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ARTICLE INFO ABSTRACT

Keywords: The SARS-CoV-2 infection causes COVID-19 disease, characterized by acute respiratory distress syndrome,

Virus bilateral pneumonia, and organ failure. The consequences of maternal SARS-CoV-2 infection for the pregnant

Pregnancy woman, fetus, and neonate are controversial. Thus, it is required to determine whether there is viral and non-
E};ﬁ‘zma viral vertical transmission in COVID-19. The disease caused by SARS-CoV-2 leads to functional alterations in
Neonate asymptomatic and symptomatic pregnant women, the fetoplacental unit and the neonate. Several diseases of
Covid-19 pregnancy, including COVID-19, affect the fetoplacental function, which causes in utero programming for young

and adult diseases. A generalized inflammatory state and a higher risk of infection are seen in pregnant women
with COVID-19. Obesity, diabetes mellitus, and hypertension may increase the vulnerability of pregnant women
to infection by SARS-CoV-2. Alpha, Delta, and Omicron variants of SARS-CoV-2 show specific mutations that
seem to increase the capacity of the virus to infect the pregnant woman, likely due to increasing its interaction
via the virus S protein and angiotensin-converting enzyme 2 receptors. This review shows the literature
addressing to what extent COVID-19 in pregnancy affects the pregnant woman, fetoplacental unit, and neonate.
Prospective studies that are key in managing SARS-CoV-2 infection in pregnancy are discussed.

(SARS-CoV-2)-induced coronavirus disease 2019 (COVID-19)
pandemic, the possibility of increased maternal and perinatal risk sec-

1. Introduction

Viral infections can be devastating to maternal and perinatal health.
Many viruses cross the placental barrier and affect the fetus, such as Zika
[1], rubella [2], and parvovirus B19 [3], among others [4-6]. Also,
influenza is more likely to present a severe form and has a higher death
risk in pregnant women than in non-pregnant women [7,8]. Since the
beginning of the severe acute respiratory syndrome coronavirus 2

ondary to this disease has been kept in mind [9]. At present, more
knowledge is available about the effects of SARS-CoV-2 on pregnant
women, fetuses, and newborns, although much remains to unveil.
Physiological changes in pregnant women include alterations in the
immune system and anatomic and functional changes in the cardio-
vascular and respiratory systems [10,11]. These changes, along with
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Fig. 1. Symptoms in patients with COVID-19. The distribution of most frequent symptoms in reports of patients with coronavirus disease 2019 (COVID-19) in case
surveillance and in-hospital patients with fever and cough are predominant, with few cases of gastrointestinal complications. Circles show the mean values reported

in [35-38].

other adaptive modifications to maternal homeostasis, have led to
consider pregnant women as high-risk and susceptible to viral infections
[12]. Viral and respiratory diseases have a poorer prognosis and more
severe clinical presentation in pregnant women when compared to non-
pregnant women [9]. It is well described that immune cells such as the
helper T cells (Th) play a crucial role in the modulation of the immune
responses in pregnancy, a mechanism required for pregnancy success
[13]. Thus, dysregulation of T-cells as other immune cells in pregnant
women infected with SARS-CoV-2 may result in poor pregnancy out-
comes. The latter might explain why pregnant women are more sus-
ceptible to severe illness from COVID-19 than non-pregnant women
[14].

Studies performed early in the COVID-19 pandemic showed that
pregnant women with this disease had a higher risk of severe illness and
adverse perinatal outcomes than non-pregnant women [14]. The latter is
complemented by the more recent identification of different variants of
SARS-CoV-2, such as Alpha (B.1.1.7) and Delta (B.1.617.2) [15]. Preg-
nant women infected with the Alpha or Delta variants present with a
higher probability of severe disease and adverse perinatal outcomes
compared to pregnant women infected by SARS-CoV-2 [16-18]. On the
other hand, after the recent increase in COVID-19 cases by the Omicron
variant (B.1.1.529), it seems that this variant's infection is associated
with a lower probability of severe illness in pregnant women [19].

The SARS-CoV-2 infection has a broad spectrum of clinical mani-
festations. The disease usually presents with mild symptoms. It can
range from asymptomatic to severe illness with pneumonia and acute
respiratory distress syndrome requiring ICU admission and assisted
ventilation. The National Institutes of Health divided infected adults
into five severity of illness categories [20], and the Chinese Center for
Disease Control and Prevention categorized the severity of symptoms as
mild, severe, or critical [21].

The reported prevalence of asymptomatic infections among the
confirmed population is ~41 % [22]. The data from most cohorts with

longitudinal reports suggest that only a small percentage of asymp-
tomatic patients will become symptomatic [23]. One of the first sources
of information about asymptomatic patients comes from the analysis of
SARS-CoV-2 infection among the “Diamond Princess” cruise ship pas-
sengers. A retrospective analysis found that 32 % of these subjects were
classified as asymptomatic until the complete follow-up of 107 patients
admitted to a hospital in Japan [24]. Another report showed statistical
modelling developed to calculate the delay-adjusted asymptomatic
proportion of infections among the 634 confirmed cases from the cruise
[25]. The latter was due to the lack of available information on the
clinical progression of the patients that did not allow to differentiate the
asymptomatic infections from the pre-symptomatic ones [25]. The re-
sults of the later study estimated an asymptomatic proportion of ~18 %,
with a mean incubation period between 5.5 and 9.5 days [25].

The prevalence of asymptomatic infection in pregnant women was
reported as 54.1 % (95 % CI: 39.16-69.05) [22]. Other reports show that
universal screening for SARS-CoV-2 in pregnant women resulted in
different proportions of asymptomatic patients depending on the studied
area and the pandemic period, which could vary between 73 % and 87 %
during COVID-19 breakthroughs [26-28]. However, most of the studies
did not report the complete follow-up of the women to distinguish the
real asymptomatic from the pre-symptomatic ones. Given the preva-
lence of asymptomatic infection in pregnant women, in areas with a high
prevalence of COVID-19 infection, implementing a universal testing
policy among pregnant women presenting to labour and admission units
may be cost-effective in helping curb disease transmission [29].

Symptomatic infection ranges from mild to critical cases, with most
patients managed on an outpatient basis. Extensive reports from the
Chinese Center for Disease Control and Prevention show that during the
first COVID-19 breakthrough, the leading presentation was a mild dis-
ease in ~81 % of cases. The severe illness appears in ~14 % and critical
condition in ~5 % of patients requiring hospital and ICU admission
[21]. Nevertheless, COVID-19 variants have different clinical



J. Carvajal et al.

(=

»
Heart failure

L

Fa )
Respiratory \
failure

«—
COVID-19

| “h | Sepsis ,

(inflammation)

Risk factors
Hypertension
Diabetes mellitus
Obesity
Age (>65 years)
Male gender
BMI >35 kg/m?

Thromboembolism

-/

BBA - Molecular Basis of Disease 1869 (2023) 166582

N\,

Low blood
pressure Pale & cold
Chills
Septic
shock —>

leﬂculty
breathing

L
| ¥

l

Decreased
urine output

Fig. 2. Complications and risk factors in patients with COVID-19. Infection with SARS-CoV-2 causes coronavirus disease 2019 (COVID-19), which may result in
generalized inflammation configuring sepsis (Sepsis), respiratory and heart failure, and thromboembolism. COVID-19 may also lead to septic shock associated with
low blood pressure, pale and cold arms and legs, chills, difficulty breathing, and decreased urine output. Risk factors for COVID-19 include chronic diseases (hy-
pertension, diabetes mellitus, obesity), body mass index (BMI) >35 kg/mz, male gender and age > 65 years. From data in [39-42].

manifestations. After adjusting for age and sex, the Delta variant is
associated with increased oxygen requirement, ICU admission, and
death compared with the Alpha variant [30,31]. In contrast, the pres-
ence of the Delta variant in various parts of the United States of America
did not result in increased hospitalizations, ICU admission, or death in
adults [30]. Partly, the impact of this variant on transmission rates and
fatal outcomes was associated with people who had not yet been
vaccinated [30]. Conversely, the Omicron variant was associated with
less death and UCI admissions than earlier breakthroughs for Alpha and
Delta variants (4.5 versus 21.3 % for death, and 1 versus 4.3 % for UCI
admission) [32]. Pregnant women suffer a similar rate of clinical com-
plications; however, women with mild infection experience the same
outcomes as uninfected pregnant women [33]. Pregnant women with
severe and critical diseases have a higher risk of perinatal infection,
morbidity, and maternal death [33,34].

Reports of COVID-19 case surveillance show that the most frequent
symptoms are fever, cough, and dyspnea, with lower patients showing
malaise, fatigue, and sputum/secretion (Fig. 1). Other patients also
report neurological symptoms, dermatological manifestations, anorexia,
myalgia, sneezing, sore throat, rhinitis, goosebumps, headache, and
chest pain [35,36]. According to published case series among in-hospital
patients, the principal described symptoms are fever and cough.
Gastrointestinal symptoms such as vomiting and diarrhoea were also
reported [37,38]. For significant symptoms, such as cough and fever,
patients infected by the Delta variant had been found in much lower
incidence. Additionally, sore throat that was not common in patients
with wild-type COVID-19 is a large portion of patients with the Delta
variant [36]. Interestingly, pregnant women are at a lower risk of

experiencing fever, headache, myalgia, diarrhoea, chest tightness, and
expectoration compared with non-pregnant women [14]. Also, the
relative risk of being asymptomatic (RR 3.94, 95 % CI 1.69-9.20) was
higher among pregnant women than non-pregnant women [14].

COVID-19 courses with, at present well-identified complications
(Fig. 2). The most frequent described complications of the disease are
sepsis, respiratory failure, acute respiratory distress syndrome, heart
failure and cardiac difficulties, septic shock, and thromboembolic
complications [39]. It is also reported that COVID-19 in pregnant
women increases the risk of thromboembolism [40]. These complica-
tions seem associated with a variety of risk factors for developing
COVID-19. Among admitted patients, 48 % had co-morbidities, mainly
hypertension, diabetes mellitus, and obesity [41]. Older age (>65 years
old), male sex, high body mass index value (>35 kg/mz), and the
presence of co-morbidities, including hypertension, and diabetes mel-
litus, were also risk factors for developing severe illness [42].

Patients with COVID-19 at admission show lymphopenia, thrombo-
cytopenia, or elevated levels of lactate dehydrogenase (LDH), inter-
leukin 6 (IL-6), creatine kinase, C-reactive protein (CRP), and serum
ferritin [43-45]. The patients also show decreased plasma albumin.
Also, altered liver and kidney function markers and coagulation (D-
dimer) were reported. Among laboratory findings, elevated CRP, lym-
phopenia, and elevated LDH are associated with illness severity. In
general, biomarkers of inflammation, cardiac and muscle injury, liver
and kidney function, and coagulation are higher in severe and fatal
COVID-19 patients [42,43,46].

Pregnant women with COVID-19 have similar findings with lym-
phopenia, neutropenia, thrombocytopenia, and altered liver and kidney
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Fig. 3. SARS-CoV-2 variants and effects in pregnant women. SARS-CoV-2 infection of pregnant women may result from exposure to the Alpha, Delta, or Omicron
variants. Mutations in these variants lead to several alterations in maternal health, including complications in future pregnancies and a higher incidence of diseases
during pregnancy. These alterations are associated with various laboratory parameters in patients with mild or severe infections. Gene mutations result in modi-
fications of the mechanisms by which the virus enters the target cells by predominantly modifying the S1/S2 regions of the S protein of the virus leading to higher
cleavage of this protein S1/S2 region by furin. These alterations increase virus binding to their membrane receptor angiotensin-converting enzyme 2 (ACE2).
Alternatively, some mutations may increase the virus immune evasion or affect predominantly young patients. Mutations: N501Y, asparagine by tyrosine at position
501; P681H, proline by histidine at position 681; D614G, aspartic acid by glycine at position 614; L452R, leucine by arginine at position 452; T478K, threonine by
lysine at position 478. CRP, C reactive protein; GDM, gestational diabetes mellitus; SGA, small for gestational age; Th, helper T cells. Solid red arrows show an
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function [43]. On the other hand, critically ill pregnant women with
COVID-19 have elevated D-dimer, neutrophil count and CRP, and
decreased lymphocyte count from the first to the third trimester as the
most frequent abnormalities [43]. These laboratory findings suggest
obstetric pathologies such as preeclampsia and haemolysis, elevated
liver enzymes, and low platelet count (HELLP) syndrome. Due to these
similarities, preeclampsia- and HELLP syndrome-like have been
described in these patients [47,48]. Therefore, other markers than those
for angiogenesis can help rule out preeclampsia or HELLP syndrome in
pregnant women with COVID-19 [49].

The most common features found by chest computed tomography
(CCT) in patients with COVID-19 include vascular enlargement and
ground-glass opacities (GGO), mixed GGO with consolidation, and
adjacent pleura thickening [50,51]. Consolidations were diagnosed in
~27 % of patients with COVID-19 pneumonia [50,51]. Other reports
described alterations in the CCT include bronchogram sign, crazy-
paving pattern, patchy, and spider web sign [50-52]. Most patients
with COVID-19 had bilateral lung involvement, peripheral distribution,
and multilobe involvement [50-52]. Interestingly, CCT abnormalities
were found in ~63 % of asymptomatic patients at diagnosis [53].
Similarly, pregnant women with COVID-19 show comparable CCT

features [54]. Noteworthy, the American College of Obstetrics and Gy-
naecology (ACOG), the Royal College of Obstetricians and Gynaecolo-
gists (RCOG), and the International Society of Ultrasound in Obstetrics
and Gynaecology (ISUOG) recommend that CCT should not be withheld
in pregnant women if it is clinically indicated [54-56].

Unfortunately, several long-term effects of COVID-19, i.e. post-covid
alterations, have been reported [57-62]. The most common symptoms
in adult subjects are fatigue, cough, dyspnea, chest tightness, post-
traumatic stress disorder, anxiety, depression, and concentration and
sleep abnormalities [57-60]. Interestingly, post-covid effects are more
frequent in women and seem to be reduced in the vaccinated population
[59,62]. Moreover, infants born during the COVID-19 pandemic show
neurodevelopmental delay compared to infants born before the
pandemic, regardless of whether they were exposed to maternal SARS-
CoV-2 infection during pregnancy or not [63]. The latter suggests a
potential underlying mechanism and the importance of long-term
follow-up of children born during the COVID-19 pandemic.

This narrative review summarizes critical aspects of COVID-19 dur-
ing pregnancy, explaining the clinical characteristics of the disease, the
potential mechanism(s) of infection and placental passage of the virus,
the fetal and neonatal consequences of the infection, the suggested
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management for pregnant women affected by COVID-19, and recom-
mendations for post-COVID-19 management.

2. SARS-CoV-2 and infection mechanisms

SARS-CoV-2 strongly interacts with the angiotensin-converting
enzyme 2 (ACE2), a cell protein attached to the plasma membrane
[64,65]. ACE2 is addressed as the receptor for SARS-CoV-2, facilitating
the infection by this virus. While ACE2 expression is predominant in the
lungs within type II alveolar cells, this enzyme is also present at several
extrapulmonary sites such as the oral cavity and gastrointestinal system
[64,65]. The expression pattern of ACE2 across most human tissues also
includes the human placenta [66]. It is nowadays better known that cell
entry and the spread of SARS-CoV-2 depend on the ACE2 receptors [67]
and, potentially, the proteases transmembrane protein serine 2
(TMPRSS2), cathepsins B/L7, and furin [68]. Interestingly, ACE2 re-
ceptor expression is associated with adverse outcomes in viral-affected
pregnancies such as miscarriages, preeclampsia, and ectopic preg-
nancy [69]. Therefore, the ACE2 receptor's role in SARS-CoV-2 infection
of the human placenta involves altered foetoplacental function.

The SARS-CoV-2 virus is formed by structural proteins referred to as
envelope (E), spike (S), membrane (M), and nucleocapsid (N) proteins.
The S, M, and E proteins form the virus envelope covering the N protein
and the virus RNA. The S protein gets embedded in the plasma mem-
brane [67]. The latter mechanism helps viral entry into target cells via
binding the surface unit S1 of the S protein to the cellular receptor,
allowing the viral attachment to the cell surface. The viral entry requires
S protein priming by cellular proteases, which entails S protein cleavage
at the S1/S2 and the S2 site, thus allowing the fusion of viral and cellular
membranes [64]. Therefore, SARS-CoV-2 infects cells by binding its S
protein to cell surface receptors. The latter is followed by S protein
cleavage by TMPRSS2 or cathepsins L or B, the fusion of viral and
cellular membranes, and viral RNA entry into the cytoplasm [70].

The immune system response is vital in the SARS-CoV-2 infection. Th
lymphocytes release cytokines that help regulate immune responses and
inflammation. Th1 cells release cytokines that are microbicides and pro-
inflammatory. These cytokines include interferon gamma (IFN-y), IL-1,
IL-1B, IL-6, and IL-12. Conversely, Th2 cells release anti-inflammatory
cytokines, including IL-4, IL-10, IL-13, and transforming growth factor
B (TGF-p). Further, Th1/Th2 imbalance affected outcomes of patients
with COVID-19 [71]. Increased levels of IL-6 are associated with a
higher risk of lung damage and overall mortality in patients with
COVID-19 [72]. These cytokines are generated by highly inflammatory
macrophages, which play a crucial role in the cytokine storm. Total
lymphocyte count, specifically CD4+ and CD8+ T cells, was slightly
decreased in moderate cases and significantly reduced in severe cases of
COVID-19. The latter shows that the cytokine storm is associated with
the severity of COVID-19, through increased lung damage and T cells
depletion and dysfunction [73].

The Alpha, Delta, and Omicron variants of SARS-CoV-2 have a
similar mutation on the replacement of the aspartic acid by glycine at
position 614 (D614G) of the S protein of the virus, limiting S protein
binding to ACE2 and its cell entry. D614G mutation can increase the
receptor binding affinity and infectivity, and viral immune evasion [74].
The latter study also shows that D614G associated with higher viral load
and younger age of patients but unaltered COVID-19 mortality or clin-
ical severity in the United Kingdom. Interestingly, D614G mutation in
the S protein increases the efficiency of S1/S2 cleavage by furin facili-
tating the virus binding to ACE2 [75] (Fig. 3).

The Alpha variant has an asparagine replaced by tyrosine at position
501 (N501Y), a mutation directly affecting the interaction with ACE2
receptors making it more contagious than other strains. The Alpha
variant also has a proline by histidine mutation at position 681 (P681H)
in the S1/S2 site of the S gene [76]. Further, the Delta variant shows
leucine by arginine mutation at position 452 (L452R) and threonine by
lysine at position 478 (T478K). These mutations are in positions that are
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shown to increase the interaction of SARS-CoV-2 with ACE2 receptors
[75]. The Omicron variant carries more than thirty amino acid muta-
tions in the S protein, including the shared T478K with Delta and D614G
present in the other VOCs for COVID-19 [76].

3. The pregnant women

Pregnant women had a higher risk of severe COVID-19 than non-
pregnant women at comparable ages [14]. Evidence supports the
adverse perinatal impact of maternal SARS-CoV-2 infection, including a
higher risk of preeclampsia [47.48,77], preterm birth, and stillbirth [78]
compared with pregnant women without SARS-CoV-2 infection (Fig. 3).
Compared with mild COVID-19, severe COVID-19 was strongly associ-
ated with preeclampsia, gestational diabetes mellitus (GDM), preterm
birth, and low birth weight [78]. Also, pregnant women with severe
COVID-19 show an elevated risk of caesarean delivery [79].

Several studies show a higher risk of severe disease, pneumonia,
admission to the ICU, mechanical ventilation, and the need for extra-
corporeal membrane oxygenation in pregnant women in any trimester
of pregnancy, compared to non-pregnant women of the same age
[33,34,80]. Nevertheless, pregnant women with mild COVID-19 have
similar obstetric outcomes as uninfected pregnant women [33].
Furthermore, the death rate in pregnant women with symptomatic
COVID-19 is higher (OR: 1.84, 95 % CI: 1.26-2.69) than non-pregnant
women [33,34].

The reports of two registries of pregnant women with COVID-19, the
UK and Global Pregnancy and Neonatal outcomes in COVID-19 (PAN-
COVID) in the United Kingdom and the American Academy of Pediatrics
Section on Neonatal-Perinatal Medicine (AAP-SONPM) in the United
States of America include 4005 women with suspected or confirmed
SARS-CoV-2 infection [81]. These reports show that pregnant women
with confirmed SARS-CoV-2 had a maternal death rate of 0.5 % and 0.2
% in PAN-COVID and AAP-SONPM, respectively. Moreover, the early
neonatal death rate was 0.3 % in both registries and the stillbirth rate
was 0.6 % and 0.4 % for PAN-COVID and AAP-SOPM, respectively.
Further information addresses ~16 % preterm delivery (<37 weeks of
gestation), ~0.5 % extreme premature delivery (<27 weeks of gesta-
tion), 2 % neonatal infection rate, and ~ 10 % small-for-gestational-age
rate [80]. A higher maternal and perinatal risk of adverse outcomes is
expected in pregnant women due to COVID-19, especially those with
severe disease [77-80].

3.1. Symptomatology

Several studies have intended to describe the clinical presentation of
SARS-CoV-2 in pregnant women. Regular physiological changes in
pregnancy could mask or modify early SARS-CoV2 symptoms leading to
a delayed diagnosis or misdiagnosis. As mentioned, around half of
pregnant women present asymptomatic [22]. Moreover, in preproce-
dural asymptomatic infection, i.e., before surgery or delivery, pregnant
women have a higher odds ratio for SARS-CoV-2 infection than non-
pregnant women [82]. Thus, a detailed and precise description of the
clinical presentation of SARS-CoV2 is mandatory. Regarding pregnant
women with symptomatic COVID-19, the most reported symptoms are
fever (~60 %), cough (~45 %), and dyspnea (~20 %) compared with
non-pregnant women [14,16,83,84] (Fig. 3). Other symptoms in
symptomatic pregnant women, such as myalgia, fatigue, rhinorrhea,
chills, nausea and vomiting, rash, abdominal pain, dizziness, sore throat,
nasal congestion, and loss of appetite, are like non-pregnant women
[14,83,84].

Laboratory findings show that in pregnant women with COVID-19,
lymphopenia and elevated CRP are the most consistently reported al-
terations with estimated incidences of ~42 % [85-92] and ~ 51 %
[83-85], respectively, in pregnant women with COVID-19. Other labo-
ratory alterations often reported in severe and critically ill patients
include elevated neutrophil count, thrombocytopenia, abnormal liver



J. Carvajal et al.

and renal function, elevated D-dimer, ferritin and procalcitonin levels
[43].

Radiological pneumonia is diagnosed in pregnant women with
COVID-19, while severe disease requiring ICU admission ranges 4-13 %
[83,84]. Among severely ill patients, 2.5 % and 0.4 % needed invasive
mechanical ventilation and extracorporeal membrane oxygenation,
respectively [83,86]. Maternal risk factors commonly associated with
severe presentation of COVID-19 are advancing age, pre-gestational
diabetes mellitus, GDM, chronic hypertension, asthma, high BMI, and
pre-existing cardiovascular disease [83]. Adverse pregnancy outcomes
are also increased in pregnancy complications in patients with COVID-
19. The most reported complications are preterm birth [78,85], pre-
term premature rupture of membranes [87,88], preeclampsia [77], non-
reassuring fetal testing or fetal distress [81,87,88], and stillbirth
[81,85,87].

3.2. Systemic alterations

Pregnancy is a unique immunological state creating an immunoto-
lerant environment to avoid the rejection of a semi-allogenic fetus while
protecting the mother from infections. The physiological changes of the
maternal immune system associate with anatomic and functional
changes in the cardiovascular and respiratory systems, which have led to
consider pregnant women as high-risk and susceptible to viral infections
[9,12]. Several cells from the immunological system play a role in this
adaptive mechanism with Th cells playing a preponderant role on
keeping this balance by stimulating killer T cells, macrophages, and B
cells to result in the immune response [66].

Patients with severe SARS-CoV2 infection show dysregulation of the
immune system with fewer B, T, and natural killer T cells (NK) [66].
Besides Th cells level being below average values in patients with severe
COVID-19, there is a significant decrease of regulatory T cells (Treg) and
an increase in Th17 number. Therefore, the Treg/Th17 cell ratio is lower
than expected. Since Treg cells have an anti-inflammatory role [66],
keeping a Treg/Th17 balance is crucial to controlling excessive lung
inflammation and injury. The Th cells are also involved in a successful
pregnancy; thus, in SARS-CoV-2 infected patients, dysregulation of Th
cells balance may result in poor pregnancy outcomes such as pre-
eclampsia, preterm birth, or miscarriage [13,66].

Another mechanism that might play a role in pregnancy outcomes is
the renin-angiotensin-aldosterone system. As mentioned, viral entry
occurs by binding to the ACE2 receptor. ACE2 handles converting
angiotensin II to Ang-(1-7), which have vasodilatory, prothrombotic
and anti-inflammatory properties [91]. Since the levels of ACE2 rise
during pregnancy, pregnant women may be more susceptible to SARS-
CoV2 infection [90]. So, cases of preeclampsia-like symptoms in
SARS-CoV2 infected patients have been reported [47], including one
case in which resolution of preeclampsia-like symptoms was achieved
after recovery of SARS-CoV2 pneumonia [47]. This may also worsen the
already prothrombotic state of pregnant women, increasing their risk of
venous or arterial thromboembolism. However, the current evidence is
limited and does not support an increased likelihood of thrombosis in
pregnant women compared with non-pregnant women [91,92].

3.3. Consequences in future pregnancies

The impact of SARS-CoV-2 infection during pregnancy is reported
unless still uncertain. However, few reports show consequences of
COVID-19 in future pregnancies. Pregnant women with severe COVID-
19 have a higher risk of caesarean delivery (RR: 1.57, 95 % CI
1.30-1.90) than asymptomatic pregnant women [79]. Furthermore, the
rate was higher at the beginning of the pandemic. A meta-analysis
showed that 88 % of pregnant women with COVID-19 had a caesarean
delivery compared to non-infected women [79]. This difference in the
caesarean delivery rate has long-term consequences such as higher risk
in later pregnancies for placenta accreta spectrum disorder [93] (Fig. 3).
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Moreover, pregnancies following caesarean delivery also have an
increased risk for abnormal placentation (placenta previa and abrup-
tion), small-for-gestational-age fetuses, preterm birth, and in some
cases, stillbirth [93]. Also, adverse reproductive effects may include
decreased fertility and increased risk of spontaneous abortion and
ectopic pregnancy, and chronic maternal morbidities associated with
caesarean delivery include pelvic pain and adhesions [93].

On the other hand, the human ovarian tissue also expresses ACE2
[94]. Therefore, evaluating the effect of SARS-CoV-2 infection on
ovarian function and fertility is essential. The anti-Miillerian hormone
and basal follicle-stimulating hormone are markers of ovarian reserve. A
decrease in the level of anti-Miillerian hormone and a rise in follicle-
stimulating hormone are associated with lower ovarian reserve [95].
Nevertheless, it is also reported that the anti-Miillerian hormone level
was significantly lower, and basal follicle-stimulating hormone levels
were increased in women with COVID-19 [96]. Interestingly, the
ovarian reserve was unaltered in patients recovering from mild and se-
vere SARS-CoV-2 infection [97].

Also, SARS-CoV-2 infection is associated with an increased preva-
lence of major depressive and anxiety disorders [98]. As a result, we
could have women who begin pregnancy under these conditions and
have an impact on pregnancy outcomes. For instance, depression during
pregnancy is a significant risk factor for preterm birth and small-for-
gestational-age fetuses [99]. Thus, recognizing and treating these
women is a strategy to reduce these adverse pregnancy outcomes.
Therefore, it is necessary to carry out studies that address the outcomes
in future pregnancies in women who previously had COVID-19.

4. The placenta, fetus, and neonate

Viral infection in pregnant women and vertical transplacental
transmission remain unclear in the literature [100-102]. It is reported
that vertical transmission may happen in ~3 % of pregnant women
infected in the third trimester [100]. However, no congenital anomalies
due to SARS-CoV-2 infection have been reported [101]. The few avail-
able evidence for potential vertical transmission also includes a report
showing that three out of 11 placentas were positive for SARS-CoV-2
RNA [102]. In 19 positive pregnancies for COVID-19, only two pla-
centas have been reported positive for SARS-CoV-2 RNA in the syncy-
tiotrophoblast and cytotrophoblast [103]. It is also shown that out of 75
pregnant women with SARS-CoV-2 positive at the time of delivery, one
patient had symptoms of COVID-19, six had symptoms before delivery,
and 68 patients were asymptomatic [104]. In the asymptomatic pa-
tients, only 25 placentas were positive for SARS-CoV-2 and eight were
negative [104]. This low frequency of infection shows that although the
placenta can become infected, these events are rare and may be due to
polarized expression of ACE2 away from maternal blood [103]. In the
case of the Delta variant, placental infection with transmission to the
fetus was reported [105]. Viral infections in the placenta have been
associated with morphological changes, including some pathological
changes due to placenta fibrin accumulation [106].

4.1. Placenta structural and functional changes

Placental infections with SARS-CoV-2 are not associated with any
specific histopathology [103]. Consistent with these results, Suhren and
colleagues published a meta-analysis in which 30 publications from
2019 to 2021 with 1452 cases were analysed. In this study, no specific
placental changes were found for COVID-19, and the incidence of in-
flammatory and vascular lesions was comparable to that of pregnancies
without COVID-19 [107]. On the contrary, a prospective cohort study
found that SARS-CoV-2 infection at 24-44 weeks of gestation was
associated with a higher incidence of low-weight placentas and a higher
birthweight/placental weight (b/p) ratio [108]. It is worth noting that
the latter study was carried out after the study by Suhren and colleagues
[107]. The temporal difference between these two studies may imply a
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Fig. 4. Reported alterations in the placenta, fetus, and neonate/infant in pregnancies with coronavirus disease 2019. The human placenta (Placenta) in pregnancies
where the mother was positive for SARS-CoV-2 show several alterations, including increased inflammation and reduced vascular perfusion, expression of antioxidant
enzymes, and mitochondrial respiration. Several alterations are also described in the growing fetus (Fetus), including restricted growth, cardiac alterations, and
reduced fetal movements. Pregnancies with SARS-CoV-2 infection are associated with prematurity and increased admission to the intensive care unit after birth
(Neonate and infant). IUGR, intrauterine growth restriction; IgM, immunoglobulin M; IgG, immunoglobulin G; PCR, polymerase chain reaction; PROM, premature
rupture of membranes; NICU, neonatal intensive care unit; STB, syncytiotrophoblast; vWf, von Willebrand factor. Information is taken from references quoted in the

body text.

different type of VOC to which the patients were exposed. It is likely that
the VOCs that emerged later, such as Delta and Omicron, have more
significant effects at the placental level.

In a case study that suggested vertical transmission of the virus to the
newborn, the placenta showed greater perivillous fibrin, vascular
rupture on the placental fetal side, infiltration of CD68-positive Hoff-
bauer cells in the villous stroma, as well as the presence of SARS-CoV-2
RNA in the villous of the syncytiotrophoblast [109] (Fig. 4). In a sys-
tematic review including 20 studies with infected placentas in the third
trimester of pregnancy, abnormal fetal (35 % of cases) and maternal (46
% of cases) placental vascular perfusion was described [110]. The latter
study also showed villitis, intervillitis, and chorioamnionitis, which are
inflammatory reactions like those reported for SARS-CoV-1 infection.

Apart from the above-mentioned findings, placental vasculopathy,
specifically in the decidua, has also been reported [111,112]. Another
study in which SARS-CoV-2 positive placentas were compared with
placentas from caesarean sections showed only chronic villitis and
accelerated villous maturation [113]. In placentas from patients positive
for SARS-CoV-2 with severe symptoms, the expression of von Willebrand
factor in the endothelium of decidua and chorionic villi has been re-
ported [114]. The placentas also showed signs of thrombosis, infarcts,
and vascular wall remodelling [114]. The latter findings are also
consistent with the report of fetal vascular thrombosis [115] and the
presence of decidual arteriopathy [116] in SARS-CoV-2 positive
placentas.

SARS-CoV-2 positive placentas also showed intervillous thrombosis,
myometrial fibrillar attached to the basal plate, oedema in the villi,

haemorrhage in the membranes, and microscopic acretism [117]. In
contrast, no abnormalities were found in a reduced proportion (17 %) of
these infected placentas [117]. The alterations mentioned above and the
higher incidence of inflammatory processes in infected placentas are
indicative of systemic inflammation and a state of hypercoagulability
[106]. On the other hand, at the time of delivery, it has been reported
that of 25 placentas positive for SARS-CoV-2 RNA, 12 placentas pre-
sented normal histology compared to placentas from uninfected preg-
nancies [104]. Only one placenta from an asymptomatic mother had
SARS-CoV-2 detected by viral staining. The placenta showed fibrin de-
posits on the apical surface of the syncytiotrophoblast, causing a rupture
of the placental barrier [104].

Also, in photomicrographs of SARS-CoV-2 positive placenta, infil-
tration of inflammatory cells in the intervillous space has been reported,
with signs of necrosis in the syncytiotrophoblast layer and nuclear
fragmentation of syncytiotrophoblast [118]. Inflammatory processes
and viral infections are accompanied by the generation of reactive ox-
ygen species, generating oxidative stress that actively causes patholog-
ical alterations [119]. Infection with SARS-CoV-2 resulted in decreased
expression of genes with antioxidant function (v.g. catalase and gluta-
thione peroxidase) in the placenta, lower expression of respiratory chain
genes (NDUFA9, SDHA, COX411), and genes that regulate mitochondrial
dynamics (DNM1L, FIS1) [120]. These alterations favour the develop-
ment of oxidative stress and decrease mitochondrial efficiency in the
placenta.

It seems contradictory that although infected placentas exist, some
present with drastic morphological changes, while in other patients, the
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morphology is similar to that of non-infected patients. The degree of
severity of SARS-CoV-2 may play a role in these changes. A higher
prevalence of necrotic trophoblasts has been found in the villous of
women requiring respiratory support, showing that the severity of the
disease is associated with the histopathological changes observed in the
placenta after infection with SARS-CoV-2 [121]. This could mean less
oxygenation in the placental tissue that favours infection of the placenta
[122]. Another factor that could be involved in the variant that infects
placentas was proposed in a case study where after infection with the
Alpha variant, placentitis with loss of the intervillous space, fibrin
deposition, and infiltration of inflammatory cells (CD68 positive) was
seen [123]. Among the structural changes reported in a case study of the
placenta infected with the Delta variant, intervillositis increased fibrin
deposition, and syncytiotrophoblast necrosis stands out. The placental
cells also presented apoptosis, senescence, and ferroptosis [105]. The
frequency of placenta alterations such as maternal vascular abnormal
perfusion and decidual artery disease changes with the VOC to which
they were exposed [124]. Interestingly, these placental alterations had a
higher incidence in cases infected with the Delta variant [124].

Another factor that may influence the appearance of malformations
in the placenta is the gestational age at which the infection is acquired.
In a prospective cohort study, it was shown that women with infection in
the acute SARS-CoV-2 phase (<14 days after delivery) have a higher
frequency of lesions due to fetal vascular malperfusion than women with
non-acute phase (>14 days after delivery). In contrast, maternal
vascular malperfusion lesions did not show differences. The latter results
might indicate that the time of infection to delivery can alter the
placental pathology [125].

It is also proposed that the poles of specific genes for each breed may
also influence the appearance of the mentioned alterations since the
histopathological alterations in placentas SARS-CoV-2 positives to vary
depending on different environmental factors, including the geograph-
ical location. A fibrin excess is presented transversally in samples from
other regions where placentas from Canada present deciduitis. At the
same time, those from the United Kingdom show calcifications, and in
samples collected in the French population, agglutinations and chor-
angiosis are more common [126]. All these lesions and others may be
associated with adverse perinatal outcomes.

4.2. The fetus

Although vertical SARS-CoV-2 transmission in pregnancy is rare, it
could occur when the virus enters the placenta through the uterine ar-
teries, passing to the intervillous space. Through the chorionic villous
tree, it could enter fetal circulation [127]. Fetal infection with SARS-
CoV-2 due to placental alterations could generate alterations in fetal
development that would favour the outcome of pregnancy complica-
tions such as abortions, growth restrictions, or preterm deliveries
(Fig. 4). In a group of 79 pregnant women with SARS-CoV-2 It is re-
ported that ~39 % had abortions, ~24 % had preterm deliveries, ~21 %
had premature rupture of the membrane, and ~ 12 % had fetal re-
striction [128].

Fetal death in SARS-CoV-2 infection is shown to associate with
trophoblast necrosis which affects the chorionic villous tissue collapsing
the intervillous space to varying degrees with swelling of inflammatory
cells (histocytes, neutrophils, and CD3+ T lymphocytes) in the inter-
villous and fibrinoid deposition in the perivillous [129]. Also, infected
fetal tissue has been reported during the first trimester of pregnancy
associated with endarteritis in small arteries with inflammatory mono-
nuclear cells (CD68+) in the interstitial space of the fetal heart and
oedema between cardiomyocytes [130]. Fetal lungs presented reactive
bronchial epithelium and hypercellularity composed of CD68+ macro-
phages, myositis in the striated muscle of the neck, extremities, and
diaphragm and kidneys infiltrated with these macrophages. Thus, SARS-
CoV-2 infection might associate with a massive inflammatory response
induced by the release of cytokines from the mother in response to the
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infection [130].

Another fetal tissue that may be affected by SARS-CoV-2 is the brain.
ACE2 and TMPRSS2 show with low expression but furin is highly
expressed in the fetal brain. Thus, these molecules may play a role in the
pathogenic infection of the fetal brain during the second and third
trimester of pregnancy [131]. It is also reported that SARS-CoV-2
infection may result in lower fetal movements seen as bilateral fronto-
parieto-occipital cystic peri-ventricular leukomalacia on day 25 post-
natally, suggesting that infection may cause damage to the newborn
brain [132].

Not only abnormalities in the placenta after infection with SARS-
CoV-2 may affect fetal development, but the mother's pre-existing con-
dition may also contribute to these changes. To date, the pattern of
histiocytic intervillositis and massive perivillous fibrin deposition,
currently known as SARS-CoV-2 placentitis, in obese women is associ-
ated with a higher frequency of pregnancy loss compared to non-obese
women SARS-CoV-2 positive [133]. Pre-pregnancy maternal obesity
has increased in the last decades and keeps rising worldwide [134]. It is
now more recognized that pre-pregnancy obesity increases the risk or
susceptibility to developing other pregnancy diseases such as hyper-
tension in pregnancy, GDM and gestational diabesity [135,136]. How-
ever, it is still unclear whether pre-pregnancy obesity is a risk factor for
more drastic and detrimental effects following SARS-CoV-2 on the fetus.

4.3. The neonate

There has been great concern about the impact that SARS-CoV-2
infection could have on the neonate. The latter is due to the vulnera-
bility of the neonates and their immune immaturity, especially in
extremely ill patients, very low birth weight infants, and children with
major congenital malformations [137]. The primary concerns are the
uncertainty of vertical transmission, postnatal contact, and breastfeed-
ing. The positivity of IgM-IgG in neonates and its interpretation is still
controversial, and further studies are required to answer this question
[138-143]. Although it has not been possible to clearly define whether
the severity of the maternal disease is associated with a potential vertical
transmission, it could influence child symptomatology [144,145]. Given
the data currently available, the source of infection of the newborn is
mainly postnatal, so care practices are fundamental and should be
maintained after postnatal hospital discharge with strict outpatient
monitoring.

Several clinical guidelines have been generated in different countries
for managing the suspected/infected SARS-CoV-2 mother and her
newborn in the delivery room and postnatal care. Based on earlier
experience with SARS-CoV-1 and MERS-CoV, stringent guidelines were
made without clarifying their risks and benefits [69,146]. The pan-
demics' evolution showed repercussions on the neonate and the effec-
tiveness of care practices. Fortunately, the impact on the neonatal
population has been much lower than expected, although severe cases
and even some fatal cases have been reported. The risk of mother-
to-neonate transmission is low, at least for developing severe infections
in healthy newborns [144].

4.3.1. Neonatal infection

Different series have reported newborn infection rates and their
characteristics during the pandemic (Fig. 4). In one first case review, 836
women with SARS-CoV-2 were analysed [144]. The results show that
~4 % of neonates showed PCR positive for the virus in the first hours of
life. In a publication of the Spanish Society of Neonatology [147], 497
pregnant women were SARS-CoV-2 positive at the time of delivery. In
this group of patients, ~33 % of deliveries were by a caesarean section,
and ~ 16 % were premature birth, both primarily attributed to the
maternal status. Another report shows 3 % PCR positive during the first
hours of life (1—12h) and 4 % PCR positive in the second sample (30-48
h) [147]. Another consequence is that ~20 % of the neonates were
hospitalized in the NICU due to symptomatology, including premature
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Fig. 5. Proposed SARS-CoV-2 infection cycle in the generation of women from COVID-19 pregnancies. Pregnancy is a physiological condition where the mother can
get infected with SARS-CoV-2 developing coronavirus disease 2019 (COVID-19). The intrauterine and perinatal environments are stages in life where the pro-
gramming of human diseases may happen, and this may get worse when the neonate comes from a mother with COVID-19. The exposure of the mother to
breastfeeding, neonate, children, and adults (women and men) from COVID-9 mothers may determine high susceptibility to developing young and adult diseases. The
latter is triggered by ecto-exposome factors that are part of the environmental contaminants, mainly in the form of contaminated food, air, and water. Unhealthy
conditions such as obesity, diabetes mellitus, and hypertension will increase the risk of infection in pregnancy. However, the cell and molecular mechanisms ac-
counting for SARS-CoV-2 infection in the COVID-19 pregnancies generation of women of reproductive age are not yet available.

neonates. The rest of the neonates were in-room with their mothers
without seeing adverse effects from receiving breastfeeding, skin-to-skin
care, and in-room stay [147]. The reported findings suggest that the
transmission rate may be low and has a less severe impact on the
neonate.

4.3.2. Neonatal symptomatology and systemic alterations

Standard prevention practices have shown to be effective in reducing
a potential vertical transmission and avoiding strict measures that may
have later adverse effects. In cases where the infection has been detec-
ted, the symptoms are variable. Protocolized management of the de-
livery room ensures minimal risk to the neonate. No more significant
need for neonatal resuscitation is reported, and the Apgar score of the
reported cases is like the normal population. In some reports, lower
scores are associated with a higher incidence of preterm birth
[148-151].

Neonates to SARS-CoV-2 positive pregnancies may be asymptomatic
or have mild to moderate symptoms. The most described symptoms are
lethargy, irritability, hypotonia, poor feeding, diarrhoea, vomiting,
cough, rhinorrhoea, fever, tachycardia, tachypnoea and respiratory
distress [152]. The most described symptoms are lethargy, irritability,
hypertonia, poor feeding, cough, fever, tachypnoea, and pneumonia. A
French series reports fever, respiratory, gastrointestinal, and neurolog-
ical symptoms [153]. Clinical manifestation tends to resolve in one to
two weeks with complete recovery [154-162]. Severe cases in the
neonate have been associated with mothers with severe SARS-CoV-2
disease, related to perinatal hypoxia and a higher risk of preterm birth

[78]. The severity of maternal symptoms has also been associated with a
higher rate of caesarean section and the need for neonatal phototherapy
[149,158].

Severe cases may also present as multisystemic inflammatory syn-
drome in newborns born to mothers with SARS-CoV2 infection (MIS-N)
and in newborns or children with acquired SARS-CoV2 infection (MIS-C)
[163,164]. Multisystem inflammatory involvement manifests mainly
with cardiovascular involvement, shock, myocardial dysfunction, ar-
rhythmias and coronary dilatation. It also presents with respiratory
distress, fever, gastrointestinal and hematologic alterations. Thus, in
patients with signs of multisystem inflammatory involvement, cardio-
vascular evaluation should be included.

The most severe cases of SARS-CoV2 infection have been described
in extremely premature neonates or patients with comorbidities,
attributing their final severity to numerous factors and not only to viral
infection [143,150,157]. Although the symptoms may appear early,
cases with later symptoms are reported. In these cases, it has been
considered that the form of transmission is horizontal and not vertical
[154]. For this reason, patients discharged with their mothers should be
checked for one or two weeks after discharge for symptoms [155]. Since
there is concern about cardiorespiratory and neurological complications
in the medium and long term and these neonates [165], they should be
followed up.

4.3.3. Prevention and general care practices
Care practices that should be taken to avoid transmission are using a
face mask by the mother, hand washing and hygiene before and after
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breastfeeding, and physical distance (2 m) between the mother's bed and
crib. Practices such as early cord clamping, avoiding initial skin-to-skin
contact, early bathing, restriction/suspension of breastfeeding, or sep-
aration from the mother in the first days of life have not shown efficacy.
The benefits of these practices are more significant than the risks of
contracting the infection taking general care practices
[144,147,149,166]. In cases of moderate to severe maternal illness, it
may be advisable to expand care to reduce transmission and improve the
care and comfort of the mother. The analysis should be case-to-case
[147]. Thus, modification of the clinical care guidelines should
depend on the evidence and experience seen in the pandemic. Guide-
lines and protocols should be evaluated and modified according to the
context of each unit considering resources, the prevalence of infection,
the evolution of the different VOCs and the vaccination status of the
population [167].

Breastfeeding has undoubtedly been a subject of great controversy
during the pandemic. Although it has been possible to detect the pres-
ence of SARS-CoV2 in breast milk, it has not been possible to prove a
clear link between the infection of a newborn and the consumption of
breast milk, especially if the standard care practices are taken [78]. On
the other hand, breastfeeding represents many benefits for the mother
and the neonate, so the risk is less than the benefit [144,147,166]. In
summary, if the mother's and the neonate's health allow it, breastfeeding
should be recommended [168]. Measures should be taken to avoid
droplet transmission during breastfeeding [169].

5. Concluding thoughts and future directions

After around two years of the COVID-19 pandemic, it is gratifying to
conclude that there is greater certainty about the routes of transmission,
symptoms, and acute repercussions of maternal SARS-CoV-2 infection in
neonates. Also, there is greater clarity about effective prevention and
monitoring practices. The generation of new information has been
essential in optimizing resources and avoiding suspending interventions
beneficial for the mother and child (e.g. breastfeeding, skin-to-skin
contact). Looking to the future, we still must determine how exposure
to the viral infection by SARS-CoV-2 during pregnancy may affect the
newborn, child, or adult (Fig. 5). The search for specific mechanisms is
essential to generate protocols protecting the mother, fetus, and
neonate. Maternal immune activation, the inflammatory storm, and the
effect on in utero programming of adult diseases due to fetal and peri-
natal environment are aspects on which we must focus our attention. An
example of a more specific mechanism is the ACE2 expression and the
components of its signalling cascade(s) at various levels in the fetus
[141]. The impact of these factors is still unclear and will require further
research and follow-up of these patients in the medium and long term to
figure out their value.

Environmental factors may increase the susceptibility of pregnant
women to be infected by SARS-CoV-2, including pre-pregnancy obesity
—expected as non-stop increasing for 2030 according to the World
Obesity Federation 2022 report [170], diabetes mellitus, hypertension,
nutrition habits, air, food, and water contaminants. These factors are
considered part of the ecto-exposome and endo-exposome [136,171] to
which pregnant women, their fetuses, and newborns are exposed. Also,
it will be necessary to explore the effect of mass vaccination on infection
during pregnancy and the newborn. Vaccines are shown to be safe in the
short term for the mother and fetus/neonate during both pregnancy and
breastfeeding [172]. Vaccination may reduce maternal complications
derived from infection, reduce stillbirth and transfer of antibodies
through the placenta and breastfeeding. However, more studies are
needed to see the effect of vaccination and vaccine immunogenicity in
this population in the long term. The latter will surely change the dy-
namics of infection and manifestations of COVID-19 in the way it is
know so far.
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