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As the COVID-19 pandemic continues into its third year, emerging data indicates increased risks associated with SARSCoV-2 infection during pregnancy, including pre-eclampsia, intrauterine growth restriction, preterm birth, stillbirth,
and risk of developmental defects in neonates. Here, we review clinical reports to date that address different COVID19 pregnancy complications. We also document placental pathologies induced by SARS-CoV-2 infection, entry mechanisms in placental cells, and immune responses at the maternal-fetal interface. Since new variants of SARS-CoV-2 are
emerging with characteristics of higher transmissibility and more effective immune escape strategies, we also brieﬂy
highlight the genomic and proteomic features of SARS-CoV-2 investigated to date. Vector and mRNA-based COVID-19
vaccines continue to be rolled out globally. However, because pregnant individuals were not included in the vaccine
clinical trials, some pregnant individuals have safety concerns and are hesitant to take these vaccines. We describe the
recent studies that have addressed the effectiveness and safety of the current vaccines during pregnancy. This review
also sheds light on important areas that need to be carefully or more fully considered with respect to understanding
SARS-CoV-2 disease mechanisms of concern during pregnancy.

Introduction
The COVID-19 pandemic caused by the severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) that emerged in late 2019 continues
to create havoc globally and has claimed at least 6.3 million lives by
midway through 2022.1 SARS-CoV-2 continuously acquires new mutations as it replicates, resulting in a series of several variants of concern
(VOCs) that thus far includes B.1.1.7 (Alpha), B.1.351 (Beta), P.1
(Gamma), B.1.617.2 (Delta), and most recently, the B.1.1.529 (Omicron)
variant that emerged in late 2021. The Omicron variant accumulated a
total of ﬁfty mutations across its genome, 32 of which were in the spike
protein, making it the most modiﬁed of these 5 VOCs.2 The highly transmissible Omicron rapidly supplanted the more pathogenic Delta
variant,3,4,5 and is currently circulating globally with increased resistance to neutralization by monoclonal antibodies, vaccinated sera, and
convalescent sera.6-8 Although approved vaccines are currently available
against SARS-CoV-2, the emerging variants have shown immune escape
characteristics that are effective enough to cause concern. This has created a demand for continued study on the efﬁcacy of vaccines against
new variants.9

SARS-CoV-2 is in the betacoronavirus genus of the Coronaviridae family of viruses that constitutes a divergent group of enveloped viruses
with a genome of single-stranded positive-sense (+) RNA. Coronavirus
tropism primarily extends to humans and other mammals (including
many of economic importance), and avian species. The alpha- and betacoronavirus genus of Coronaviridae include all human coronaviruses and
many mammalian coronaviruses, and are mostly associated with respiratory and enteric infections.10-12 In addition to the less severe ‘common
cold’ causing coronaviruses that were already endemic, SARS-CoV-2 is
the third highly pathogenic respiratory disease-causing human coronavirus to emerge in the past 20 years; following the highly-pathogenic
severe acute respiratory syndrome coronavirus (SARS-CoV) outbreaks of
2002−2003, and the Middle East respiratory syndrome coronavirus
(MERS-CoV) outbreaks since its emergence in 2012.12 The RNA genome
of SARS-CoV-2 shares a 79% sequence similarity with SARS-CoV and
nearly 50% similarity with MERS-CoV.13
Although SARS-CoV-2 infections are associated with a lower mortality rate in comparison to SARS-CoV and MERS, a signiﬁcant proportion
of people in intensive care due to SARS-CoV-2 are reported to develop
acute respiratory distress syndrome (ARDS) that is associated with
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coronavirus disease 2019 (COVID-19).14 SARS-CoV-2 disease severity
varies in populations, and it has been observed that the elderly, men,
and individuals with other cardiovascular comorbidities disproportionately develop a critical illness.15,16
There is growing evidence that SARS-CoV-2 infections also pose a
higher risk of severe illness in pregnant individuals, and risks to this population can, unfortunately, be overlooked. In the early months of the COVID19 pandemic, studies from New York City and China suggested that the
risk for severe disease in pregnant individuals was not signiﬁcantly greater
than in nonpregnant individuals.17-19 However, pregnancy is considered a
time of greater susceptibility to pathogens, and recent studies indicate that
SARS-CoV-2 infection is associated with development of severe disease in
pregnant individuals and risks for the fetus.20-22 The major pregnancyrelated complications that have been reported include: a higher risk of preterm birth, stillbirth, pre-eclampsia, intrauterine growth restriction (IUGR),
and developmental defects in neonates.20,23,24
SARS-CoV-2 disease progression is mostly reliant on virus entry into
host cells after binding to angiotensin-converting enzyme 2 (ACE2). This
can be a factor in making pregnant individuals more susceptible to COVID19 because ACE2 is expressed on cellular membranes and it is abundantly
expressed in the placenta throughout gestation.25 It is considered to be a
crucial component of the renin-angiotensin system (RAS), which is well
known to regulate maternal hemodynamic adaptations.25,26 Though vertical transmission of SARS-CoV-2 from mother to fetus is reported to be rare
or inconclusive, the interaction of SARS-CoV-2 with RAS pathway components could have severe effects on maternal-fetal health.25,27 Deciphering
in-depth molecular mechanisms of SARS-CoV-2 pathogenesis in pregnant
individuals continues to be an important ﬁeld of investigation with many
more questions to be investigated.
This review will brieﬂy discuss clinical reports to date that investigate pregnancy-related complications and major risk factors associated
with SARS-CoV-2 infections, including placental pathology and immunology in response to the infection. Also, we summarize the most recent
data on genomic and proteomic features of SARS-CoV-2, possible placental cell entry pathways, the efﬁcacy and safety of currently available vaccines in the context of pregnancy, and the effect of the Omicron variant
on the pregnant population.

cells and maturation of the virion.30-33 Since the maturation of most of
the nonstructural proteins is carried out at least in part by the nsp5 protease, this protease is considered to be a crucial target for the design of
antiviral drug therapies.34,35 The nsp1 protein is processed faster than
the others, and when released it binds to the host 40s ribosomal complex, ultimately shutting off the host translational machinery and overcoming the innate immune responses.12,36 Nsp2 to 16 are responsible
for preparing and coordinating the replication/transcription complex.
Nsp3, nsp4, and nsp6 are known to induce intracellular membrane rearrangements that form compartments for organizing the replication/transcription complex, which may play a role in evading host immune
recognition.37 Nsp7 and nsp8 act as cofactors for nsp12 (the RNA-dependent RNA polymerase, RdRP) to form a polymerase complex and synthesize viral RNA.38 Nsp10 is reported to perform a cofactor function for
nsp14 and nsp16. Nsp14 possesses proofreading and guanine-N7-methyltransferase (N7-MTase) activities to further assist in the efﬁcient replication of a large genome.12 Nsp10 enhances the proofreading function
of nsp14, and in SARS-CoV-2, nsp14 forms a complex with nsp10 to
carry out the host translational inhibition that further leads to the blockage of type I interferon (IFN-I)-dependent responses.39 Nsp13 acts as an
RNA helicase and performs nucleoside triphosphate hydrolase (NTPase)
and RNA unwinding activities.40 The complex of nsp16 (2′-O-methyltransferase) and nsp10 is involved in capping the viral RNA with a cap1
type of structure, which is similar to host mRNA and enables the viral
RNA to evade the host immune system.41
Structural proteins
Although the molecular mechanisms and functions have not been fully
elucidated for all SARS-CoV-2 structural proteins, these proteins are generally understood to execute major functions involved in formation, assembly, and maturation of viral particles.12,42 The S glycoprotein of
coronaviruses is an indispensable determining factor in the viral attachment to host cell surface receptors. The S protein has 2 subunits (S1 and
S2), where S1 binds to ACE2 receptor through speciﬁc receptor binding
sequences and the S2 subunit interacts with cellular membranes to facilitate
the virus-cell fusion.43 The E protein of coronaviruses is an essential component of the virion which is reported to form cationic channels (viroporins)
inside endoplasmic reticulum-Golgi intermediate compartment (ERGIC)
membranes while also interacting with the viral M protein as it carries out
virus particle assembly and release.44,45 The E protein is also reported to
interact with host epithelial cell tight junction regulator protein Zona
Occludens-1 (ZO1), where this interaction was speculated to disrupt the
epithelial barrier thereby facilitating the spread of virus.46 In addition to
contributing to viral assembly, the M protein of SARS-CoV-2 has shown
inhibition of type I and type III interferon mediated antiviral immunity.47
The N protein is also multifunctional, carrying out functions such as binding to the viral RNA, regulating viral transcription, genome packaging, and
modulating host immune responses.12 Recently, the SARS-CoV-2 N protein
was reported to also regulate the innate immune responses in host cells by
interfering with type-I IFN and RIG-1 signaling.48

SARS-CoV-2 viral genomic structure, organization, and function
Genome
Coronaviruses have ∼30kb positive-sense single stranded RNA that
mimics mRNA with 5′-capping and a 3′-polyadenylated tail. The genome
is generally translated into 15−16 nonstructural proteins (nsp), 4 structural proteins (envelope (E), spike (S), membrane (M) and Nucleocapsid
(N)), and a few accessory proteins. The SARS-CoV-2 genome is organized into 14 open reading frames (ORFs) where the largest ORFs
include ORF1a and 1b, which are translated into polyprotein 1a (pp1a)
and polyprotein 1ab (pp1ab) (Fig 1). These 2 polyproteins originate
during translation from a ribosomal frameshift overlap between ORF1a
and ORF1b.28 The efﬁciency of the frameshift was reported to lie
between 45% and 70% in SARS-CoV-2, where pp1a expresses nearly 2
times more than pp1ab.28 The maturation of pp1a and pp1ab is carried
out by viral protease nsp3 (papain-like protease) and nsp5 (chymotrypsin-like protease) that cleave the polyproteins into the nonstructural proteins, where pp1a contributes to the formation of nsp1 to 11, and pp1ab
contributes to nsp1 to 16.29 The subsequent ORFs at the 3′ end of the
genome code for structural proteins (S, E, M, and N) as well as accessory
proteins (ORF3a, ORF6, ORF7a, ORF7b, ORF8, and ORF10).

Accessory proteins
Several the accessory proteins have functions that are not yet deciphered completely. The general understanding for coronaviruses is that the
accessory proteins are not involved in replication mechanisms directly, but
play an essential role in pathogenesis.49 The accessory proteins show high
sequence variability even among individual coronavirus species and are
suspected to regulate host cell response to infection. Due largely to this lack
of sequence similarity among these accessory proteins, the exact role of
these proteins continues to be difﬁcult to identify.49,50 It has been reported
that currently circulating strains of SARS-CoV-2 contain mutations in their
accessory genes that may play a role in transmissivity and
pathogenicity.49,51 Some support for this has been found as the functions of
a few of the accessory proteins of SARS-CoV-2 have been shown to be

Nonstructural proteins
The interaction among coronavirus NSPs and host proteins is mainly
required for the initiation and formation of replication compartments,
whereas structural proteins mediate genome packaging, entry into host
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Translational Research 251 (2023) 84−95

D. Kumar et al.

Fig 1. Schematic organization of SARS-CoV-2 genome and proteome. SARS-CoV-2 possesses a positive-sense single-stranded RNA (ssRNA) genome of nearly 30kb in
size. The ssRNA is translated into a polypeptide which is further cleaved by viral proteases into individual proteins. ORF1a and ORF1b encode nonstructural proteins
(nsp1-nsp16), the other ORFs encode structural proteins spike (S), membrane (M), envelope (E), and nucleocapsid (N). Accessory proteins are also encoded in the
genome such as: ORF3, ORF6, ORF7, ORF8, and ORF10. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of
this article.)

Zika virus (ZIKV) outbreaks only a few years prior.59 This has prompted
several observational studies seeking to address this question, with differences in approaches and ﬁndings. In a study conducted by Edlow et al with a
cohort of 127 pregnant individuals in 2020, no evidence of placental infection or deﬁnitive vertical transmission of SARS-CoV-2 was found in the 64
patients who tested positive for SARS-CoV-2.60 The transplacental transfer
of anti-SARS-CoV-2 antibodies was found to be inefﬁcient. Decreased viral
load and co-expression of ACE2 and TMPRSS2 were proposed as defenses
against vertical transmission. An acknowledged ﬂaw of this early study was
that it relied on a convenience sample for its controls, which could reﬂect
differences in demographics between the cases and the controls.
In a larger cohort study from 2020 by Adhikari, et al among pregnant
women screened in both inpatient and outpatient settings at a large
county medical center, 252 tested positive for SARS-CoV-2 and 3122
tested negative.61 Similar adverse pregnancy outcomes were seen among
both groups, and 3% of newborns tested for SARS-CoV-2 were infected
with the virus. These infections were reported to occur in situations
where the mother was asymptomatic or mildly symptomatic. There was
no correlation between the presence of placental abnormalities and the
severity of disease.
A retrospective cohort analysis by Dumitriu, et al reported data for 101
newborns from mothers that tested positive for SARS-CoV-2 in March or
April of 2020. During the ﬁrst 25 days of life, there was no indication of
any vertical transmission, despite the newborns rooming-in with mothers
and direct breastfeeding practices.62 A similar analysis by Flaherman, et al

associated with viral pathogenesis. For instance, the ORF3a accessory protein of coronavirus was shown to act as viroporin that modulated the NFkB signaling and NLRP3 inﬂammasome pathway that resulted in cytokine
storms.49 And in SARS-CoV-2, ORF3a was reported to interfere with autophagic activity of host cells by blocking the degradation of autophagosomes
in lysosomes.52 Another accessory protein, ORF3b, is a very small (22
amino acids), prematurely truncated protein in SARS-CoV-2 in comparison
to its homolog in SARS-CoV (153 amino acids), and it was reported to
antagonize type-I interferon signaling.53 Similarly, the ORF6 and ORF7 proteins of SARS-CoV-2 were also reported to antagonize and block the interferon responses.54,55 The ORF8 gene of SARS-CoV-2 has shown higher
variability among coronavirus species and functional studies are thus limited.56 But, ORF8 has shown impairment of antigen presentation by interacting with class-I MHC molecules.57 The exact number of accessory
proteins expressed for SARS-CoV-2 is uncertain. For example, the ORF10
protein of SARS-CoV-2 has not been reported in proteomics data of
infected cells and the corresponding transcriptomic proﬁling is questionable in supporting the expression of ORF10 sub genomic RNA.12,32 In functional studies, the role of ORF10 in SARS-CoV-2 replication and human
infections was reported to be nonsigniﬁcant.49,58
Vertical transmission risk
At the beginning of the COVID-19 pandemic, there were signiﬁcant concerns that SARS-CoV-2 could be vertically transmitted as observed with the
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of data from 2020 on 263 infants from the Pregnancy Coronavirus Outcomes Registry (PRIORITY) database reported the incidence of a positive
infant SARS-CoV-2 test at 1.1%, and the infants had minimal symptoms.63
These ﬁndings offer some reassurance in indicating that infants born to
infected mothers fare well in the ﬁrst 6−8 weeks of life.
Kotlyar et al conducted a systematic review of 68 case reports or
cohort studies from 2020, in which they pooled information from 936
newborns whose mothers were infected with SARS-CoV-2. Within 48
hours of birth, nasopharyngeal swabs were used to test neonates for
SARS-CoV-2 viral RNA, and 3.2% of the pooled population tested positive, particularly those where infection was experienced during the third
trimester.64
A systematic review by Robaina-Castellanos, et al of 87 published or
prepublished studies and articles from 2020 investigated possible
reports of congenital/intrapartum/postpartum infection of SARS-CoV-2
during pregnancy. Investigators identiﬁed 53 reported neonates who
tested positive for SARS-CoV-2 in the ﬁrst 48 hours of life either showing presence of the virus by qPCR or IgM tests. The timing of infection
corresponded to congenital or intrapartum transmission in 39.6% (21 of
53) of the COVID-19-positive newborns, and to postpartum transmission
in 15.1% (8 of 53), with the remaining 45.3% (24 of 53) being unspeciﬁed. The investigators estimated that congenital or intrapartum infections occur in only 1.8%−8.0% of newborns born to individuals with
COVID-19 at the end of their pregnancies, leading to the conclusion that
such infections in the fetus/newborn are possible, but rare.65 Another
systematic review was conducted by Bwire, et al, which identiﬁed 33
studies from 2020 that met inclusion criteria such as infection prevention and other control measures at birth. Out of 205 infants reported in
those studies to be born to COVID-19 positive mothers, 13 (6.3%) tested
positive for COVID-19 at birth. Six (18.8%) of the 33 studies reported on
IgG/IgM levels against SARS-CoV-2, and in these studies IgG/IgM were
detected in about 90% of newborns (10 of 11; 95% CI: 73.9%−107.9%)
who tested negative for COVID-19, which supports the possibility of conferred immunity.66 Similarly, another observational study by Zimmerman et al reported on those who tested positive for COVID-19 during
pregnancy and gave birth in 2020 under conditions of strict prevention
and infection control, including separation of mothers and neonates,
and reported that 4 of 67 (6.0%) newborns tested positive for COVID-19
despite those measures.
Adhikari, et al published a more recent study that compared disease
severity in pregnancy and neonatal positivity during the pre-Delta,
Delta, and Omicron eras.67 Of the 1919 infants born to patients with
COVID-19 during the study period, 32 (3.1%) were found to have SARSCoV-2 (13 in the pre-Delta period, 8 in the Delta period, and 11 in the
Omicron period), but none of them were seriously ill. This rate corresponds well with what Adhikari reported in 2020.61 Early neonatal positivity did not vary signiﬁcantly across the pre-Delta, Delta, and Omicron
eras. The study’s limitations include its reliance on cases from a single
institution and the potential absence of data on vaccination or positive
test results obtained outside the health care system.67
Although studies to date have not established common occurrence of
maternal-fetal transmission for SARS-CoV-2,60-68 there does appear to
be some evidence of vertical transmission with rates of 1%−3% or higher
consistently reported across multiple reports and meta-analyses. The
rare possibility of in utero transmission cannot be ruled out.61,64,68,71-73
Although neonatal infections of SARS-CoV-2 have been reported postpartum in these studies, discerning the exact route of infection and
whether SARS-CoV-2 is vertically transmitted or transmitted during or
after delivery can be challenging due to limitations with the data accuracy as a result of self-reporting and the possibility of false-positive and
false-negative results.74,75 Deﬁnitive proof of SARS-CoV-2 transplacental
transmission will require carefully designed studies with proper control
measures and inclusion/exclusion criteria, in addition to in vivo experimental work that moves beyond observational reports. Future studies
should also seek to understand the magnitude of natural passive immunity conferred from COVID-19 infected mother to fetus.

Pre-eclampsia (PE) is a condition where endothelial cells stop functioning due to failing vascular protection, giving rise to a hypertensive maternal
phenotype.76 SARS-CoV-2 infections are known to induce pulmonary endothelium dysfunction, and this presents a major risk factor for pre-eclamptic
maternal phenotypes when infection occurs during pregnancy.77 Unexpectedly, PE, a complex multifactorial obstetric syndrome, has several pathologies in common with COVID-19. For instance, in PE, the placental ischemia
is caused by ineffective placentation and intraplacental malperfusion,
which results in a hypoxic placenta secreting inﬂammatory cytokines and
bioactive mediators like soluble FMS-like tyrosine kinase 1 (sFlt-1), which
ultimately cause endothelial destruction.78 In COVID-19, alveolar hypoxia
is caused by interstitial pneumonia, which then leads to a severe respiratory
distress syndrome characterized by endothelial dysfunction and multiple
organ dysfunction due to an inﬂammatory cytokine storm.79 Overall it
appears that that both PE and COVID-19 cause an angiogenic imbalance,
which in turn activates systemic inﬂammatory pathways associated with
RAS activation.80 The angiogenic imbalance in PE is caused by a reduced
level of the proangiogenic molecule placental growth factor (PlGF) and an
elevated level of the anti-angiogenic factor sFlt-1, with RAS being one of
the pathways that inﬂuences the regulation of these molecules.81 Since the
RAS pathway is central to SARS-CoV-2 pathology, PE or similar observations were reported in both COVID-19 patients with pneumonia and pregnant individuals where angiogenic imbalance was found distributed
between PIGF and sFLT1.27,82,83
According to a prospective observational study, pregnant individuals
with severe SARS-CoV-2 infections may develop a PE-like syndrome.84 Similarly, a multinational cohort study reported a higher risk of developing preeclamptic phenotype in SARS-CoV-2 infected pregnant individuals
(n = 706) compared to uninfected pregnant population (n = 1424).85,86
Recent research in Brazil indicated that the frequency of PE was high
but did not vary signiﬁcantly between women with and without conﬁrmed cases of COVID-19 (nearly 10%).87 Clinical and laboratory manifestations at the appearance of illness did not accurately predict the
occurrence of PE, and the incidence of PE was higher in COVID-19-positive pregnant women with chronic hypertension and obesity. These ﬁndings also extend support to the theory that COVID-19 with PE is
associated with worse maternal and perinatal outcomes than COVID-19
alone.88 Few reports have been made public so far on the incidence of
newly diagnosed hypertension among COVID-19 participants. When
comparing COVID-19 patients admitted to the hospital, the incidence of
new-onset hypertension was found to be signiﬁcantly higher in those
with more severe disease in a single-center, retrospective observational
study.80,88 Further research is required to differentiate between PE and
COVID-19 pathologies so that appropriate medical treatments can be
provided.
Preterm births and stillbirths
There is evidence that COVID-19 also increases the risk of preterm
birth, and other different types of developmental defects in
neonates.17,89 One case study from early in the pandemic with 116 pregnant individuals ruled out the possibility of preterm birth or abortions
associated with SARS-CoV-2 infected individuals,19 however this stands
in contrast to other more recent reports. Data collected from individuals
(n = 342,080) who gave birth between May 2020 and January 2021 in
England reported that those who experienced a SARS-CoV-2 infection
(n = 3,527) had a higher incidence of adverse pregnancy outcomes
including PE, preterm birth, emergency cesarean delivery, and fetal
death.90 This correlates with a large cohort study on 759 Swedish individuals that clearly indicated higher risk of preterm birth in COVID-19
affected pregnancies,91 and data from other studies also indicating a signiﬁcant increased risk of preterm deliveries in SARS-CoV-2 infected
pregnant individuals.92,93 In the United States, COVID-NET data from
2020 has shown a higher prevalence (nearly 12.6%) in preterm
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have mild disease.111,96 However, a review gathered and reported data
for 629 neonates that were tested for the virus after birth with 35 positive cases an reported that some adverse effects were observed. A common symptom was respiratory distress in the symptomatic cases. Other
described symptoms were gastrointestinal, lethargy and temperature
instability, although it is challenging to attribute all these symptoms to
COVID-19 because some virus negative neonates also developed similar
symptoms.111 Another recent report has identiﬁed late onset neonatal
sepsis as a possible severe outcome of SARS-CoV-2 infection, which
necessitated mechanical ventilation.112
A recent retrospective cohort study that included 222 births to SARSCoV-2 positive mothers attempted to answer the question of whether or
not prenatal exposure to SARS-CoV-2 causes neurodevelopmental delay
or impairment during the ﬁrst year of life.113 Results indicated that the
neonates exposed during third trimester experienced substantial neurodevelopment abnormalities linked to motor function, speech and language.113 Other preliminary studies have assessed different time periods
following delivery, such as 3, 6, and 12 months, and also suggested that
SARS-CoV-2 infection during pregnancy can have detrimental impacts
on the brain development of the fetus.114-116 Emerging data suggests the
Delta variant of SARS-CoV-2 is increasingly associated with severe illness in young children.117 A large multicenter investigation indicated
that COVID-19 was associated with widespread, temporary brain
impairment in children and adolescents hospitalized with the virus.118
Studies such as these raise signiﬁcant concern about early effects of
COVID-19 exposure during pregnancy that may not be immediately
apparent and indicate the need for continued investigation with larger
cohorts, longer follow-ups, and more focus on the recent variants to
determine the impact of SARS-CoV-2 exposure on children’s health.
It is known that substantial neurodevelopmental impairment in offspring can be caused by the activation of the maternal immune system
pathway, regardless of whether the infection was caused by a virus or
bacteria.116,119,120 Extreme cases with widespread neurological problems and mortality in children exposed to SARS-CoV-2 infection have
been connected to elevated levels of inﬂammation.118 Preliminary investigations have also shown that pregnant women infected with SARSCoV-2 had highly elevated levels of proinﬂammatory cytokines such as
IL-6, IFN-γ , and IL-1β.121,122 Enhanced evidence from transcriptome
analyses of placental villi and single-cell RNA sequencing of cord blood
mononuclear cells has shown that SARS-CoV-2 infection during pregnancy activates the maternal immune system, with considerable overexpression of interferon stimulated genes (ISGs).123,124 These, and other
possible underlying causes of adverse developmental outcomes in neonates and young children, need further investigation, particularly as
more is learned about Omicron and other emerging variants that present
new potential dangers.24,111 Several unanswered questions remain,
including the following: how does infection timing (ﬁrst vs third trimester) affect overall neurological development; what types of changes are
associated with infection; and whether these changes are persistent or
transient; and ﬁnally, a robust cell model needs to be developed to
understand various signaling pathways.

deliveries with pregnant individuals that had COVID-19 compared to the
general population in 2018 (10.0%). From this data, the symptomatic
individuals also showed increased risk (23.1%) of preterm birth.94 And
according to a national study conducted in the United Kingdom, symptomatic SARS-CoV-2 was found to be associated with an increase in iatrogenic preterm births in various ethnic groups such as Black, Asian,
and other minorities.95 An increasing incidence of preterm deliveries
has also been reported in SARS-CoV-2 infected pregnancies.96 And in
line with these reports, a systematic review shows that reported rates of
preterm births in COVID-19 patients varies greatly between studies,
from 14.3% to 61.2%.97 Despite the variety of available clinical reports,
there is some consensus among them that there is a strong link between
premature birth and symptomatic COVID-19 during pregnancy.
Recently, a large cohort study indicated that the SARS-CoV-2 infection
during third trimester is signiﬁcantly associated with preterm births as
compared to matched noninfected controls.98 First and second trimester
infections did not cause any adverse pregnancy outcomes when compared to noninfected controls. This study emphasizes the importance of
gestational age at SARS-CoV-2 infection in determining the outcome of
the pregnancy. However, these reports raise unanswered questions
about underlying mechanisms that may lead to preterm birth during
SARS-CoV-2 infections. For instance, there is evidence from one small
study that shows that immune cells expressing ACE2 are able to inﬁltrate
the placenta, which may further enhance SARS-CoV-2 infection and
increase risk of preterm deliveries as well as placental infection.99
The question of whether COVID-19 exposure during pregnancy
increases the risk of stillbirth has been similarly fraught with mixed
results. Stillbirth rates were reported to be higher during the early stages
of the pandemic, but later a few of studies have found no evidence that
they are signiﬁcantly higher in COVID-19-infected pregnancies compared
to uninfected pregnancies (0.2% ).100,101 For instance, a retrospective
cohort study (2017−2020) in France reported that the rate of stillbirths
during the pandemic has not increased in comparison to prepandemic levels.102 However, a set of more recent studies have again linked COVID-19
to an increase in stillbirths.103-107 This is corroborated by a CDC report
that compared the number of stillbirths in the US before and after the
Delta time period. The data indicated that stillbirth rates were nearly 4
times higher during the Delta phase than pre-Delta phase.103 Many of
these studies did not explore in detail the biological mechanisms connecting stillbirth and COVID-19, but abnormalities in the placenta are the
most common cause of stillbirth.108 Severe placental damage due to placental malperfusion was found to be strongly associated with fetal deaths
in 1 study from Ireland that linked 6 stillbirths to SARS-CoV-related placentitis.107 Similarly, another study that looked into the pathological
mechanism linked 5 stillbirths to COVID-19-induced placentitis.109 A
larger study that included data from 12 nations reported that SARS-CoV-2
has been linked to 68 stillbirths and/or neonatal deaths, and documented
a common pattern of abnormalities among these placentas such as trophoblast necrosis, ﬁbrin deposition, and chronic histiocytic intervillositis as
the most prominent pathology lesions.104 And in a recent case study, 2
stillbirths were linked to severe placentitis induced by SARS-CoV-2 Delta
variant infection.106 In summary, evidence associating maternal SARSCoV-2 infection with an increased risk of stillbirth is accumulating and
should now be considered with particular regard to the emergence of
recent VOCs. Mechanistic research and sustained observation will be
required to establish whether stillbirths are the primary result of SARSCoV-2 infection or a defensive mechanism adopted by the placenta to dispose of virus-infected cells.

Placental histopathology
Early in the pandemic, no unique histopathological signature was
seen with maternal SARS-CoV-2 infection. However VOCs such as Alpha
and Delta were found to be associated with a distinct SARS-CoV-2 generated placentitis that comprises histiocytic intervillosititis, perivillous
ﬁbrin, and necrotic villous trophoblasts.60,104,106,125 The infection of
SARS-CoV-2 in the placenta produces a higher rate of decidual arteriopathy and other maternal malperfusion features compared to the normal
placenta. This suggests that the infection causes inﬂammation and
changes in the placenta that can lead to long-term multisystemic defects
in exposed infants.126 A review of 40 studies from COVID-19 pregnancies examined clinical samples including vaginal secretions (22.5%),
amniotic ﬂuid (35%), breast milk (22.5%), and umbilical cord blood.

Neonatal, infant, and child outcomes following SARS-CoV-2
infection
Limited data is available on neonatal outcomes of maternal COVID19. Several studies report neonates that tested positive for SARS-CoV-2
RNA had no observed adverse outcomes,96,110 and others report that the
majority of newborns and infants with SARS-CoV-2 infection appear to
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Fig 2. Schematic representation of different compartments of the placenta colonized with SARS-CoV-2. The placenta comprises different types of cells that form a
strong physiological and immune barrier around the fetus. The outer trophoblast layer is a physical barrier divided into 2 layers: the inner cytotrophoblasts (purple) lining the basement membrane and outer multi nucleated (blue color lined with black solid line) syncytiotrophoblasts (STBs). The decidua is the maternal part containing
blood vessels and different types of cells such as mesenchymal stem cells and decidual natural killer cells (dNKs). The intervillous space is ﬁlled with maternal blood.
Based upon multiple studies, SARS-CoV-2 was shown to colonize mainly in STBs, extravillous trophoblasts (EVTs), cytotrophoblasts maternal decidua and fetal macrophages (Hofbauer cells). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)

increases the risk to the developing fetus. The effect of the recent Omicron variant on pregnancy related complications remains to be determined in ensuing months

Quantitative real time polymerase chain reaction (qRT-PCR) was also
performed on all neonates by swabbing. In 8 of these studies, the neonates tested positive for SARS-CoV-2, with 2 studies showing presence
of IgM antibody in neonatal blood. The histopathological analysis of the
placenta in individuals with COVID-19 showed the presence of viral particles, inﬂammation and vascular malperfusion. In 17 of the studies, placenta, breast milk, umbilical cord, and amniotic ﬂuid were tested, and
only 1 amniotic ﬂuid sample tested positive.127 In another study, there
was evidence of defects in the placenta upon SARS-CoV-2 infection due
to the deposition of ﬁbrin that hampers the maternal-fetal gas exchange,
leading to increased fetal distress and possibly resulting in emergency
Caesarean-section delivery.128 These studies provide compelling evidence that SARS-CoV-2 can colonize different placenta compartments
(Fig 2), and so the possibility of related complications occurring during
pregnancy upon infection cannot be overlooked.70
Additionally, the different variants of SARS-CoV-2 may have varying
impacts on the placenta. After the Alpha wave hit the United Kingdom,
researchers published a signiﬁcant case series of placentas infected with
SARS-CoV-2.129 This study also found that placentas from asymptomatic
individuals had placentitis signatures identical to those of persons with
severe disease and other comorbidities, such as diabetes or obesity.129
According to a more recent report the Delta variant has shown severe
placentitis and greater fetal demise or distress.106,107 Another CDC study
shows that the Delta period had a greater rate of stillbirth and serious
placentitis.103 In a study involving researchers from 12 countries,
researchers found severe placentitis with persistent histiocytic intervillositis and elevated ﬁbrin deposition in 68 stillbirths who tested positive
for SARS-CoV-2.104 SARS-CoV-2-associated placentitis was also
observed in 6 patients in a Chicago-based cohort investigation.105 Two
cases of viremia were also reported in this investigation, an occurrence
not previously documented for SARS-CoV-2 infections. Histiocytic intervillositis, syncytial node enlargement, and increased ﬁbrin deposition
were all observed at higher rates in SARS-CoV-2 infected placentas,
according to a retrospective study conducted in Italy.130 As a whole,
these studies point to a distinctive form of placentitis caused by SARSCoV-2 infections, which causes extensive placental destruction and

SARS-CoV-2 entry into placental cells
It is evident that the placenta is susceptible to SARS-CoV-2 infections
due to various factors related to virus entry.70 As noted, SARS-COV-2 prefers to bind to the human ACE2 cell receptor via the viral spike (S) proteins
to initiate entry into the host cell.12,31,131,132 The next crucial step in coronavirus pathogenesis after attachment of S protein onto ACE2 is the cleavage of S by the cellular protease Transmembrane Serine Protease 2
(TMPRSS2).43,133 The simultaneous expression of ACE2 and TMPRSS2 in
respiratory cells assists in the pathogenesis of SARS-CoV-2, as it also does
in case of SARS-CoV. Notably, the inhibition of TMPRSS2 signiﬁcantly
decreases SARS-CoV-2 virus entry into lung cell lines.132,134 An alternate
endosomal cathepsin protease (CatB and CatL)-dependent pathway for S
protein priming and cell entry has also been reported in older research on
other coronaviruses.12,135 For SARS-CoV-2, the major pathway required for
entry was reported to be TMPRSS2-dependent, since inhibition of this protease signiﬁcantly reduced the virus entry in lung cells.26 Although
TMPRSS2-dependent cleavage is most prevalent, S protein cleavage can be
primed by multiple cellular host proteases such as furin, trypsin, and cathepsins.26 Despite showing similarity in receptor binding and cleavage
requirements, the pathogenesis mechanisms of SARS-CoV and SARS-CoV-2
differ greatly in terms of rate and site of replication. Incidentally, the SARSCoV outbreak of 2003−2004 was more limited and had a greater rate of
mortality, whereas SARS-CoV-2 infection is highly contagious and more
efﬁcient in evading immune surveillance.136 These differences within the
same group of beta-coronaviruses highlight the importance of in-depth
investigation of the structure and related functions and mechanisms performed by different proteins of these viruses. It is clear that the extent of
coronavirus infection and tissue tropism depends upon multiple factors
including, ACE2 and other receptor expression proﬁles, TMPRSS2 availability, and other proteases required for S protein priming such as cathepsins
and furin.25
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pathogens.147 Placental villi are composed of trophoblast cells, which
form a polarized epithelium. Trophoblast cells are organized into different layers of ﬂoating and anchoring villi with high proliferative and
migratory potential, which allows cells to migrate from the basal membrane and their fusion further gives rise to multinucleated cells known
as syncytiotrophoblasts (STBs).148 The STB layer of the placenta maintains a strong barrier to protect the fetus from invading pathogens. Also,
these trophoblast cells have been associated with essential immune regulation mechanisms in the placenta during infections.149 However, the
viruses have developed several host cell-evading strategies along with
escape mechanisms from immune surveillance. Moreover, the trophoblast cells are reported to express receptors which are utilized by viruses
to make entry.150 Viruses such as Cytomegalovirus (CMV), Herpes Simplex Virus (HSV) and Zika virus (ZIKV) utilize different strategies to
invade through the trophoblast layer and cross the placental barrier.
The SARS-CoV-2 virus has been reported in different compartments
of the placenta at different stages of pregnancy (Fig 1).27,151,152 For
example, a recent study identiﬁed SARS-CoV-2 in maternal decidua,
Hofbauer cells, fetal trophoblasts, and premature placenta.27 The virus
colonization in term placenta does not show major histopathological
changes as reported in other studies.69,153 However, in preterm placentas, signiﬁcant inﬂammation has been reported.154 Also, the virus
presence during the second trimester of pregnancy was associated with
increased hospitalization and higher risks of preterm births.155 Since the
SARS-CoV-2 virus is known to hijack multiple cell survival pathways, it
could interfere with normal trophoblast function and lead to detrimental
effects on fetal health. Thus, there remains a great need to identify the
mechanisms in the placenta in response to SARS-CoV-2 infection.155

The higher ACE2 expression in uteroplacental area during gestation
is clearly responsible for the higher susceptibility of the placenta to
infection. ACE2 expression levels and distribution during pregnancy are
dynamic. During early pregnancy, a higher ACE2 expression was
reported in decidua and near villi, whereas ACE2 expression was
reduced at the maternal-fetal interface.137 As pregnancy advances, the
syncytiotrophoblast (STB) layer, cytotrophobasts (CTBs) and villous
endothelial cells begin to show higher ACE2 expression.138 These
dynamic ACE2 expression patterns during pregnancy are directly correlated with varying degrees of SARS-CoV-2 infection and disease severity
in pregnant individuals.138
Along with ACE2, TMPRSS2 expression has also been reported in the
uteroplacental area during different stages of gestation.139 This was
shown in RNA-based expression studies that were carried out mainly on
frozen placenta samples, although these studies lacked speciﬁc information regarding ACE2 receptor expression at the membrane level and its
enzymatic functions in the placenta.139 However, another study has
described an important mechanism of ACE2 shedding by metalloproteinase ADAM17 in placental cells, which could serve as an additional protective pathway against SARS-CoV-2 infection by reducing the
availability of membrane bound ACE2.140 SARS-CoV-2 entry into placental cells could also be governed by recently described alternative
entry routes that are TMPRSS2-independent in that they rely on other
human proteases such as cathepsin L and furin.140,141
Recently the cluster of differentiation 147 (CD147) receptor or the
novel SARS-CoV-2 entry receptor basigin (BSG) has been shown to bind
to S protein, and the higher expression of these receptors in placentas
and chorioamniotic membranes has been described in reports.25,142 The
maternal peripheral immune cells are also reported to express ACE2,
and these cells play an essential role during placentation and labor.141
The adhesion molecule CD169, which is expressed on macrophages, was
reported to increase the SARS-CoV-2 infection by an unknown mechanism.140 Macrophages and other immune cells are known to inﬁltrate
into placenta during chorioamnionitis, which seems to induce the
expression of ACE2.141 These studies emphasize the fact that immune
cells could also act as an alternative route of SARS-CoV-2 entry into placentas under inﬂammatory conditions like chorioamnionitis.
It should also be noted that in recent studies, a reduced expression of
ACE2 was reported upon SARS-CoV-2 infection in placentas.27 Since
ACE2 is an essential member of renin-angiotensin system (RAS) pathway, its depletion could adversely affect pregnancy outcomes.25 SARSCoV-2 infected placentas with depleted ACE2 were reported to show a
phenotype similar to what has been observed in PE and IUGR.25,84,143
Higher expression of PE markers, fms-like tyrosine kinase-1 (s-Flt-1) and
AngII receptor type-1 (AT1) autoantibodies, were identiﬁed in SARSCoV-2 infected pregnant individuals.27 It has been shown through in
vitro investigations of placental cell lines and primary trophoblast cells
that SARS-CoV-2 is more infective to cytotrophoblasts, trophoblast stem
cells, and precursor cells than STBs and Hofbauer cells.124 According to
a separate study, isolated differentiated primary trophoblasts from term
placentas were not infected with SARS-CoV-2 and did not produce a signiﬁcant titer after 4 days of examination.144 Authors note that SARSCoV-2 was not able to infect isolated primary trophoblasts because of
moderate ACE2 expression and substantial lack of TMPRSS2 expression
at term.144 This work further highlights the importance of ACE2 and
TMPRSS2 expression dynamics throughout pregnancy as a possible
determinant of infection timing and outcome.

SARS-CoV-2 and placental immunity
A complex and enigmatic immunological balance is maintained during
pregnancy in which a temporary state of immunosuppression in the mother
is needed for the implantation event to be successful, while at the same time
strong defenses against various infections must also be retained.156 The
maternal immune responses follow a precise “immune clock” dynamic
throughout gestation that shifts between anti-inﬂammatory (ﬁrst and third
trimester) and proinﬂammatory (second trimester) phenotypes, eventually
maintaining the maternal tolerance to the fetus.157,158 The innate immune
mechanisms predominate in early pregnancy (ﬁrst trimester) and subsequently with advancing pregnancy. This includes a depletion of peripheral
B-cells, reduced buildup of effector T cells in decidua, and the development
of a tolerogenic phenotype as described in previous reports.157 All of these
changes are tightly coordinated by maternal decidua that comprise a diverse
population of immune cells such as natural killer (NK) cells, dendritic cells
(DC), macrophages, and T cells.157,159 Decidual immunity is crucial for
maintaining the pregnancy-speciﬁc immunological state, as it performs several functions such as training adaptive cells, recruiting more leukocytes to
decidua, and regulating peripheral immune cells.160 The communication
between these different immune cells is critical for a healthy placentation,
therefore dysregulation of these interactions has been observed in various
pregnancy related complications such as PE, recurrent miscarriage, fetal
growth restrictions, preterm birth, and chorioamnionitis.157,161 In normal
pregnancy, the global activation of innate immunity further regulates several mechanisms such as increased complement activity, increase in type I
interferon (IFN) producing DC, activation of antiviral IFN-α-induced STAT1
signaling pathways, and increased expression of NK cells, myeloid DC, and
monocytes.157 The hyperactivation or attenuated immune responses during
acute viral infections could lead to the various adverse pregnancy related
complications that have been observed.157
In recent studies, the SARS-CoV-2 accessory proteins have shown
essential roles in immune evasion pathways such as inhibition of cytokine secretion and antagonizing IFN responses.49 SARS-CoV-2 infection
appears to reduce the lymphocyte count in comparison to inﬂammatory
monocytes, and could contribute to the development of the cytokine
storm that leads to multisystem organ failure.20 The higher expression

The placenta as a barrier during viral infections
During pregnancy, the placenta is the strongest barrier in protecting
the fetus from different pathogens, including bacteria and viruses. The
fetal immune system is underdeveloped and not able to efﬁciently combat pathogens.145,146 The placenta is a complex organization of multiple
cell types, however trophoblasts are considered as the most crucial functional and architectural elements in forming a strong barrier to
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pursued the development of safe and effective vaccines against COVID19.174,175 In addition to the traditional vaccine platforms such as those
based on viruses or proteins, novel platforms based on nucleic acids or
viral vectors were actively taken into consideration early in the pandemic.176 As a result, the mRNA-based COVID-19 vaccines were developed as new generation vaccine platforms and therefore some concerns
were raised regarding their safety.177 However, the safety and mechanism of these vaccines have been corroborated by clinical trials and scientiﬁc evidence. Following the clinical trials, the Pﬁzer-BioNTech
mRNA vaccine was fully approved by the Food & Drug Administration
(FDA) in August of 2021 for use in the United States for adults 16 years
of age and older, including pregnant individuals.178 The safety and
mechanism of mRNA nanoparticle and adenovirus vector based vaccines
has also been developed and established through decades of prior
work.179,180
A large retrospective cohort study carried out in Israel adds some
recent evidence of COVID-19 vaccine efﬁcacy in pregnant individuals.
In this study, the Pﬁzer-BioNTech mRNA vaccine in pregnant individuals
(n = 7,530) reduced the risk of SARS-CoV-2 infection compared to the
nonvaccinated group (n = 7530).181 To gather self-reported surveillance on postvaccination safety, the US Centers for Disease Control and
Prevention (CDC) established the V-safe After Vaccination Health
Checker and Vaccine Adverse Event Reporting System (VAERS), which
includes a record of health outcomes for pregnant individuals who are
vaccinated for COVID-19. A study used data collected from 35,691 participants in this surveillance system and reported that adverse pregnancy
outcomes for those who had been vaccinated with the Pﬁzer-BioNTech
or Moderna mRNA vaccines during pregnancy occurred at a rate similar
to what has been observed prior to the pandemic.182 The CDC has
reported on additional analysis of the V-safe surveillance data, which
found no increased risk of miscarriage among pregnant individuals who
received an mRNA COVID-19 vaccine.183,184 Recently, an observational
cohort study of 10,861 pregnant individuals vaccinated with BNT162b2
mRNA vaccine suggested that this vaccine is also highly protective and
effective in pregnant individuals, just as it is in the general population.185 It has also been reported that the vaccinated mother can transfer
antibodies to the fetus, with a higher persistence of anti-Spike antibodies
in infants seen in comparison to infants whose mother got natural immunity to SARS CoV2 infection.186
These preliminary ﬁndings offer encouraging evidence that these
vaccines are safe and beneﬁcial for pregnant individuals, and further follow-up is continuing to evaluate the longitudinal outcome of maternal
pregnancy and infant health.182 More rigorous studies are also underway to rule out any detrimental effects on fetal health. The continued
surges of COVID-19 infections due largely to highly virulent Delta variant and highly transmissible Omicron variant of SARS-CoV-2 present a
substantial risk for pregnant individuals, and so there will be a continued demand for more safety data for those who are pregnant.

of different cytokines was quantiﬁed from the plasma of COVID-19
patients and includes interleukins, interferon-γ -inducible protein 10 (IP10 or CXCL10), monocyte chemoattractant protein 1 (MCP-1), granulocyte-colony stimulating factor (GCSF), and tumor necrosis factor α
(TNF-α).162 Also, in COVID-19 positive pregnant individuals, a higher
level of C-reactive protein was reported.89 Notably the SARS-CoV-2
induced cytokine storm may lead to higher risk of adverse pregnancy
outcomes by stabilizing a pro-inﬂammatory state that could greatly
affect fetal neural development.20,163 In a single cell transcriptomic
study, SARS-CoV-2 infection was reported to generate a strong immunological response with upregulated interferon pathways, T cell activation
and NK cell proliferation.124 These studies contribute to evidence that
inﬂammatory responses to SARS-CoV-2 infection could lead to a higher
risk of adverse pregnancy outcomes.
A study of SARS-CoV-2-exposed placenta explants showed that infectious virus particles were produced despite eliciting cytotoxicity or a
proinﬂammatory cytokine response.164 Recent research has demonstrated that SARS-CoV-2 is able to replicate effectively in placenta exvivo cultures, and that STBs are a suitable host for the virus.165 Signiﬁcant activation of pro-inﬂammatory cytokines and chemokines, typically
associated with "cytokine storm," has also been found in an in vitro cell
line investigation of SARS-Cov-2 spike protein.166 A robust cell line or
organoid model may support precise understanding of SARS-CoV-2
pathogenesis during pregnancy.167 From the above reports, it is evident
that SARS-CoV-2 infections in the placenta could lead to adverse effects
by impairing the essential physiological balance maintained through
the RAS pathway. More in-depth mechanistic studies are needed to
understand the range of possible long-term developmental defects on
maternal and fetal health due to dysregulation of RAS pathways.25
Currently, studies are lacking that investigate interactions of SARSCoV-2 with decidual immune cells, although the SARS-CoV-2 effect on
peripheral blood leukocytes has been reported in severely affected
COVID-19 patients where a signiﬁcant decrease in IFN-γ and TNF-α levels in CD4+ T cells was observed.168 Being the ﬁrst-line of defense
against various infections, the placenta protects the fetus by supporting
different immunological tools such as: expression of toll-like receptors
(TLRs) at different gestational stages to recognize the pathogen, a
diverse population of immune cells in decidua, caspase activation pathways, production of cytokines and inﬂammatory responses, and release
of antimicrobial peptides into amniotic ﬂuid.74,159 A second line of
defense in the form of NOD-like receptors (NLRs) has also been reported
in trophoblasts. Additional fundamental pathways of placental defense
can include: type III IFN signaling, secreted miRNAs activating autophagy, and the NF-κ B pathway.74
Bordt et al recently revealed fetal sex-dependent differential immune
responses across the maternal-fetal interface in response to SARS-CoV-2
infections.169 Mothers with male fetuses exhibited lower maternal titers
of SARS-CoV-2 IgG antibodies. This ﬁnding suggests that fetal sex alters
maternal antibody responses during pregnancy. Pregnancies carrying
male fetuses had a lower ratio of SARS-CoV-2 antibodies in cord blood.
Epidemiological studies have found that males are generally more likely
to become infected with and suffer more severely from COVID-19 than
females of any age group.170−173 The study by Bordt et al sheds light on
an important aspect of fetal sex-dependent immune responses in the placenta, which may have broader implications for our ability to comprehend the effects of the SARS-CoV-2 vaccine during pregnancy. Although
it is evident that SARS-CoV-2 can infect the placenta, there is minimal
information regarding how SARS-CoV-2 proteins interact with different
placental defense pathways. Further investigation into the molecular
interactions of SARS-CoV-2 at the maternal-fetal interface is needed to
ﬁll this important knowledge gap.

The need for more inclusive data on COVID-19, vaccines, and
pregnancy
Despite being a higher risk group, pregnant individuals have not
been included in any of the trials for vaccines approved for use in the US
and UK Since pregnancy is considered an immunosuppressed state
already, excluding this population from SARS-CoV-2 vaccine trials
causes a notable limitation in the available safety data that may inﬂuence a pregnant woman’s decision to receive a COVID-19 vaccine.187-189
As noted, several studies report evidence of a higher risk of adverse outcomes for newborns in SARS-CoV-2 affected pregnancies, thus a more
comprehensive vaccine trial dataset that includes pregnant individuals
can beneﬁt fetal/neonatal health as well.73,190-192
Including pregnancy data will also address some public concerns
about harmful effects of mRNA platform-based vaccines in relation to
pregnancy, not all of which are supported by reliable evidence. For
instance, concerns have been raised about the effect on fertility and

Safety and effectiveness of COVID-19 vaccines during pregnancy
The global collaboration of multiple pharmaceutical companies and
researchers in conjunction with government agencies has actively
91

Translational Research 251 (2023) 84−95

D. Kumar et al.

ACE2 is a key binding receptor for the virus, but also an important part of
the RAS pathway that regulates maternal hemodynamics during pregnancy
through various direct and indirect mechanisms. The poor placentation
observed in PE and IUGR because of ACE2 dysfunction has been described
in literature but there is still a need to elucidate the exact role of ACE2 in
pregnancy and in the context of COVID-19 disease development. Current
data shows ACE2 receptor downregulation with SARS-CoV-2 internalization, which may further affect the placenta vascularization and healthy
development, and this is supported by the reports of PE-like phenotype
development displayed in COVID-19 infections during pregnancy. Immune
cells also have ACE2 receptors expressed on their membranes that could
lead to another entry route for SARS-CoV-2. Since SARS-CoV-2 viral accessory proteins are reported to antagonize various interferon responses in the
host cells, the immunological responses need to be more fully characterized
in the placenta during SARS-CoV-2 infection at different stages of gestation.
A signiﬁcant barrier to this work is the lack of a well-developed human placenta animal model. Alternatively, organoid models may be the most optimal current means of characterizing the SARS-CoV-2 pathogenesis in
pregnant individuals. Although current vaccines against COVID-19 seem to
be safe and effective during pregnancy, the emerging new variants of SARSCoV-2 with higher transmissibility and better immune escape abilities raise
new questions about effectiveness. The ever-changing Omicron variants
have been recently identiﬁed to produce a new sub-lineage, BA.5, which is
increasingly replacing the older Omicron lineages.212 A high degree of infectivity, similar to that of Delta, and increased transmissibility, like that of an
older version of Omicron, have been attributed to this BA.5 variation.212
Thus, it is crucial to continue vaccine development that includes pregnant
individuals in the clinical trials to better cope with the severity of disease,
along with continuing further investigation into unique features of SARSCoV-2 pathogenesis in pregnant individuals.

cross reactivity of the anti-spike antibody with syncytin-1, a human placental protein that is required for human placental morphogenesis and
expressed in placental syncytiotrophoblasts.193,194,195 However, a number of reports have illustrated that the amino acid sequences of syncytin1 and SARS-CoV-2 spike protein are quite different, and the serum from
COVID-19 patients does not show any cross reactivity with syncytin1.194,196,197 Some clinical reports have also suggested that SARS-CoV-2
infection does not interfere with early pregnancy and most complications have been observed in second or third trimester.198−201 However,
these reports clearly conﬂict with other concerns about interference of
vaccine elicited antibodies with fertility and conceiving pregnancy.
Thus, concerns based on unsubstantiated or conﬂicting data can generate further COVID-19 vaccine hesitancy among pregnant individuals,
but may be alleviated by ongoing studies that address the outcome of
COVID-19 vaccines in pregnant individuals and help to establish their
effects on the fetus and newborns.194
The emerging SARS-CoV-2 variants further emphasize the immediate
need for more vaccine data in the context of pregnancy. Compared to the
parent SARS-CoV-2 strain, new variants have demonstrated more pathogenic traits such as higher transmissibility in variant Alpha, the ability
to escape natural immunity and neutralizing antibodies in variant Beta,
and increased infectivity in variant Delta.202-206 Some work has begun
to address questions surrounding these variants and pregnancy. A recent
explorative cohort study has shown that mRNA vaccine administration
in pregnant individuals generated signiﬁcant antibodies against SARSCoV-2 VOCs Alpha and Beta, and these antibodies were also detected in
breast milk and newborn cord blood.188,207 Another study reported that
maternal vaccination resulted in signiﬁcant detection of anti-SARS-CoV2 antibodies in breast milk, and no adverse effect was reported on the
infant health.208 Atyeo et al found that pregnant and lactating women
need at least 2 doses to reach immune levels similar to those seen in nonpregnant women.209 In this study, it was found that Fc receptor binding
and other antibody effector functions were delayed in pregnant and lactating women after a single dose of vaccination compared to nonpregnant women, but were restored later following a second dose.209
Antibody generation in response to an mRNa-based vaccine was
reported to have begun 5 days after the initial dosage, and transplacental transfer was recorded 16 days later, thus timing of vaccination is an
additional crucial consideration.210
The Omicron variant of SARS-CoV-2 is the most altered, and as a result,
it has developed superior immunological escape capabilities.8 In a study by
Sievers et al, the ability of serum or plasma from SARS-CoV-2 infected or
vaccinated patients to neutralize pseudoviruses producing spike proteins
was evaluated.211 When compared to the improved neutralization activity,
the investigators discovered that the Beta and Omicron variants neutralized poorly. The results strengthen the case for using booster vaccines and
increase our knowledge of the extent to which a particular variation can
dodge immune responses. Two doses of the mRNA vaccine during pregnancy and a booster shot afterward were most effective.211 Overall, the
results imply that immunizations offer enhanced protection during pregnancy if timely boosters are administered, and that the severity of disease
is also mitigated in pregnant women.

Key points
 Pregnant individuals are at greater risk of SARS-CoV-2 infection that
could lead to adverse pregnancy outcomes.
 Vertical transmission of SARS-CoV-2 appears to be rare based upon
all the reports to date, but other risks to fetal health remain.
 SARS-CoV-2 entry into placental cells could be governed by alternate
endocytic pathways other than ACE2 and TMPRSS2.
 SARS-CoV-2 presence in the placenta could lead to various histopathological changes.
 SARS-CoV-2 accessory proteins play a major role in antagonizing
host immune responses.
 The current COVID-19 vaccines are encouraged and declared safe by
the US Food and Drug Administration for use in pregnant individuals
to reduce the serious pregnancy related complications due to SARSCoV-2 infection.
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Conclusion and future perspectives
There is now accumulating evidence that SARS-CoV-2 infection during
pregnancy leads to a higher risk of adverse outcomes for maternal, fetal,
and neonatal health. Although SARS-CoV-2 transplacental vertical transmission appears to be rare based on limited data of neonatal disease cases, other
risks remain. Some increased risks may stem from the ability of SARS-CoV-2
to colonize in different placental compartments such as STB, CTB, EVT, and
even in Hofbauer cells. Moreover, the dynamic expression of ACE2 in the
placenta throughout gestation makes it more vulnerable to SARS-CoV-2
infection, although there are protective mechanisms in the placenta operating actively during infections to protect the fetus. However, these mechanisms are not fully understood and still needed to be explored. For instance,
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