnant. Vaccination with
VarcV reduces mortality to 2% among non-pregnants, but 26% of
pregnant women would still die if they contract the disease [28]. This is
partially dependent on the four different types of disease: ordinary,
modified, flat and hemorrhagic. Both flat and hemorrhagic types have
100% fatal outcome, but only the hemorrhagic type seems to be not
preventable by vaccination [37,38]. This type is also more common in
adults, among which two-thirds are women. During pregnancy, 16% of
smallpox infections are hemorrhagic, while the rates in non-pregnant
women and men are significantly lower (0.9% and 0.8%, respectively)
[37]. The higher susceptibility of pregnant women for the hemorrhagic
type has been attributed to the imbalance of Thl/Tc cells levels in
pregnancy [39].

Maternal fatality cases increase with gestational age from 22.9% in
the first trimester, 29.2% in the second and over 40% in the third se-
mester. The risk of miscarriage and stillbirth is considered high in all
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trimesters ranging between 39 and 45% [40]. About 55% of the living
newborns die within 14 days, mostly during the first 72 h and 9% of
these children showed typical dermal signs of smallpox, but it remains
unclear if further children suffered from an intrauterine infection [41].
Additionally, evidence of intrauterine transfer of smallpox was addi-
tionally presented in a report of primary vaccination [42]. Two cases
comprising a revaccination after a long interval and a non-immune
gravida infected by her newly vaccinated child were included in this
report. Stillborn fetuses showed typical dermal pox signs as well as
microscopic visible virus particles in dermal cells and other fetal organs.
This was accompanied by morphological changes in the placenta
showed yellowish knots composed of necrotic villi and amounts of
fibrin, as well as detection by electron microscopy of VacV in the stroma
of placenta villi, which confirmed tissue infection [42].

The administration of the live VacV vaccine made possible the global
eradication of smallpox. However, vaccination of pregnant women and
their close relatives is contraindicated due to the potential vertical
transfer of VacV from mother to fetus, known as “Vaccinia Fetalis”. It is a
relatively rare but often fatal complication of primary VacV vaccination
during pregnancy [41], underlining the need to develop both vaccines
and antiviral drugs against VarV that can be safely applied during
pregnancy to prevent congenital transmission.

2.3. Surface proteins and cell targets in the placenta

Poxviruses feature two infectious forms: intracellular mature virions
(IMVs) and extracellular enveloped virions (EEVs) [43-45]. IMVs
develop in the cytoplasm of the host cell and are released by cell lysis.
This single-layered form is very stable and can be transferred between
hosts. EEVs possess an extra, but fragile membrane supporting cell-cell-
transfer within the host and exit from the host cell by exocytosis
[24,44,46]. Poxviruses genome encodes at least 17 proteins for cell
binding, membrane fusion and penetration [45] which results in diverse
host entry mechanisms varying from strain to strain and from host cell
type to host cell type [45,47]. Remarkably, poxviruses lack specific host
cell receptors making their entry as a complex and multifactorial process
involving ubiquitous elements in mammalian cell surfaces such as gly-
cosaminoglycans or components of the extracellular matrix [25].

One proposed mechanism is the entry by cell attachment and fusion
of viral and host membranes. EEVs attachment is not inhibited by
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proteinases and thus, the binding process is still unclear [45]. However,
EEVs possess several extra surface proteins at their additional mem-
brane, forming an entry fusion complex able to fuse viral and cell
membranes to give the viral core access to the host cell cytoplasm
[45,48]. Conversely, surface of IMV contains seven attachment proteins:
D8 binds chondroitin sulfate, A27 and H3 proteins bind heparan sulfate
and A26 protein binds laminin, glycosaminglycans and glycoproteins at
the target cell [47].

A second endocytic route implies the viral induction of macro-
pinocytosis by the host cell activated by exposure of phosphatidylserine
at the membrane of IMVs but not EEVs [49,50]. Masquerading apoptotic
cells, these viruses are recognized by many cell types and trigger
endocytic engulfment and intracellular tropism in a process called
“apoptotic mimicry” [51]. This strategy enhances viral tropism and
immune evasion to viruses lacking specific receptor-binding proteins
[51]. It has been proposed in VacV strain that the soluble serum protein
Gas6 mediates binding of viral phosphatidylserine complexes to a TAM
tyrosine kinase receptor at target cells to activate cell entry [52,53].
TAM receptors can be found on immune and nervous cells, but also in
the placenta [54,55].

The ability of the syncytiotrophoblast (ST) to perform macro-
pinocytosis has been shown in recent studies [56]. It has been reported
that about 10% of trophoblast cells from term placentas could be
infected in vitro with VacV [57]. VacV infected trophoblast cultures
show cytopathic changes like cytoplasmic condensation, cell rounding
and a decrease in human chorionic gonadotropin production [58]
(Figs. 3 and 4).

3. Influenza virus
3.1. General aspects

Influenza is an acute respiratory disease that ranges from mild to
severe infection or even death, mainly among high risk groups such as
pregnant women, children under 4 years, elderly, individuals with
chronic medical or immunosuppressive conditions and health care
workers [59].

Influenza is caused by Influenza viruses which belong to the Ortho-
myxoviridae family and include four genera: influenza A virus, influenza
B virus, influenza C virus and influenza D virus [60]. Influenza virions
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are enveloped and contain the viral genome, a negative, single-stranded
RNA divided into segments [61,62]. The integral surface glycoproteins
Haemagglutinin (HA) and Neuraminidase (NA) are embedded into the
envelope. The HA-NA proportion in the surface of the EEVs is 4:1 where
HA is the most abundant glycoprotein [63,64] HA and NA are also the
main pathogenic viral determinants and responsible for the antigenic
characteristics.

The majority of human influenza infections are caused by viral types
A and B but Influenza A virus (IAV) is the most important due to its high
pandemic potential: high mutation and transmission rates [60].

Influenza viruses possess two unique antigenic variation mecha-
nisms: antigenic drift and antigenic shift [65,66]. During antigenic drift
minor changes are introduced through point mutations in the viral
genome during replication, causing mutants that escape the immune
response [63,64,67]. Antigenic shift, on the other hand, results in sud-
den major changes and is possible due to the segmented genome of
Influenza viruses. When two different viral subtypes co-infect the same
host, a complete exchange of HA and NA genes may occur, in a process
called reassortment [63-65,68]. Although antigenic shift is a less
frequent variation mechanism, it depicts serious problems since it is
responsible for the emergence of new potentially pandemic strains of
“non-human” origin which have acquired specificity for human re-
ceptors and to which no human being has previously developed im-
munity against [59,61,63,67,68].

3.2. Epidemiology and pregnancy outcomes

According to the WHO, every year between 5 and 10% of the adult
population and 20 to 30% of children under the age of 2 years present
signs and symptoms of infection by the Influenza virus [69]. It is esti-
mated that between 3 and 5 million individuals suffer from severe
influenza annually [69,70].

Pandemic influenza outbreaks are characterized by being unpre-
dictable; however, epidemiological surveillance has demonstrated some
regularity. The first major influenza pandemic of the 20th century
occurred in 1918. It was caused by an AH1N1 strain and infected about a
third of the global population of that time with a death toll of 20 to 40
million people [59,63,69]. In 1957 in Singapore an AH2N2 strain of
avian IAV triggered the so-called “Asian Flu” pandemic, causing 1 to 3
million deaths. Later in 1968, an H3N2 pandemic strain emerged in
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Hong Kong, which is estimated to have caused 4 million deaths, after its
complete dissemination [59,69].

The greatest influenza pandemic of this century in 2009 was caused
once again by an IAV new pandemic subtype: AHIN1pdmO09. It origi-
nated in April in Mexico where it caused severe illness in previously
healthy adults and spread quickly to over 214 cities on 5 continents
[59,69,71]. It infected over 10% of the global population, with a death
toll estimated varying from 20,000 to over 500,000 [36]. Unlike other
typical outbreaks of seasonal influenza, the new strain caused many
infections in summer in the northern hemisphere and even more cases in
winter in this same part of the world. Additionally, it demonstrated
certain patterns that had not been seen before in influenza infections
including a large number of deaths corresponded to young, clinically
healthy patients [36,71]. The lessons learned during this pandemic have
provided valuable insight into the continued challenges of influenza, in
terms of its unpredictability and severity. To date, this strain continues
in circulation and is a common constituent in the formulation of the
vaccines designed annually [59,62,67,69,71].

Pregnancy is the highest risk factor for increased severe illness and
lethality in both pandemic and seasonal influenza [72]. Since the last
pandemic, several studies worldwide have described the impact of
influenza infection on pregnant women highlighting an increased risk of
untoward maternal and pregnancy outcomes that range from morbidity
to mortality [21,73-78].

According to the Centers for Disease Control and Prevention (CDC),
pregnant women had a disproportionately high mortality rate during the
2009 H1N1 pandemic. Despite the fact that pregnant women account for
only about 1% of the general population, they accounted for 5% of all

influenza deaths reported [79,80]. Among these deaths, 7.1% occurred
in the first trimester, 26.8% in the second, and 64.3% in the third
trimester [79].

Over the last years, the effects of influenza infection during preg-
nancy on the fetus and neonate have also received considerable atten-
tion suggesting the potential of maternal influenza infection to
predispose to long-term neurological sequelae in the in utero-exposed
offspring. First trimester maternal influenza exposure is associated with
an increased risk of any congenital anomaly, including neural tube de-
fects, hydrocephaly, congenital heart defects, aortic valve atresia/ste-
nosis, ventricular septal defect, cleft lip, digestive system and limb
reduction defects [81]. Influenza AHIN1 infections have been associ-
ated with an increase in perinatal mortality, preterm birth (PTB), low
Apgar score, increased risk on non-chromosomal congenital anomalies,
such as neural tube defects, hydrocephalia, congenital heart defects,
cleft lip, digestive system defects, and limb reduction defects [20,72,73].
There are also several studies addressing histopathological changes in
the brain and behavioral alterations in the offspring such as schizo-
phrenia and Parkinson's disease [20]. Further, it has been demonstrated
that the risk of fetal death following influenza during the pandemic
season remained elevated throughout the entire pregnancy [77].

Only few studies suggest placental infection and vertical trans-
mission of influenza viruses in vivo. A few dated case reports disclosed
presence of human influenza A H3N2 in placenta and amniotic fluid
[82-84]. A more recent study on HIN1 reports singular histological
changes and no evidence of viral RNA in any of the seven tested speci-
mens. One case report describes an early newborn who tested positive
for IAV by PCR [82]. Viral particles have been detected in lungs, Kupffer
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cells and circulating mononuclear cells of a 4 months old fetus from a
mother who died from H5N1 [85]. Thus, viral replication in the placenta
and vertical transmission of IAV may occur, but is extremely rare.

Therefore, induced pathology in the offspring can still not be
attributed to a direct cytolytic effect of the virus per se but may implicate
other mechanisms [79,86]. One explanation is based on the significant
anatomic and physiologic changes during normal pregnancy that in-
crease the risk of respiratory failure, making pregnant women more
susceptible to respiratory compromise [87]. On the other hand, it has
been suggested that fetal effects could be secondary to the maternal
inflammatory response, rather than the result of a direct viral effect
[20,21,72,86,87].

On the basis of evidence documenting excessive influenza-related
mortality in pregnant women during historical and recent pandemics
and higher rates of influenza-related morbidity requiring hospitalization
during seasonal epidemics, the WHO has recommended prioritization of
women in the influenza vaccination program who are, or will be,
pregnant during the influenza season. For these women, an inactivated
influenza vaccine should be used [75]. Further, according to WHO
suggestions, due to the high mutation rate of HA it is necessary to refresh
vaccination every year [71]. Furthermore, pregnant women with
symptoms of influenza should be screened and treated immediately,
especially those with comorbid medical conditions.

3.3. Surface proteins and cell targets in the placenta

IAV can be divided into subtypes based on the antigenic properties of
their surface glycoproteins. As of today, 18 different subtypes of HA (H1-
H18) and 11 subtypes of NA (N1-N11) have been reported with vari-
ations in their amino acid sequences of at least 30% among each other
[65,71]. Although there are a lot of possible HA-NA combinations, only
the subtypes HIN1, H2N2 and H3N2 can be transmitted among humans
[61,64].

Recognition and binding to viral receptors occur through HA. EEVs
enter the body via the upper respiratory tract and bind to molecules of N-
acetylneuraminic acid, the predominant sialic acid (SA) on the cell
surface, followed by the entrance to the host cell via endocytosis
[61,64,88]. SA also defines the particular tropism of Influenza virus
strains for specific types of glycosidic linkages to an adjacent galactose
such as the a2, 3 or a2, 6 linkage [61,66,88-90]. Upper respiratory tract
cells express SA a2, 6, whereas lower respiratory tract cells such as
alveolar cells express SA o2, 3, where the most significant pathologies
occur [79,90].

Expression of IAV viral receptor a-2,6-linked SA has been found by
immunostaining also on other tissues, including placenta, and therein,
localized to Hofbauer cells (HCs) and ECs [91]. Likewise, evidence in
vitro on the susceptibility of the human first trimester trophoblast cell
lines Swan-71 and HTR-8/SVneo to HIN1 [92] and H3N2 [93] IAVs is
indicative for the presence of IAV receptors on trophoblast cells. Decidua
but not placenta tissue seems to support replication of IAV [94], sug-
gesting the possibility of viral replication in maternal tissues prior to
spreading to placental and fetal tissues [79]. In vitro assays on first
trimester human trophoblast-derived cell lines [92] and primary
cultured chorion and amnion cells from human fetal membranes [95]
have shown viral induced apoptosis and changes in gene expression of
proinflammatory cytokines IL-1f, IL-6, and TNF-a, which in turn may
facilitate premature rupture of membranes by collapsing the amniotic
epithelial cell layer (Figs. 2 and 4).

4. ZIKA virus
4.1. General aspects
The ZIKA virus (ZIKV) belongs to the family of Flaviviridae and was

first isolated from a rhesus monkey in 1947 [96]. ZIKV is a single-
stranded RNA virus that possesses a genome of around 11 kb, which is
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translated into a big polyprotein encoding 10 viral proteins, including
the 3 structural proteins: capsid protein (C), precursor protein (prM) and
envelope protein (E); and 7 non-structural proteins (NS) used by the
virus to orchestrate viral replication or to avoid host defenses [97].
Other known members of Flaviviridae are Dengue Virus, West Nile Virus
and Yellow Fever virus [98] and much of current research on ZIKV is
based on knowledge from their previous studies. However, there is a
growing interest for ZIKV in recent years as illustrated by the increasing
number of publications: While for the term “Dengue” 13,427 search
results can be found on Pubmed until 2014, the term “ZIKA” had only
180 results. For the years 2015-2021, there are similar results with
11,965 publications for “Dengue” and 9242 for “ZIKA”.

4.2. Epidemiology and pregnancy outcomes

ZIKV was first identified in the Zika forest area of Uganda, hence its
name, but the first human infection was reported in Nigeria in 1954.
Over a 50-year period, sporadic ZIKV infections were identified across
Africa and Southeast Asia thanks immunologic surveillance [99]. The
first outside outbreak occurred in 2007 in the Yap Islands, Micronesia,
and it is estimated than 73% of their population got infected [100].
Remarkably, no deaths due to ZIK were reported and thus, these in-
fections were considered as relatively harmless [100]. The first in-
dications of a change in the epidemiology of ZIKV were reported after
the outbreaks in 2013-2014 in the French Polynesia that derived in the
pandemic spread to other pacific islands and to the Americas [99]. In
this outbreak, clusters of the Guillain-Barré syndrome, a neurological
disorder that could lead to paralysis and death, caused by ZIKV were
described for the first time.

The introduction of ZIKV to Brazil probably attributable to tourist
waves of the World Cup soccer competition and the Va'a World Sprint
Championship canoe race in 2014 caused the most devastated outbreak
of ZIKV in 2015 [99]. In general, ZIKV infection during pregnancy does
not appear to influence the risks of prematurity, low birth weight, small-
for-gestational-age, or fetal death [101]. However, during the Brazilian
outbreak, there was a rise in adverse pregnancy outcomes, including
severe birth defects, which was an unprecedented phenomenon for a
mosquito-borne virus. In 2016, the WHO lifted the pandemic's emer-
gency status for ZIKV, but it is estimated that due to the infection more
than 3700 children were born with malformations including severe
microcephaly only in the followed two years [102]. In the USA, evidence
of ZIKV infection was reported in more than 3900 pregnancies (live
births and pregnancy losses at any gestational age) during the years
2016-2017. 5% of these cases were associated with serious brain ab-
normalities including microcephaly and other severe birth defects
[103]. Among pregnancies with nucleic acid test- confirmed ZIKV
infection in the first, second, and third trimester. Potential ZIKV-
associated birth defects were reported in 8%, 5%, and 4% of fetuses or
infants, respectively [103].

Up to date, 86 countries and territories have reported evidence of
ZIKV infections and although the number of congenital abnormalities
has remitted, they are still reported in the several outbreaks and infec-
tion clusters continuing to occur in regions where the vector is present,
including the Americas, India and Southeast Asia [102,104].

4.3. Surface proteins and cell targets in the placenta

The main transmission route for ZIKV infection is through a mosquito
vector, especially Aedes aegypti. However, unlike other flaviviruses,
ZIKV can be transmitted from human to human without involvement of
an insect vector [102]. Due to its thermostability, ZIKV is detectable in
diverse human body fluids like semen, saliva, breast milk or urine, even
days or weeks after the disappearance of the clinical symptoms [99].
Hence, some cases of ZIKV infection have occurred by sexual contact,
blood or platelet transfusion, mother-to child transmission during
pregnancy and, very rarely, upon close contact in a single reported case
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[97]. Other factors such as virus strain [105], targeted cell type [106],
pregnancy stage [107] and previous infection with Dengue Virus
[108,109] influence ZIKV infection both in vitro and in vivo.

Cellular targets of ZIKV are mostly neural-type cells as demonstrated
by the presence of ZIKV RNA in post-mortem fetal brain tissue, even
after becoming undetectable in maternofetal circulation, placental bi-
opsy, and amniotic fluid [110]. Although ZIKV RNA has been consis-
tently detected in placenta tissue across studies, the detection of viral
antigens in placenta cell populations has been heterogeneous. In a first
study, placentas from pregnant women with PCR-confirmed ZIKV
infection were stained using anti-flavivirus and anti-ZIKV monoclonal
antibodies resulting in positive signals exclusively in HCs, but not in ST
or other trophoblast cells regardless of the gestational period at which
infection occurred [111]. It has been confirmed by immunohistochem-
istry for the E and NS1 antigens of ZIKV, as well as by situ hybridization
for the ZIKV genome, that HCs are the principal targets for ZIKV in the
placenta, but other cell types including decidual cells, ST, trophoblast,
endothelial and mesenchymal cells of the chorionic villi may be also
permissive to ZIKV infection [112]. As HCs play an important role in
pregnancy homeostasis, their infection causes an imbalance in the pro-
duction of MMPs that degrade collagen, as well as TNF that activates and
attracts other immune cells [111]. This correlates with an increase in
CD8+ T lymphocytes, responsible for the production of IFN-y, which in
turn, activates macrophages. Further, infected endothelium exhibits
large expression of VEGFR-2 and RANTES, which induce increased
vascular permeability and macrophage migration [112]. Altogether,
infection of placenta cells and the concurrent morphological changes
allow ZIKV to traverse the placental barrier and cause infection in the
fetal brain, resulting in the observed teratogenicity or fetal demise
(Fig. 4).

Viral protein E is the most abundant in the ZIKV surface and mediates
binding to host cell receptors mostly through C-type lectin receptors,
followed by entry by endocytosis. Other cellular phosphatidylserine
receptors, such as T cell immunoglobulin mucin (TIM) and several
tyrosine kinase receptor (TAM) families (TYRO3, AXL and MER) or
Glycosaminoglycans have been proposed, but further studies are needed
[97,98].

In Cytotrophoblast (CTs) and ST derived from placental villi at term,
expression of TAM receptors and their natural ligands PROS1 and GAS6
was significantly lower than in their corresponding models for first
trimester trophoblast cells derived from embryonic stem cells [107].
This indicates attachment of the virus capsid surface to phosphati-
dylserine on the cell membrane as basis for viral entry in early preg-
nancy using the “viral apoptotic mimicry” strategy described above. The
low expression of these factors in term trophoblast cells, in combination
with their high expression of viral defense genes and the primate-
specific microRNA cluster on chromosome 19 (C19MC) with potential
anti-viral properties [113] might serve as basis for resistance of human
third trimester ST to ZIKV viral infection. Further potential ways of
attachment consider TIM receptors involved in interaction with phos-
phatidylserine, C-type lectin receptors (e.g., DC-SIGN) and ZIKV E pro-
tein [98].

As a second entry mechanism, endocytosis of ZIKV by activation of
several pathways has been discussed. ZIKV particles were observed to
co-localize with caveolin-1, suggesting a potential implication of cav-
eola endocytosis [114]. Likewise, dynamin and clathrin are required for
ZIKV entry to host cells indicating a clathrin-mediated endocytosis with
subsequent transport in acidic endosomes and RNA release into the
cytoplasm after membrane fusion [114]. The latest may be the main
mechanism by which ZIKV infiltrate human host cells [98], but further
research is needed to establish specific infection of placental cells.

After completion of the first trimester, ZIKV may still infect placental
villi by cross-reactive, non-neutralizing antibodies originally targeting E
protein of DENV, which is similar to that of ZIKV [109] in a process
called antibody-dependent enhancement (ADE). In a previous work we
were able to demonstrate that presence of DENV antibodies led to
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increased virus production in placental villous tissue explants which
indicates antibody-mediated transport into Fcy receptor bearing non-
resistant target cells such as HCs or CTs [108] (Fig. 3).

Additionally, alterations of tight junction protein expression in ZIKV
infected placentas have been identified and suggested an additional
paracellular pathway for ZIKV [115]. ZIKV transcytosis has also been
described on the basis of cell culture experiments [116].

5. Coronaviruses: SARS-CoV, MERS-CoV and SARS-CoV2
5.1. General aspects

Coronaviruses (CoVs) belong to the Coronaviridae family, a group of
single-stranded RNA viruses divided into four genera: alpha-, beta-,
gamma-, and delta-CoVs. The alpha- and beta-CoV are known to infect
mammals and among them, humans [117]. Coronaviruses genome
codes for two large polyproteins, spike protein (S), envelope protein (E),
membrane protein (M), and nucleocapsid proteins (N) [118]. S proteins
consist of an N-terminal S1 subunit that recognizes and binds to the host
cell and a C-terminal S2 subunit in charge of the membrane fusion.
SARS-CoV2 shares with the SARS-CoV about 80% of similarity of the
genome sequence, but its S protein receptor affinity is ~10-20-fold
higher than in SARS-CoV, which can be the reason why it spreads faster
than the other coronaviruses [119,120].

5.2. Epidemiology and pregnancy outcomes

Coronaviruses have been studied for decades, but this interest
increased since the severe acute respiratory syndrome (SARS) epidemic
outbreak in 2002-2003, in South China. It affected more than 8000
people in 29 countries and had a death toll of 916 people [121]. Ten
years later, another epidemic by CoVs appeared, named Middle East
Respiratory Syndrome (MERS). With over 2200 laboratory-confirmed
cases, 83% of them were reported in Saudi Arabia. It caused 791
deaths in 27 countries until the 1st of August 2018 [122]. From 2019,
the latest coronavirus pandemic COVID-19, caused by SARS-CoV2, has
reached the entire world: until June 2021, more than 173 million cases
have been confirmed and over 3.7 million deaths reported to the WHO
[123]. These three outbreaks were caused by beta-CoVs that share bats
as their reservoir hosts, which transmit the virus to intermediary hosts
such as palm civets (SARS-CoV) and dromedary camels (MERS-CoV)
prior dissemination to humans.

Despite the number of outbreaks caused by CoVs, data on their effect
on human pregnancy was limited until 2020 when the COVID-19
pandemic attracted the spotlight. SARS-CoV infection is associated
with critical maternal illness, PTB and preterm premature rupture of
membranes (pPROM), FGR, spontaneous abortion, or maternal death
[124]. MERS-CoV infection during pregnancy has been associated with
onset of preeclampsia in over 19% of cases as well as to perinatal adverse
outcomes such as stillbirth and neonatal death, but no FGR or pPROM
has been reported [124]. In the several SARS-CoV2 case reports and
systematic reviews on cohorts with more than 100 cases [124-126],
maternal deaths were almost absent, and the disease had a mild course
in the majority of pregnancies (> 90%) independently of the gestational
age at which infection occurs [127-129]. This implies that pregnant
women are at similar risk of SARS-CoV2 infections as the general pop-
ulation and commonly, they do not suffer a more severe course of
infection than non-pregnant women [127,130,131].

The majority of pregnant women with SARS-CoV2 infection reported
in literature delivered by caesarean section, although there is currently
no confirmed evidence that a vaginal birth or delivery by Caesarean
section would be detrimental or safer if COVID-19 is suspected or
confirmed [132]. Moreover, infection with SARS-CoV2 may be associ-
ated with preterm birth, stillbirth and preeclampsia but the data on the
latest two remains heterogeneous [133-135]. These adverse pregnancy
outcomes can be caused by COVID-19 complications rather than by the
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infection per se. It has been demonstrated that a severe SARS-CoV2
infection leads to maternal hypoxia followed by placental ischemia.
This can exacerbate the production of inflammatory elements [136].
The uncontrolled release of inflammatory cytokines could amplify the
maternal immune response and increase the risk of placental damage,
FGR, abortion, or preterm labor [137].

Few reports disclosed isolated cases of neonatal death [125-127],
but no teratogenic effects of SARS-CoV2 infection have been described
in the neonates to date. In a recent study 24 (~8%) out of 313 neonates
born to mothers with COVID-19 tested positive for SARS-CoV2 [138]. In
a meta-analysis, vertical transmission assessed by positive PCR test
occurred in only 1.5% of the cases [135]. Further evidence is needed to
provide definite evidence for or against vertical transmission in SARS-
CoV2 infected pregnant patients, but this raises an important question
about the placental mechanism preventing or allowing the intrauterine
transmission of SARS-CoV2 to the fetus.

Evidence shows that SARS-CoV2 viral plasma load in COVID-19
cases positively correlates with disease severity [139]. Infants born
from mothers with severe COVID-19 disease show high rates of SARS-
CoV2 positivity in the placenta and nasopharyngeal swab immediately
after birth [140], supporting that maternal viremia is a prerequisite for
transplacental transmission [141-143]. Based on the current reports, it
may be expected that a SARS-CoV2 infection in the 2nd and 3rd
trimester of pregnancy has a moderate course and the majority of
newborns stay healthy.

Therefore, the innate immune system, the placental barrier, as well
as the interaction between decidual immune cells may play a role in the
placental protective mechanisms against SARS-CoV2 infection and
transmission [143].

Finally, the safety and efficacy of maternal vaccination against viral
infections have been largely studied. One of the main aims in terms of
protection is the immune transmission to the newborn by placental
passage of antibodies. A comparable newborn protection would be ex-
pected after maternal vaccination against SARS-CoV-2. So far, only a
preprint case report associates an infant with SARS-CoV-2 IgG anti-
bodies against viral S protein. Those were detected in cord blood after
maternal vaccination with a first Moderna mRNA COVID-19 vaccine
dose at gestational age of 36 weeks 3 days [144]. Further studies are
needed to clarify how long is the duration of the antibody protection and
whether the passive transmission can be done through breast milk.

5.3. Surface proteins and cell targets in the placenta

Accumulating evidence supports that SARS-CoVs are not merely
respiratory viruses and can affect other organ systems including the
placenta. However, there is no definitive evidence for SARS-CoV and
MERS-CoV placental or fetal infection. Specimens such as maternal or
cord blood from infected pregnant patients tested negative for SARS-
CoV and MERS-CoV [145]. Thus, the adverse fetal outcomes reported
for these viruses may be related to the severe acute respiratory illness
and the impact on the entire maternal organism rather than to the viral
infection per se [145-150].

Conversely, SARS-CoV2 viral N and S protein mRNAs were success-
fully identified in placentas and are expressed in STs, low expressed in
CTs, stromal cells, chorionic villi endothelial cells, and intervillous
mononuclear cells [151,152]. Viral mRNA has been detected also by in
situ hybridization in decidual endothelial cells and endometrial glands
[153-155]. Several case reports of pregnant women with COVID-19
identified virions in placental tissue. Using transmission electron mi-
croscopy, virions have been found within different cells of the placenta
such as STs, maternal macrophages and HCs. They have been localized
in microvilli and extensions of fibroblasts in terminal villi as well as in
fetal capillary endothelial cells close to villous surfaces and close to
intravascular mononuclear cells [141,156]. A case report showed that
placenta was positive for both E and S genes of SARS-CoV2 by using RT-
PCR. Intense cytoplasmic positivity of EVTs has been observed by
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immunostaining using an antibody against SARS-CoV-2 N-protein
[157]. Further, the viral load was proved to be higher in placental tissue
than in amniotic fluid or maternal blood, indicating viral replication in
the placenta cells [158].

Corona virus infection relays on the interaction with receptors on the
susceptible cell types. The S1 subunit of protein S binds to angiotensin-
converting enzyme 2 (ACE2), the viral receptor of SARS-CoV and SARS-
CoV2, or to dipeptidyl peptidase 4 (DPP4), the viral receptor of MERS-
CoV [159]. ACE2 is found on endothelial cells, intestine, and respira-
tory tract epithelia, where ciliated cells and alveoli type II are the pri-
mary target cells [160]. DPP4, also known as CD26, is expressed on
epithelial cells in the kidney, small intestine, liver, and lung alveoli.
DPP4 is a key factor in the activation of T cells and immune response
costimulatory signals in T cells, which could suggest a possible manip-
ulation of the host immune system by the virus [159]. MERS-CoV re-
ceptors ANPEP and DPP4 can be found expressed in first and second
trimester placental cells: ANPEP was detected in the EVTs, CTs and STs,
but not in the STs of the first trimester placenta; DPP4 was detected in
CTs, STs, EVTs, and villous stromal cells. Expression levels of ANPEP
significantly decreased, while those of DPP4 significantly increased in
second trimester EVTs [161].

The classical SARS-CoV2 access mode to human cells is mainly via
ACE2 but it can also bind to CD147/basigin (BSG) on an alternate entry
pathway [162]. Other host entry factors have been identified, including
neuropilin-1 and TMPRSS2, a transmembrane serine protease involved
in S protein maturation (LEE 2020). Human proteases such as endo-
somal protease cathepsin L (CTSL), cathepsin B (CTSB), and furin also
promote viral entry [163].

ACE2 was found expressed in ST and CTs, decidual stromal cells,
decidual perivascular cells and in endothelial and vascular smooth
muscle cells. TMPRSS2 has been detected in ST and CTs in first trimester
placenta and increased in second trimester placenta. Trophoblast sub-
types such as STs, CTs and extravillous trophoblasts (EVTs) were found
to co-express ACE2, TMPRSS2, BSG, and CTSL in different combinations.
Trophoblast cells co-expressing ACE2 and TMPRSS2 also express FURIN
and CTSB and endosomal sorting complexes required for transport
(ESCRT) genes, involved in viral budding and replication [161]. This
abundant expression of ACE2 and ACE2/TMPRSS2 co-expression in the
human placenta may increase the vulnerability of the placenta and fetus
to SARS-CoV2 infection and contribute to its vertical transplacental
transmission [161,164,165] (Fig. 2).

It is suggested that the pregnancy complications due to SARS-CoV2
placental infection could be triggered by ACE2 downregulation via
formation of viral-ACE2 complexes. This causes downregulation of
plasma angiotensin-(1-7) levels, which in turn potentiates vasocon-
striction and pro-coaulopathic state, potentially leading to early onset of
PE [166]. The SARS-CoV2 tropism for endothelium via the ACE2 re-
ceptor increases susceptibility to vascular endothelial dysfunction,
leading to a coagulopathy state in infected patients and susceptibility to
microthrombi formation [167]. SARS-CoV2 infection increases inter-
villous macrophage infiltration in infected placenta. Such macrophage
infiltration may serve as a trigger for a strong immune response leading
to tissue destruction and placental disfunction triggering pregnancy
complications. The presence of virions within the cytoplasm of fetal
vascular monocytes may also play a role in the transmission and prop-
agation of SARS-CoV2 to the fetus [168,169]. In silico studies suggest
that SARS-CoV2 might affect placental functions influencing other
proteins such as those involved in trophoblast invasion, migration,
syncytialization, and implantation [170]. Finally, the data published to
date found no signs of SARS-CoV2 in breastmilk [171], vaginal secre-
tions or cervical exfoliated cells samples of infected mothers [172].

ACE2 and TMPRSS2 entail a negative correlation with gestational
age. They are expressed in the placenta with a decreasing trend towards
delivery [173]. Thus, pregnant women may be more vulnerable to SARS-
CoV2 transplacental transmission during the first trimester than in later
stages of pregnancy [165].
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Thus far, CoVs have jumped from animals to humans in at least 3
epidemics now, causing a high number of morbidity and mortality. It is
foreseeable that further outbreaks and epidemics of CoVs are inevitable
in the future. Therefore, it is important to research and develop
improved CoV prevention and therapeutic approaches.

6. Conclusions

The epidemiology of the pandemic viruses revised in this work dif-
fers greatly among them in terms of fatality rates, but they all share a
risk for worse outcomes in pregnancy (Fig. 1). This may be caused by the
general clinical manifestations and symptoms of each viral disease in
combination with the special adaptations of the organism in pregnancy,
but also by a potential infection of placental and fetal cells and tissues.
As virus-receptor interactions are the key for viruses to invade host cells,
presence of viral receptors on placental cells may infer their suscepti-
bility for infection (Fig. 3). However, further evidence is required to
confirm pandemic virus infection at cellular level in placenta and the
consequent effects.

Apoptotic mimicry and clathrin-mediated endocytosis were found
common mechanisms responsible for the infection of placenta cells, but
it becomes necessary to address other viral entry mechanisms to host
cells during pregnancy. Understanding the different mechanisms of viral
recognition and entry to host cell as the first step in a misfortunate
cascade of events can help develop better management and prevention
strategies to decrease the incidence of adverse pregnancy outcomes.
Only then, obstetrical problems induced by viral infections will be
controlled and neonatal outcomes improved.
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