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ABSTRACT

BACKGROUND: Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) infection in
pregnancy has been associated with multiple adverse pregnancy outcomes, including the risk
of in utero mother-to-child transmission. Short- and long-term outcomes of SARS-CoV-2
exposed neonates and the extent to which maternal SARS-CoV-2 antibodies are transferred to
neonates are still unclear.

METHODS: Prospective observational study enrolling neonates born to mothers with SARS-
CoV-2 infection in pregnancy, between April 2020-April 2021. Neonates were evaluated at
birth and enrolled in a 12-month follow-up. SARS-CoV-2 IgG transplacental transfer ratio was
assessed in mother-neonate dyads at birth. Maternal derived IgG were followed in infants until
negativizing.

RESULTS: Of 2745 neonates, 106 (3.9%) were delivered by mothers with SARS-CoV-2
infection in pregnancy. Seventy-six of 106 (71.7%) mothers were symptomatic. Median
gestational age and mean birth weight were 39 weeks (range 25°-41"%) and 3305 grams (SD
468). Six of 106 (6%) neonates were born preterm, without significant differences between
asymptomatic and symptomatic mothers (P=0.67). No confirmed cases of in utero infection
were detected. All infants had normal cerebral ultrasound and clinical evaluation at birth and
during follow-up, until a median age of 7 months (range 5-12). All mothers and 96/106 (90.5%)
neonates had detectable SARS-CoV-2 IgG at birth. Transplacental transfer ratio was higher
following second trimester maternal infections (mean 0.944+0.46 versus 1.07+0.64 versus
0.75+0.44, P=0.039), but was not significantly different between asymptomatic and
symptomatic women (P=0.20). IgG level in infants progressively decreased after birth: at 3
months 53% (51/96) and at four months 68% (63/96) had lost maternal antibodies respectively.
The durability of maternal antibodies was positively correlated to the IgG level at birth (+=0.66;
P<0.00001).

CONCLUSIONS: Maternal SARS-CoV-2 infection was not associated with increased neonatal
or long-term morbidity. No cases of confirmed in utero infection were detected. Efficient

transplacental IgG transfer was found following second trimester maternal infections.



INTRODUCTION

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) was first described in
Wuhan, in Hubei province in China, in December 2019 and has rapidly spread around the
world.! In March 2020 the disease caused by SARS-CoV-2, named coronavirus disease 2019
(COVID-19), was declared a pandemic. As of October 2021, the World Health Organization
(WHO) reports more than 200,000,000 confirmed cases of SARS-CoV-2 infections worldwide,
with more than 4,000,000 confirmed deaths.? In Italy, as of October 2021, more than 4,700,000
confirmed cases have been diagnosed, with more than 130,000 deaths (Figure 1).3

In 2002 and 2012 respectively two other highly pathogenetic coronaviruses, severe acute
respiratory syndrome coronavirus (SARS-CoV) and Middle East respiratory syndrome
coronavirus (MERS-CoV), caused fatal respiratory illness, making emerging coronaviruses a
public health concern.* SARS-CoV-2 has overwhelming surpassed SARS and MERS in both
terms of the number of infected people and the number of epidemic areas. The COVID-19
pandemic is impacting nearly every aspect of the society worldwide, both because of its
morbidity and mortality and because of the efforts needed to mitigate its transmission, which
lead to significant social and economic disruption.’

Pregnant women and their fetuses represent a high-risk and vulnerable population, both
because of the possible consequences of SARS-CoV-2 infection on maternal health and because
of the potential for mother-to-child transmission. Although respiratory viruses are usually not
easily transmitted in utero and no previous evidence for in utero transmission of SARS-CoV
and MERS-CoV has been reported, SARS-CoV-2 infection in pregnancy seems to pose a
challenge to these knowledges, as in utero transmission seems to be a possible even if rare
event.®® The mechanisms of in utero transmission are unclear, but the presence in some infected
patients of a viremic phase and the presence of the receptors for viral entry in placental tissues
confer a biological plausibility to this route of transmission.” SARS-CoV-2 infection during
pregnancy has also been associated with placental damage, which might both facilitate the
passage of the virus to the fetus ad affects itself the perfusion of the fetus.!®!! The possible
neonatal and long-term outcomes of neonates born to mothers with SARS-CoV-2 infection
during pregnancy are under investigation.

Previous studies reported that maternal antibodies produced in response to SARS-CoV-2
infection during pregnancy cross the placenta, likely conferring some degree of passive
protection to the neonates.!?!® The efficiency of placental transfer of maternal antibodies in
relation to gestational age at infection and the duration of this possible protection in the neonate

are still unclear.
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Figure 1. COVID-19 cases in Italy by week of diagnosis/swab, from March 2020 to October 2021
and number of naso-pharyngeal swab for SARS-CoV-2 RNA. From: Task force COVID-19 del
Dipartimento Malattie Infettive e Servizio di Informatica. Istituto Superiore di Sanita. Epidemia
COVID-19. Aggiornamento nazionale: 13 ottobre 2021.°

THE VIRUS

Coronaviruses are enveloped positive-stranded RNA viruses. Phylogenetic analyses for the
whole genome showed that SARS-CoV-2 is clustered with SARS-CoV and SARS-related
coronaviruses (SARSr-CoVs) found in bats, placing it in the subgenus Sarbecovirus of the
genus Betacoronavirus. Within this clade, SARS-CoV-2 is grouped in a distinct lineage
together with four horseshoe bat coronaviruses and novel coronaviruses recently identified in
pangolins.!” The closest RNA sequence similarity is indeed to two bat coronaviruses and to
pangolin coronaviruses. It appears likely that bats, which carry coronaviruses healthily, were
the primary source of infection, but whether SARS-CoV-2 may be transmitted directly from
bats or through some other mechanism (e.g. intermediate host) remains to be fully clarified.!'®
Unlike bats, infected pangolins show clinical signs and histopathological changes after
infection, making unlikely these animals to be the reservoir of these viruses.

SARS-CoV-2 shares 79% genome sequence identity with SARS-CoV and 50% with MERS-
CoV. Coronaviruses contain four structural proteins, including spike (S), envelope, membrane

and nucleocapsid (N) proteins.



The host receptor for SARS-CoV-2 cell entry is the same as for SARS-CoV, the angiotensin-
converting enzyme 2 (ACE2). The cell entry is mediated by the receptor binding domain (RBD)
of the S protein of the virus.!’

The binding of the S protein to the ACE2 receptor exposes a cleavage site on the S protein.
Transmembrane protease serine 2 (TMPRSS2), which is a cellular protease, recognizes this
cleavage site and cleaves the S protein to initiate fusion and endocytosis.?® Other proteases, as
cathepsin L and furin, may participate in the cleavage of the S protein. Cells in various human
tissues, including kidney, heart, thyroid, adipose, small intestine and placenta show high ACE2
expression, whereas the lung cells show moderate expression.?! TMPRSS?2 is highly expressed
in several tissues and body sites and is co-expressed with ACE2 in nasal epithelial cells, lungs

and bronchial branches, which explains some of the tissue tropism of SARS-CoV-2.2223

PATHOGENESIS AND TRANSMISSION

Direct person-to-person respiratory transmission is the primary route of SARS-CoV-2
transmission. It occurs mainly through close-range contact (within 2 meters), through inhalation
of droplets and aerosol particles or contact of respiratory droplets and particles with exposed
mucous membranes.>* Reports of SARS-CoV-2 outbreaks have also highlighted the potential
for the airborne route, especially in enclosed, poorly ventilated spaces.?*

On binding to epithelial cells in the respiratory tract, SARS-CoV-2 starts replicating and
migrating down the airways and enters alveolar epithelial cells in the lungs. After viral entry,
the initial inflammatory response attracts virus-specific T cells to the site of infection, where
infected cells may be rapidly eliminated, leading to recovery in most infected patients.
However, the rapid viral replication may trigger a strong and aberrant immune response. A
unique cytokine storm syndrome (CSS) may develop and cause acute respiratory distress
syndrome (ARDS) and respiratory failure, which is considered the main cause of death in
patients with COVID-19.2526 This CSS is characterized by a serum profile of inflammatory
biomarkers different from more classic CSS, as hemophagocytic lymphohistiocytosis or
macrophage-activation syndrome, with the elevation of multiple cytokine and chemokines,
including interleukin (IL)-2, IL-7, IL-10, granulocyte colony-stimulating factor, interferon
(IFN)-gamma-induced protein 10 (IP-10), monocyte chemoattractant protein-1 (MCP-1),
macrophage inflammatory protein 1 alpha and tumor necrosis factor-alpha (TNF-alfa).?’-*® This
hyperinflammatory state is the rationale for the use of anti-inflammatory approaches to improve

survival in severe COVID-19.%°



Infection might also occur through contact with contaminated surfaces, even though this route
does not seem to contribute substantially to new infections.>* SARS-CoV-2 has been detected
in non-respiratory specimens, such as stools, blood, ocular secretions and semen, but their role
in transmission need to be further elucidated. The vertical transmission is considered a rare but

possible event.

CLINICAL PRESENTATION

The spectrum of SARS-CoV-2 infection presentation varies from the absence of symptoms
to severe respiratory involvement with multiorgan failure. The median incubation period for
COVID-19 is 4-5 days, but it may extend to 14 days from exposure to symptoms onset.>!

Based on available large population-based, cross-sectional surveys and longitudinal studies,
asymptomatic infections may account for almost 33% of SARS-CoV-2 infections.’?> However,
there is a wide range across studies in the proportion of reported asymptomatic infections and
it is likely that its true impact is currently underestimated. Some studies also demonstrated that
individuals who do not complain symptoms may have chest imaging abnormalities, with
ground-glass opacities at chest computed tomography (CT), reported in as high as 50% of
“asymptomatic” patients.?

Symptoms and signs of COVID-19 at illness onset vary, but the most common are: fever or
chills, fatigue, myalgia, joint or bone aches, anosmia and/or ageusia, nasal congestion and
rhinorrhea, sore throat, cough, shortness of breath or difficulty breathing, headache,
gastrointestinal symptoms such as nausea, vomiting or diarrhea, dermatological manifestations
such as a maculopapular rash, discolored lesions of the fingers and toes, hives.>* After a median
time from illness onset of 5-8 days, the clinical status of some patients may deteriorate and in
the most severe cases may manifest as pneumonia, hypoxemic respiratory failure/ARDS, sepsis
and septic shock, cardiomyopathy and arrhythmia, acute kidney injury, hypercoagulability.’> A
large cohort of more than 44,000 people with COVID-19 from China reported a mild to
moderate disease in 81% of patients; a severe illness in 14% of patients; a critical disease
characterized by respiratory failure, shock or multiorgan system dysfunction in 5% of patients.
The case fatality rate was high among people with critical disease (49%) and overall was
2.3%.3% Complications from prolonged hospitalizations, including bacterial and fungal
superinfection, thromboembolism may occur.?*

Clinical symptoms experienced by children are similar to adults, but illness severity is usually
milder. Nonetheless there is increasing evidence that infants (<12 months of age) and children

with underlying medical conditions may be at increased risk for severe illness.?”*® Another



concern in pediatrics is the possibility of the multisystem inflammatory syndrome associated
with COVID-19 (MIS-C), characterized by persistent fever, abdominal pain, gastrointestinal
symptoms, skin rash, mucocutaneous lesions and in the most severe cases hypotension, cardiac
and renal involvement and shock.** This condition may begin weeks after SARS-CoV-2
infection and may be the first manifestation of a previous asymptomatic SARS-CoV-2
infection. The complete clinical profile, laboratory characterization and long-term
consequences of MIS-C are under investigation.

Several risk factors for severe illness have been identified: age, with higher case fatality rate
among the oldest cohort, comorbidities including cardiovascular disease, diabetes, chronic
respiratory disease.’* Pregnant women seem to be at increased risk for severe illness, which in

turn increases the risk of adverse pregnancy outcomes.

RESPIRATORY PATHOGENS IN PREGNANCY

Due to the physiological changes associated with pregnancy, like the altered cell-mediated
immunity and changes in the cardiovascular and pulmonary function, including increased heart
rate, stroke volume, oxygen consumption and decreased lung capacity, pregnant women are
known to be more susceptible for complications of respiratory infections. Pneumonia arising
from any infectious etiology is recognized as an important cause of morbidity and mortality in
pregnant women, with the highest level of both morbidity and mortality described for viral
pneumonia.*’

According to this assumption previous epidemics, including influenza and other
coronaviruses, showed a significantly more severe course in pregnant women as compared with
non-pregnant women of reproductive age. However, the total number of infected individuals
reached by both SARS and MERS epidemics were extremely lower than the number reached
by the current SARS-CoV-2 pandemic (8422 probable SARS-CoV cases by July 2003 and 2574
confirmed MERS-CoV cases since 2012), which in turn lead to a lower number of SARS-CoV
and MERS-CoV infected pregnant women.*'*#> Studies on clinical presentation and pregnancy
outcomes of approximately 100 SARS-CoV infected pregnant women reported that the rate of
admission to intensive care unit (ICU), mechanical ventilation, spontaneous abortion,
intrauterine growth restriction, preterm delivery and deaths was higher than in infected non-
pregnant women.***® No cases of vertical transmission were identified. Data on MERS-CoV
infected pregnant women are even more limited, as only 11 cases have been described: notably,

adverse clinical and obstetrical outcomes were reported in 91% of these pregnancies.*’-2



Given the paucity of data on the impact of coronaviruses infections in pregnancy, at the
beginning of the SARS-CoV-2 pandemic multiple factors, regarding the pathogenesis of
coronavirus infection in pregnancy, the relationship between timing of maternal infection and
clinical presentation, gestational age of the fetus and pregnancy outcomes, the effects of

maternal age and comorbidities on illness severity, were unclear.

SARS-COV-2 INFECTION IN PREGNANCY

Available data are insufficient to determine if pregnancy increases susceptibility to SARS-
CoV-2 infection. The reported prevalence of SARS-CoV-2 infection among pregnant women
ranges from 2.7% to 20%.%-% Some studies report this prevalence to be higher than the
prevalence observed in non-pregnant individuals: however, since these studies were not
designed to evaluate the different susceptibility profile, which would require to compare
individuals of the same sex, age, and with the same exposure to SARS-CoV-2, results are not
definitive.33-5¢

The largest proportion of pregnant women infected with SARS-CoV-2 shows asymptomatic
or mild courses, but there is increasing evidence that although the overall risk of severe illness
is low, pregnant women might be at increased risk for severe disease as compared with non-
pregnant women. The most interesting data on this issue are part of the Centers for Diseases
Control and Prevention (CDC) COVID-19 surveillance system, which included 409,462
individuals of reproductive age with symptomatic COVID-19, of whom 23,434 pregnant
women and 386,028 non-pregnant women, adjusted for age, race/ethnicity and underlying

medical conditions.’’?

Compared to non-pregnant women, pregnant women were more
frequently admitted to ICU (10.5 versus 3.9 per 1,000 cases; aRR=3.0; 95% CI=2.6-3.4),
received invasive ventilation (2.9 versus 1.1 per 1,000 cases; aRR=2.9; 95% CI=2.2-3.8) and
received extracorporeal membrane oxygenation (0.7 versus 0.3 per 1,000 cases; aRR=2.4; 95%
CI 1.5-4.0). A 70% increased risk for death associated with pregnancy was also reported (1.5
versus 1.2 per 1,000 cases; aRR=1.7; 95% CI=1.2-2.4).5 Risk for severe disease was apparent
in nearly all stratified analyses, but it was more evident in the age group 35-44 years. The most
frequently reported signs and symptoms were cough, headache, muscle aches and fever.>®

A similar conclusion was reached by a European multicenter case-control study using a
propensity score: pregnant women were at higher risk of ICU admission than non-pregnant

women (17.4% versus 11.08%; P<0.001), of needing oxygen supplementation (36.04% versus
17.24%; P=0.006) and endotracheal intubation (10.16% versus 1.67%; P=0.022).%



Data from the United Kingdom’s Obstetric Surveillance System and from the Surveillance
for Emergency Threats to Mothers and Babies Network (SET-NET) reported that risk factors
for severe COVID-19 are similar among pregnant and non-pregnant women, and include age >
35 years, black race, underlying medical conditions such as overweight/obesity, chronic lung
disease, chronic hypertension and diabetes mellitus.®!%2

Evidence is accumulating that COVID-19 in pregnancy, and particularly severe COVID-19,
is associated with a number of adverse pregnancy outcomes, including preeclampsia, preterm
birth, stillbirth, gestational diabetes and low birth weight.®® Most of these complications may
be placentally-mediated and/or placentally-reflected.®* An observational study of 1,219
pregnant women also suggests that SARS-CoV-2 infected women with severe disease are at
increased risk of cesarean section.® Interestingly, there are some reports that during the

pandemic the overall rate of preterm birth has declined in some high-resource settings.5¢-7°

SARS-COV-2 RNA DETECTION IN BLOOD SAMPLES

The detection of SARS-CoV-2 RNA in blood samples is considered infrequent (pooled
estimate 10%; 95% CI 5-18%, 200/1512 samples).”’!

Available studies with large sample size, mainly conducted in China, reported a wide range
of SARS-CoV-2 RNA positive detections in blood samples (whole blood or serum) of infected
patients, from 1% to 41%.7>7” Most of these studies report a strong correlation of serum viral
RNA with disease severity and progression with multiorgan involvement, including respiratory
failure, cardiac damage, renal damage and coagulopathy. 7478 One study reported the median
duration of RNA detection in a positive blood sample as 16 days (range 11-21) without
significant differences between patients with different disease severities.”* A recent study,
including both a review of 28 studies and original results, reported a high cycle threshold (Ct)
in blood samples, reflecting low copy numbers and suggesting the detection of genomic
fragments rather than replication-competent virus in blood. ! However, the possibility of intact
virions may not be definitively excluded.

Data on viral RNA detection in blood of pregnant women are limited. One study enrolling 64
subjects with SARS-CoV-2 infection, of whom 47 infected pregnant women, and 63 controls,
reported no detectable viremia in any maternal blood but one case of detectable viremia among
women of reproductive age in the non-pregnant cohort, detected 13 days after symptom onset.'®

Notably, there is some methodological variability between the available studies, both for the
sample used (whole blood versus serum) and because of the variable targets of the molecular

assays and different thresholds for reporting positivity.
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PLACENTAL INVOLVEMENT IN SARS-COV-2 INFECTION

It has been documented that in women with SARS-CoV-2 infection the virus can reach and
affect the placenta. SARS-CoV-2 RNA and proteins have been detected in placental tissues in
several studies, also in clinically recovered women.”®-8! However, the detection of the virus in
the placenta does not necessarily mean that the virus is able per se to cross the placenta and to
cause fetal infection, and does not clarify whether the placenta is susceptible to infection under
normal physiological conditions or only under conditions of systemic inflammation.

Data regarding the expression of canonical SARS-CoV-2 receptor ACE2 and the co-
expression of its classical co-factor TMPSSR2 in placental tissue are conflicting.

One study evaluating placentas from 28 patients between 14 and 40 weeks’ gestation without
SARS-CoV-2 infection and one placenta from a COVID-19 pregnant woman at 19 weeks’
gestation using a monoclonal anti-ACE-2 antibody, demonstrated in situ expression of ACE2
at the maternal-fetal interface both in cytotrophoblast and syncytiotrophoblast cells of placental
villi, as well as membranous expression in extravillous trophoblast.®?> ACE2 expression was
present constantly throughout pregnancy.®? Since trophoblastic cells are in direct contact with
maternal blood in the villous space, these data may suggest that SARS-CoV-2 is able to infect
the placenta via a receptor-mediated mechanism. Another study conducted on 27 placentas from
SARS-CoV-2 infected women and 10 placentas from control patients, reported the detection of
ACE2 by immunohistochemistry in syncytiotrophoblast cells during early pregnancy but rarely
in healthily placentas at full term, but term placentas from COVID-19 affected women
displayed increased ACE2 expression as compared with non-infected women.!! The factors that
may drive placental ACE2 expression during COVID-19 remain unknown. It is likely that
placental cytotrophoblasts and syncytiotrophoblasts express ACE2 from 7 weeks onward.®?

Also TMPRSS?2 has been identified in placental cells, but there are not definitive data on its
co-expression with ACE2. One study investigating the expression of both ACE2 and TMPRSS2
throughout the three trimesters of pregnancy at the transcriptional level found that very few
cells co-express ACE2 and TMPRSS2 - four cells in any of the three trimesters - resulting in
an estimated <1/10,000 cells.®* The co-expression of ACE2 and TMPRSS2 was minimally
detected also in the chorioamniotic membranes. Even though the possibility that SARS-CoV-2
may use alternate entry routes in placental cells, while interacting with other proteins, may not
be excluded, this study suggests that transplacental transmission of SARS-CoV-2 in unlikely
to occur unless facilitated by other concomitant pathological conditions resulting in a breach of

the maternal-fetal crosstalk.
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Several reports suggest the possibility of increased risk of placental lesions and impaired
placental function due to hypoperfusion and inflammation in women with SARS-CoV-2. As
mentioned above, this damage may both facilitate the virus spread to the fetus without requiring
placental cells infection and may itself lead to an indirect damage to the fetus, depriving it from
its oxygen and nutritional requirements, and leading to increased mortality and morbidity.

A recent review of 57 studies which included 1,009 pregnancies complicated by SARS-CoV-
2 infection reported maternal vascular malperfusion in 31.4% and fetal vascular malperfusion
in 26.9% of examined placentas.!® Almost 25% of the placentas had features of acute or chronic
inflammation. Only 17.4% of placentas did not present any abnormal histological findings. It
is to be further defined if these pathological findings are related to a direct viral effect, to a
compromised hemodynamic status of some infected women or to the effect of pro-
inflammatory cytokines.

There is indeed a growing body of evidence that severe COVID-19 can trigger maternal
inflammatory responses at the maternal-fetal interface, governed by T cells and macrophages,
as well as a cytokine response in the fetal circulation.!!®> Even if these responses are critical
for protecting the developing fetus from pathogen invasion, placental inflammation itself may
lead to pathological changes detrimental to pregnancy and fetal development.!!:85 A placental
immune activation, and thus potential long-term consequences for the developing fetus, has
been reported also in women with asymptomatic and/or mild infections occurring during late

pregnancy. 8!8

MOTHER-TO-CHILD TRANSMISSION OF SARS-COV-2

Transmission of SARS-CoV-2 to neonates is thought to occur primarily through respiratory
droplets during the postnatal period when neonates are exposed to mothers or other caregivers
with SARS-CoV-2 infection.

The extent and clinical significance of vertical transmission — in utero, intrapartum or early
postnatal through breastfeeding - is unclear.®

Generally, in utero transmission of pathogen can occur through the hematogenous route or
more rarely the ascending route. Most pathogens transmitted in utero are those in which
systemic (bloodstream) infection occurs in a pregnant woman to permit the pathogen to obtain
access to the placenta. Once the pathogen reaches the placenta, it must cross the maternal-
placental interface to obtain access to fetal vessels, reach the fetus and cause infection. Various
factors may play a role into this passage. These include direct damage to the villous tree with a

break in the syncytiotrophoblast layer, which can be caused by virus-induced apoptosis and

12



vascular damage in the placenta, spread through the virus-infected maternal endothelium to the
extravillous trophoblast, trafficking of infected maternal immune cells throughout the
syncytiotrophoblast, paracellular or transcellular transport into fetal capillaries, transmission
via swallowed or aspirated amniotic fluid.*’-% In early life pathogens may also be transmitted
during labor and delivery, when the pathogen in maternal blood or vaginal secretions or in
maternal rectum gain access to an appropriate host cell in the neonate. Some pathogens may
also reach the neonate through breast milk, and lead to infection if susceptible cells are
encountered through the gastrointestinal system.

Based on previous knowledges on respiratory viruses during pregnancy, including SARS-
CoV and MERS-CoV, from the beginning of the pandemic pregnant women and their fetuses
were considered a vulnerable population mostly because of the possible higher maternal
morbidity and mortality, which in turn may lead to obstetrical complications. Other respiratory
viruses are indeed generally not easily transmitted, and in utero transmission of other
coronaviruses has never been demonstrated. As the number reached by the COVID-19
pandemic increased however, single case reports or small case series suggesting possible in
utero transmission of SARS-CoV-2 have been increasingly published.”®** Even if the reported
number of cases remains low and in most of these cases diagnosis is not unquestionable, there
is a biological plausibility for in utero transmission of SARS-CoV-2, as the virus may reach the
placenta, placental tissues may express the virus receptors, and also fetal tissues and organs
may express SARS-CoV-2 receptors during gestation. ACE2 is expressed in fetal kidney,
ileum, and rectal cells from as early as 15 weeks, is barely detectable at 15 weeks in the lungs
with undetectable expression thereafter, and undetectable in the cerebral ependymal,
parenchymal and cardiac cells.3* A proportion of cells located in the fetal adrenal glands and
the kidneys seems to co-express ACE2 and TMPRSS2.%

Some cases of intrapartum transmission have also been suggested and are plausible both
because SARS-CoV-2 has been detected in vaginal secretions of some mothers and because
SARS-CoV-2 shedding in stools of infected individuals is well documented.®*°¢ However, viral
contamination of the environment, droplets and aerosols generated by the infected woman
during labor may account for early neonatal infection.”’

Since defining the true impact of vertical transmission of SARS-CoV-2 based on available
literature has been difficult, due in part to the variety of methods and the different timing used
for diagnosis, on February, 2021 the WHO proposed a classification system to determine timing

of vertical transmission of SARS-CoV-2, which is based on three elements:’
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- documented maternal infection, using the WHO COVID-19 case definition anytime during
pregnancy for in utero infection; near the time of birth for intrapartum and early postnatal
infection;

- tests to evaluate the likelihood of early in utero or intrapartum exposure;

- tests to evaluate the later exposure/persistence of the virus or virus-specific immune
response in the fetus/neonate.

The timing of vertical transmission (in utero, intrapartum and early postnatal) is classified in:

1) confirmed;

2) possible (evidence is suggestive but not confirmatory for infection);

3) unlikely (little support for diagnosis but infection cannot be completely ruled out);

4) indeterminate (when tests required to define classification have not been performed).’

As pointed out by the WHO document, the diagnosis of in utero SARS-CoV-2 infection may
be challenging. Since in utero infection would be the result of a bloodstream infection with
transplacental passage of the virus, the mechanism by which it should lead to a positive
nasopharyngeal swab in the neonate in unclear. Serological assays have several limitations:
immunoglobulin (Ig) G levels found in the neonate are primarily reflective of maternal
antibodies and even if IgM and IgA are generally thought to represent a fetal response, maternal
IgM and IgA may be found in neonatal blood in some cases of placental disruption. The
sensitivity and specificity of IgM assays vary by disease, but usually are less reliable than
molecular assays and prone to both false negative and false positive results.”® Thus for the
purpose of diagnosing in utero infection, a first positive serological test always requires
confirmatory testing, preferably using molecular diagnostic tests or otherwise a later serological

test showing persistent immunological response in the neonate (Figure 2).”

NEONATAL OUTCOMES FOLLOWING MATERNAL SARS-COV-2 INFECTION

Currently there are insufficient data to draw solid conclusions about possible neonatal
complications after maternal SARS-CoV-2 infection in pregnancy. One large cohort study
conducted in Sweden reported the neonatal outcomes of 2,323 neonates born to 2,286 mothers
with SARS-CoV-2 infection, with SARS-CoV-2 infection defined as a test positivity from
conception to one week after birth.”” The median time from a maternal positive test result to
delivery was 36 days (interquartile range, 5-85), with a minority of women infected from 2
weeks before to one week after delivery (710/2,286 - 31%). Overall 0.9% of 2,323 infants tested
positive for SARS-CoV-2, with most of the infected infants born to mothers with a positive

SARS-CoV-2 test at delivery (17/21 - 81%).
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(#1) Maternal infection: Suspect, probable or confirmed case of SARS-CoV-2 infection anytime during pregnancy,

as defined by WHO COVID-19 case definitions (25).
(#2) Evidence in utero fetal exposure

One or more of following samples at age <24 hours
positive for SARS-CoV-2:

» RT-PCR from sterile sample’

(#3) Viral persistence/immune response

One or more of following samples at age 24-48 hours
positive for SARS-CoV-2:
» RT-PCR from sterile sample®

Confirmed » Placental tissue (RT-PCR or ISH)
» RT-PCR from non-sterile sample”
» Serology (1gM or IgA)
One or more of following samples at age <24 hours | One or more of following samples at age 24-48 hours
positive for SARS-CoV-2: positive for SARS-CoV-2:
» RT-PCR from sterile sample’ » RT-PCR from non-sterile sample?
Possible » Placental tissue (RT-PCR, ISH, IHC or microscopy), | OR
placental swab RT-PCR » Positive serology (IgM or IgA) at age 24 hours to <7
» RT-PCR from non-sterile sample? days
» Serology (IgM or IgA)
One or more of following samples at age <24 hours | All tests that were performed on samples ot oge 24-48
positive for SARS-CoV-2: hours are negative for SARS-CoV-2:
» RT-PCR sterile sample’ » RT-PCR from sterile sample'
» Placental tissue (RT-PCR, ISH, IHC or microscopy), » RT-PCR from non-sterile sample?
placental swab RT-PCR OR
» RT-PCR from non-sterile sample’ » Negative serology (IgM or IgA) at age 24 hours to <7
» Serolo,
Unlikely gy (18M or IgA) days
All in utero fetal exposure tests (above) that were One or more of following samples at age 24-48 hours
performed are negative for SARS-CoV-2 positive for SARS-CoV-2:
» RT-PCR from sterile sample*
» RT-PCR from non-sterile sample’
OR
» Positive serology (IgM or IgA) at age 24 hours to <7
days
One or more of following samples at age <24 hours | No viral persistence/immune response tests (above)
positive for SARS-CoV-2 performed
*» RT-PCR from sterile sample’
» Placental tissue [RT-PCR, ISH, IHC or microscopy),
placental swab RT-PCR
» RT-PCR from non-sterile sample?
Indeterminate ~ * Serology (1gM or IgA)

No in utero fetal exposure tests (above) performed

One or more of following samples at age 24-48 hours
positive for SARS-CoV-2:

» RT-PCR from sterile sample'

» RT-PCR from non-sterile sample’

OR

Positive serology (IgM or IgA)} at age 24 hours to <7 days

IHC: immunohistochemistry; ISH: in-situ hybridization; RT-PCR= reverse transcription polymerase chain reaction.

! Sterile sample: amniotic fluid (sterile collection caesarean section prior to rupture of membranes or amniocentesis), neonatal blood (cord
blood needs confirmation with peripheral blood or other sample), lower respiratory tract samples obtained by bronchoscopic or non-
bronchoscopic bronchoalveolar lavage, bronchial or tracheal aspirate, or cerebrospinal fluid; * Non-sterile sample: upper respiratory tract
samples (e.g. naso- or oropharyngeal swab or aspirate) or other non-sterile samples (e.g. stool).

Figure 2. Categorization of in utero SARS-CoV-2 transmission in live births proposed by WHO. In
utero SARS-CoV-2 infection requires: #1) evidence of maternal SARS-CoV-2 in pregnancy AND #2)
in utero SARS-CoV-2 exposure AND #3) SARS-CoV-2 persistence or immune response in the neonate.
From: WHO. Definition and categorization of the timing of mother-to-child transmission of SARS-
CoV-2. Scientific brief.’

Comparing the outcomes of neonates born to SARS-CoV-2 infected and non-infected women,
this study suggests that maternal SARS-CoV-2 infection is associated with increased risk of

some neonatal morbidities, such as lower gestational age (gestational age <37 weeks 8.8%
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versus 5.5%) and birth weight, even if the number of neonates small for gestational age was
comparable between the two groups (2.4% versus 2.2%). Neonates born to mothers with
SARS-CoV-2 infection were also more likely to have some respiratory disorders, but this
finding was mediated by preterm birth, which could also explain the more frequent use of
antibiotics, hyperbilirubinemia and need for assisted ventilation in this cohort.” Unfortunately,
in this study no information on maternal clinical status and severity were provided. Even if
preterm birth, low birth weight and admission for neonatal care are the most commonly reported
neonatal outcomes, there are conflicting results in literature.!%%-19 A study from the prospective
German registry on obstetric and neonatal outcome following maternal COVID-19 in
pregnancy, reporting data from neonates born to women with early and late COVID-19 (early
if women tested positive for SARS-CoV-2 more than 2 weeks prior to delivery, late if tested
positive for SARS-CoV-2 less than 2 weeks prior to delivery), found no significant differences
in birth weight, congenital malformations (2.5% versus 1.9%), cesarean section, rate of
prematurity (10.4% versus 14.9%), neonatal intensive care unit (NICU) admission (12.5%

103 Tnterestingly, in

versus 15.4%) or need for ventilatory support between the two groups.
addition to the low neonatal morbidity, Authors report that 9/323 (2.8%) neonates tested
positive for SARS-CoV-2 RNA, all born to women with late SARS-CoV-2 infection, and that
all these neonates were asymptomatic.

A recent systematic review and metanalysis of large cohort and case series including 31,016
pregnant women from 44 countries of the six continents, mostly infected during the third
trimester of gestation reported the highest risk of preterm birth (<37 weeks), NICU admission
and low birth weight in severe COVID-19.104

To date no clinically detectable congenital abnormalities have been described in infants born
to mothers with SARS-CoV-2 infection in pregnancy. Most studies evaluating hematological
parameters and coagulation in neonates reported values in the normal range for age, even if
studies are limited by small sample sizes.!?% 19519 Some Authors raised questions about the
possible long-term effects on neonatal health of both the maternal inflammatory state related to
COVID-19 and the possible neurotropic effects of the virus, including the possible effect on

the inner ear structures,'®’ but conclusive data are still lacking.

TRANSPLACENTAL ANTIBODIES TRANSFER
One of the most important aspect of immunity against pathogens in early life relies on
effective maternal antibody production in response to the pathogen, efficient transfer across the

placenta to the fetus, and persistence of this passive immunity in the infant for the first months
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of life. Transplacental antibody transfer begins during the first trimester but increases
exponentially during pregnancy, with the majority of transfer occurring during the third
trimester.

The majority of maternal antibodies transferred to the fetus are of the IgG isotype, and across
the IgG subclasses there is a certain variability in the transfer efficiency (IgG: > IgG; > IgG, >
IgGy); also the glycosylation profile of the IgG, which varies with the maturity of the IgG,
drives the efficiency of the transplacental transfer. Upon transfer, IgG antibodies may be
detected in neonatal blood in a finite amount that declines over time. These maternally derived
antibodies have an important effective function in protecting neonates and infants against
infectious diseases, as demonstrated in infants with agammaglobulinemia, but might also
interfere with vaccines, as it may suppress vaccine-induced immune responses.!® For most
pathogens, umbilical cord IgG titers are higher than IgG titers in maternal blood, leading to a
cord-to-maternal IgG ratio equal or above 1, with the highest ratio of approximately 1.5
typically observed for vaccinable pathogens, including influenza, pertussis and measles.!?-112
This higher titer observed in neonates as compared with their mothers, is partly due to
endosomal transport of IgG across the syncytiotrophoblast layer from maternal to fetal
circulation. IgG are transferred by the neonatal Fc receptor, which is present in high
concentrations on the placental syncytiotrophoblast. It has been suggested that some maternal
acute infection, as malaria and HIV, may compromise the efficiency of transplacental transfer
of non-disease-specific antibodies, because of alterations in antibody glycosylation and because
hypergammaglobulinemia can result in competition for binding the neonatal Fc receptor. 12

Most individuals infected with SARS-CoV-2 develop antibodies to the S and N proteins,
which are used as antigens in the serology assays. The S protein is an important target for
neutralizing antibodies, and these antibodies can prevent viral entry into the host cells. SARS-
CoV-2 IgM, IgA and IgG antibodies typically become detectable at similar median times of
about 2 weeks post-infection onset. IgG titers peaks around weeks 3 to 7 post-infection, then
plateau.!'* Current information on the role of antibodies in viral clearance and modulation of
the disease severity and the longevity of these responses are limited. Both a rapid waning of
SARS-CoV-2 IgG by approximately 3 months after infection and stable titers over several
weeks or months have been reported.!!3!1> One study on a limited number of pregnant women
(17) reported that neutralizing antibody titers remained stable since 12-weeks’ gestation
throughout pregnancy.!!®

Recent publications have provided further evidence on maternal SARS-CoV-2 antibody

production after infection and antibody transplacental transfer. Studies enrolling women with
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third trimester SARS-CoV-2 infections and their neonates suggested compromised SARS-
CoV-2-specific antibody transfer.!?!5!12 Some Authors suggested that this compromised
transfer may be likely related to inflammation-induced alteration in IgG glycosylation, which
however did not affect the transfer of non-SARS-CoV-2-specific antibodies to the neonate.!!?
Authors suggested that this perturbed glycosylation might be aimed at leveraging immune
functions to protect the mothers, and maybe the fetus, from the virus. However, the reduced
transplacental passage might also be due to the short time period between maternal infection
and delivery, because of the SARS-CoV-2 IgG kinetics. Interestingly, higher transplacental
transfers were reported in women with SARS-CoV-2 infection in early stages of pregnancy.'?
Whether this change is related to a longer time for the antibody response to be produced in the
woman and to be transmitted to the fetus or if there is a resolution of the inflammation-induced
perturbation of IgG profile over time in unclear.

Few studies have followed the dynamics of maternally derived IgG in infants in the first
months of life: one study reported results from four infants, suggesting that IgG levels decreased
sharply in the first two months of life, accounting for only 10.7% of the titer at birth.!3 The
persistence of maternal-derived IgG seems to be positively correlated to the initial cord blood

levels.
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RESEARCH PROJECT

AIMS OF THE STUDY
e  To evaluate the possible in utero transmission of SARS-CoV-2 in a large series
of mother-neonate dyads
e  To evaluate the neonatal and long-term outcomes of infants born to mothers with
SARS-CoV-2 infection during pregnancy
e To assess the efficiency and dynamics of transplacental transfer of maternal
SARS-CoV-2 antibodies to the neonate and to evaluate the longevity of these maternal

derived antibodies in infants

MATERIALS AND METHODS

STUDY POPULATION

Neonates born to mothers with SARS-CoV-2 infection during pregnancy, delivered at IRCCS
Azienda Ospedaliero Universitaria di Bologna in Bologna, Italy, between April 2020 and April
2021 were included in the study.

During the study period all women were routinely screened for SARS-CoV-2 infection on
admission for delivery. Between April 2020 and October 2020, given to the recent spread of
the virus, SARS-CoV-2 infection during pregnancy was defined by the presence of SARS-
CoV-2 antibodies in maternal serum at the time of delivery with or without clinical data
consistent with COVID-19 during pregnancy and/or previous history of SARS-CoV-2
exposure. Between November 2020 and April 2021, clinical data consistent with COVID-19
during pregnancy and/or history of SARS-CoV-2 exposure confirmed by a positive
nasopharyngeal swab for SARS-CoV-2 RNA were required to confirm SARS-CoV-2 infection
during pregnancy.

Neonates born to mothers with peripartum SARS-CoV-2 infection, defined as a positive result
of the SARS-CoV-2 RNA on nasopharyngeal swab by real-time polymerase chain reaction
(PCR) between 2 weeks prior delivery and 2 days post-delivery, and without SARS-CoV-2
antibodies, were excluded from the study.

The study was approved by the Institutional Review Board of the IRCCS Azienda

Ospedaliero Universitaria di Bologna.
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STUDY DEFINITIONS AND DATA COLLECTION

For mothers, data regarding demographics, trimester of infection, illness severity, prenatal
ultrasound and comorbidities were collected at the time of delivery.

The timing of maternal infection was based on the first positive SARS-CoV-2 test during
pregnancy.

Maternal illness severity was defined per definition provided by the US CDC: (1)
asymptomatic: no history of COVID-19 symptoms on review of prenatal history; (2) mild
disease: symptoms that do not include shortness of breath, dyspnea or radiographic evidence of
pneumonia; (3) moderate disease: evidence of lower respiratory disease by clinical assessment
or imaging and a saturation of oxygen (SpO2) >= 94% on room air; (4) severe disease: evidence
of lower respiratory diseases with SpO2 < 94% on room air, or lung infiltrated >50%; (5) critical
disease: respiratory failure, septic shock and/or multiple organ dysfunction.!!’

For neonates, data regarding gestational age, birth weight, length, head circumference and
clinical signs at birth were collected. All neonates underwent nasopharyngeal swab for SARS-
CoV-2 RNA by real-time PCR during the first 24 hours of life and blood tests for total and
differential blood cell count, hemoglobin and platelet evaluation, liver function tests and SARS-
CoV-2 antibodies during the first 48 hours of life. All infants were enrolled in a follow-up
program with clinical evaluation at 1, 3 (x 30 days), 6, 9 (£ 30 days) and 12 months of age.
Cerebral ultrasound (US), fundoscopy evaluation and abdominal US were performed in all
infants during the first 3 months of life. Results of the audiological screening tests were also
collected.

SARS-CoV-2 antibodies were assessed in both maternal and neonatal serum during the first
48 post-delivery. SARS-CoV-2 antibodies were repeatedly assessed in infant serum at 1 month,
3 months (+ 30 days), 6 months, 9 months (£ 30 days), 12 months or until two consecutive
negative results performed at least 1 month apart. At the same time-points also the mothers
were evaluated for SARS-CoV-2 antibodies.

Preterm birth was defined as birth before 37 weeks’ gestation.

In utero infection was defined per definition provided by the WHO: in utero SARS-CoV-2
transmission requires evidence of maternal SARS-CoV-2 infection anytime during pregnancy
AND in utero fetal SARS-CoV-2 exposure AND SARS-CoV-2 persistence or immune
response in the neonate. The timing of vertical transmission is classified in confirmed, possible,

unlikely, indeterminate.’
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LABORATORY METHODS

Blood samples were collected in ethylenediamine tetraacetic acid-anticoagulated tubes. The
tests’ procedures and the interpretation of results adopted were those reported in the
manufacturer instructions for the assays.

For the qualitative detection of SARS-CoV-2 IgG and IgM, the SARS-CoV-2 IgM and IgG
CLIA kits (Shenzen YHLO Biotech Co., Ltd., China) were used. The assays were performed
on the iFlash3000 CLIA analyzer. The amount of SARS-CoV-2 IgM or IgG in the
serum/plasma sample is in proportion to the relative light unit (RLU) measured by the CLIA
analyzer that automatically calculates the antibody concentration (in arbitrary units (AU)/ml)
on the basis of the RLU and the calibration curve. The cut-off value for positivity is equal to
10.0 AU/mL for both IgG and IgM. The assay detects antibodies to N and S proteins of SARS-
CoV-2.118

For the quantitative detection of SARS-CoV-2 antibodies the LIAISON® SARS-CoV-2
S1/S2 1gG CLIA assay (DiaSorin S.p.A., Saluggia, Italy) performed on the LIAISON® XL
Analyzer (DiaSorin) was used. Antibody concentration in serum/plasma sample, expressed as
AU/mL, was automatically calculated by the analyzer on the basis of the RLU and the
calibration curve. The cut-off value for a positive result is equal to 15 AU/mL; the cut-off value
for a negative result is < 12 AU/mL. The magnetic beads of the assay are coated with
recombinant antigens representing the S1 and S2 subunits of the S protein of SARS-CoV-2.
Given this target, potential neutralizing antibodies could be detected.!'®

Detection of SARS-CoV-2 RNA in oro-and/or naso-pharyngeal swab specimens and in other
biological samples was performed by real-time PCR targeting regions in the N gene, following

the U.S. CDC protocol.!"

STATISTICAL ANALYSES

Demographics, clinical and serological data were summarized using descriptive analyses.
Categorical data were reported using numbers and percentages. Continuous variables were
reported using mean and standard deviation or median and range and/or interquartile range
(IQR), as appropriate for the normality of the data. Transplacental transfer ratio was calculated
as infant IgG concentration divided by maternal IgG concentration at birth. Correlations
between maternal and neonatal IgG concentrations and between transplacental transfer ratio
and persistence of IgG in the first months of life were reported using the Pearson correlation
coefficient (r). Standard descriptive analyses, including Fisher’s exact test, unpaired t test,

Mann Whitney U test and Wilcoxon signed rank test were used as appropriate to compare
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demographics, clinical characteristics, transplacental transfer ratio and maternally derived IgG
persistence between groups based on disease severity and timing of infection. Statistical
significance was set at P<0.05. STATA version 15 (StataCorp, College Station, TX, USA) was

used for analysis.

RESULTS
During the study period, 2745 neonates were delivered. One hundred and thirty out of 2745
(4.7%) were born to 130 mothers with SARS-CoV-2 infection during pregnancy. Twenty-four
of these 130 mother-neonate dyads were excluded because of peripartum SARS-CoV-2
infection. Thus, 106/2745 (3.9%) neonates and their 106 mothers with SARS-CoV-2 infection
during pregnancy, diagnosed more than two weeks before delivery, were included in this study.
Sixteen of 106 (15%) infants were born between April 2020 and October 2020; 90/106 (85%)

were born between November 2020 and April 2021. The month of maternal infection is reported

A P I S S N A S A

Q Q Q Q
v ; v ; v v : : ;
& & & @Ib\\ RO &g &

in Figure 3.

e el el
OFRL, N WAM™WUM

Number of births

O RL N WA UIO N O

Y
& &
N

Month of maternal SARS-CoV-2 infection

Figure 3. Number of births from the women with SARS-CoV-2 infection by month of infection. The
month of SARS-CoV-2 infection was known in 92/106 (86.7%) women.

Most neonates were born via vaginal delivery (82/106, 77.3%), while 24/106 (22.6%) were
born by cesarean section. All cesarean sections were performed because of pregnancy-related
indications. The rate of cesarean section was similar between neonate born to mother with and
without SARS-CoV-2 infection (22.6% versus 31.8%, Figure 4). Even when including in the
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SARS-CoV-2 infected cohort the women with peripartum SARS-CoV-2, the rate of cesarean
sections was not higher between neonate born to mother with SARS-CoV-2 infection as

compared with women without SARS-CoV-2 infection (22.3% versus 32.2%).
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Figure 4. Type of delivery (vaginal and cesarean section) in women with SARS-CoV-2 infection and
in women without SARS-CoV-2 infection in the study period.

MATERNAL SYMPTOMS AND DIAGNOSIS

Demographic characteristics of the mothers are summarized in Table 1.

Most women (76/106, 71.7%) were symptomatic during pregnancy: 67/106 (63.2%) had a
mild disease; 4/106 (3.7%) had a moderate disease; 5/106 (4.7%) had a severe disease with
radiologic evidence of pneumonia requiring hospitalization for oxygen supplementation. The
signs and symptoms of COVID-19 in these women are summarized in Table 2.

The remaining 30/106 (28.3%) women were asymptomatic. Of these asymptomatic women,
14 were identified because of serological screening during the first phase of the study and were
unaware of their serological status for SARS-CoV-2 at delivery. The other asymptomatic
women were tested during pregnancy because of close contacts with SARS-CoV-2 infected
individuals.

None of the enrolled women was vaccinated against SARS-CoV-2.

The trimester of infection was known in 92/106 (86.7%) women: 12/92 (13%) were first
trimester infections, 33/92 (36%) were second trimester infections, 47/92 (51%) were third

trimester infections.
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NEONATES

All 106 neonates were tested for SARS-CoV-2 RNA by real-time PCR on nasopharyngeal

swab within 24 hours after birth and all were negative.

All infants but one extremely preterm baby had an Apgar score at 10 minutes equal or above

9.
Symptomatic
Asymptomatic Total
Characteristics Mild Moderate Severe
N=30 N=106
N=67 N=4 N=5
Age at delivery, y
- Mean (SD) 30.9 (6.3) 33.6(54) 31.7(4.9) 32.81.3) 327(.7)
- No. (%)
18-24 7 (23) 4 (6) 0 0 11 (10)
25-29 507) 8 (12) 1(25) 0 14 (13)
30-34 8 (27) 23 (34) 2 (50) 3 (60) 36 (34)
35-39 9 (30) 26 (39) 1(25) 2 (40) 38 (36)
>40 1 (3) 609 0 0 7(7)
Birth country, No (%)
- Europe 16 (53) 57 (85) 3(75) 5 (100) 81 (76)
- Asia 10 (33) 6(9) 0 0 16 (15)
- Africa 1(3) 34 1(25) 0 50)
- South America 3(10) 1(2) 0 0 4 4)
- Other 0 0 0 0 0
Gravidity, median (IQR) 1(1-2) 2 (1-2) 2 1(1-2) 2 (1-2)
Pre-pregnancy comorbidities, No 9 (30)* 11 (16)* 0 1 (20)* 21 (20)*
(%)
- Thrombocytopenia 1(3) 1(1) 0 0 2(12)
- Hypothyroidism 507) 5@ 0 1 (20) 11 (10)
- Factor V Leiden 0 1(1) 0 0 1(1)
- Factor II mutation 1(3) 1(1) 0 0 2(12)
- Polycythemia 1(3) 0 0 0 1(D)
- Lupus 1(3) 0 0 0 1(1)
- Venous thrombosis 1(3) 2@3) 0 0 33)
- Obesity 0 1(1) 0 0 1(1)
- Cutaneous mastocytosis 0 1(1) 0 0 1(1)
- Myasthenia gravis 0 1(1) 0 0 1(D)
- Asthma 0 1(1) 0 0 1(1)
Trimester of infection, No (%)
- Itrimester 4 (13) 6(9) 1(25) 1 (20) 12 (11)
- II trimester 3 (10) 28 (42) 2 (50) 0 33 (31)
- III trimester 9 (30) 33 (49) 1(25) 4 (80) 47 (44)
- Not known 14 (47) 0 0 0 14 (13)
Gestational diabetes, No (%) 9 (30) 11 (16) 0 2 (40) 22 (21)
IgG+ IgM- , No (%) 22 (73) 63 (94) 3(75) 4 (80) 92 (87)
[gG+ IgM+, No (%) 8 (27) 4 (6) 1(25) 1 (20) 14 (13)

*some women may have more than one pre-pregnancy comorbidity

None of the women had pre-eclampsia.

Table 1. Maternal characteristics by clinical presentation of COVID-19 during pregnancy.
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Median gestational age at birth was 39 weeks (range 25"-41%* weeks). Mean birth weight
was 3305 grams (SD + 468 grams), mean length at birth was 49.8 cm (SD £ 2.5 cm), mean
occipital-frontal circumference was 33.9 cm (SD £ 1.6 cm). Six of 106 infants (5.6%) had a
birth weight below the 10° centile, without significant differences between neonates born to
asymptomatic and to symptomatic mothers (P=0.67, Table 3). Six of 106 (5.6%) neonates were
born preterm, without significant differences in the rate of preterm birth between asymptomatic
and symptomatic mothers (P=0.67, Table 3). The reason for the preterm birth was a preterm
rupture of the membranes in three cases and the spontaneous onset of labor in the other three
cases. The rate of preterm birth among neonates born to mothers with and without SARS-CoV-
2 infected women in the study period was comparable (6/106, 5.6% versus 216/2639, 8.2%,
P=0.57).

Signs and symptoms Number of women
(N=76)*
Fever, No (%) 31 (4D
Fatigue, No (%) 18 (24)
Muscle, joint, bone aches, No (%) 9(12)
Anosmia/ageusia, No (%) 40 (53)
Nasal congestion/rhinorrea, No (%) 18 (24)
Sore throat, No (%) 23
Cough, No (%) 22 (29)
Shortness of breath/difficulty breathing, No (%) 5(7)
Headache, No (%) 9(12)
Pneumonia, No (%) 6 (8)
Gastrointestinal symptoms, No (%) 4 (5)
Dermatological signs, No (%) 0
Other non-specific signs, No (%) 23

*most women experienced a combination of multiple signs and symptoms

Table 2. Signs and symptoms of COVID-19 in the enrolled women. Most women experienced a
combination of multiple signs and symptoms.

All infants were clinically evaluated at birth and no congenital abnormalities potentially
related to SARS-CoV-2 were detected. One infant had congenital heart disease (pulmonary
atresia) diagnosed during pregnancy before maternal COVID-19.

Laboratory parameters at birth are reported in Table 3 and were in the normal range for age

in all infants but one, found to have a low hemoglobin value (Hb 9.8 g/dL) at birth. This neonate
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was born to a mother with a third trimester infection and required a blood cell transfusion at 34

days of life; the anemia gradually resolved over the first few months of life. All the most

common causes of neonatal anemia were excluded.

Characteristics Asymptomatic mothers  Symptomatic mothers P
(N=30) (N=76) value
Gestational age, median (range), wk:d 39 (32:0-41:0) 39 (25:5-41:4) 0.39
Preterm delivery (GA<37 wk), No (%) 1(3) 5(6.5) 0.67
Birth weight, grams, mean (SD) 3,309 (447) 3,304 (477.2) 0.96
Small for gestational age, No (%) 1(3) 5(6.5) 0.67
Mode of delivery, No (%)
- Vaginal 21 (70) 61 (80) 0.30
- Cesarean section 9 (30) 15 (20)
Apgar score at 5 min 29, No (%) 30 (100) 75 (99) 1
Hemoglobin value, g/dL, mean (SD) 17.0 2.7) 18.4 (1.9) 0.06
White blood cell count, mean (SD), /mmc 14,505 (4,991) 18,405 (5,510) 0.07
- Neutrophil, mean (SD), /mmc 9,209 (4,253) 11,446 (5,156) 0.06
- Lymphocyte, mean (SD), /mmc 4,240 (1,031) 4,630 (1,509) 0.24
Platelet count x10°, mean (SD), /mmc 318 (71) 325 (96) 0.75
Aspartate aminotransferase, mean (SD), IU/ml 18.5(8) 20 (0.7) 0.17
IgG + IgM -, No (%) 28 (93) 67 (88) 0.72
IgG+ IgM +, No (%) 0 1(1) 1
IgG- IgM-, No (%) 2(7) 8(11) 0.72
Transfer ratio, mean (SD) 0.74 (0.37) 0.95 (0.58) 0.2

Table 3. Neonatal characteristics by maternal clinical presentation of SARS-CoV-2 infection during
pregnancy.

All infants underwent cerebral US, and no abnormalities potentially related to SARS-CoV-2
infection were detected. One preterm infant (gestational age 25, birth weight 802 grams) had
pathological cerebral findings related to prematurity (intraventricular hemorrhage).

A fundoscopy evaluation was performed in 83/106 (78%) neonates and no pathological
findings were detected. Seventy-one of 106 (67%) neonates underwent an abdominal US,
showing normal hepatic, renal and splenic parenchyma.

All infants had a pass result of the neonatal hearing screening (otoacoustic emissions).

The median age at the last follow-up evaluation was 7 months (range 5-12 months). Sixteen
of 106 infants (15%) are 12 or more months old and have already completed the scheduled
follow-up; 28/106 (16%) are between 9 and 11 months old; 46/106 (43%) are between 6 and 8
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months old; the remaining 16/106 (15%) infants were younger than 6 months of age at the last

evaluation.

SEROLOGY

Matched maternal-neonatal blood sera collected during the first 48 hours post-delivery were
available for all 106 dyads.

All the 106 mothers had detectable SARS-CoV-2 IgG; 14/106 mothers (13.2%) were both
IgG and IgM positive at delivery. For 9 of these 14 women with both SARS-CoV-2 IgG and
IgM positivity, the trimester of infection was known (first trimester 1/9, 11%; second trimester
1/9, 11%; third trimester 7/9, 78%).

Maternal SARS-CoV-2 S1/S2 IgG level at the time of delivery was significantly higher in
women with SARS-CoV-2 infection during the third trimester of pregnancy as compared to
women with SARS-CoV-2 infection during the first two trimesters of pregnancy (median IgG
level 46.5 AU/mL, IQR 23-76.5 AU/mL, versus 24.5 AU/mL, IQR 15-49 AU/mL, P=0.046,
Figure 5). The SARS-CoV-2 S1/S2 IgG level at delivery was not significantly different between
asymptomatic and symptomatic mothers (median IgG level 35.5 AU/mL, IQR 18-54 AU/mL,
versus 36.5 AU/mL, IQR 20-75.5 AU/mL, P=0.22, Figure 6).

Ninety-six neonates had detectable SARS-CoV-2 IgG at birth (Table 3). One neonate had
both detectable SARS-CoV-2 IgG and IgM during the first 24 hours of life, further confirmed
at a second sample taken within the first week of life. This neonate was born to a mother with
a third trimester infection and both SARS-CoV-2 IgG and IgM positive at delivery; neonatal
nasopharyngeal swab, meconium and stools, blood and urine were negative for SARS-CoV-2
RNA by real-time PCR. Also placental tissue and maternal serum were negative for SARS-
CoV-2 RNA by real-time PCR at the time of delivery. This infant was the only one who fulfilled
the WHO criteria for possible in utero infection.

There was a significant positive correlation between maternal and neonatal SARS-CoV-2
S1/S2 levels at first sampling (» = 0.81, P<0.00001).

Neonatal SARS-CoV-2 S1/S2 IgG level at birth was not significantly different in relation to
the trimester of maternal infection (median SARS-CoV-2 S1/S2 IgG level 25.5 AU/mL, IQR
17.5-68 AU/mL, versus 19.5 AU/mL, IQR 15-59.7 AU/mL, versus 31 AU/mL, IQR 15-70
AU/mL, P=0.09, Figure 5) nor between neonates born to asymptomatic mothers and those born
to symptomatic mothers (median IgG level 18.5 AU/mL, IQR 12-49.2 AU/mL, versus 25
AU/mL, IQR 12-73 AU/mL, P=0.13, Figure 6).
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of delivery based on maternal presentation of SARS-CoV-2 infection in pregnancy.
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variability outside the upper and lower quartile, excluding outliers.

The transplacental transfer ratio was significantly higher in neonatal-mother dyads when
maternal infection had occurred in the second trimester compared with infections occurred

during the first and third trimester (mean transfer ratio 0.94+0.46 versus 1.07£0.64 versus
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0.75+0.44, P=0.039), but was not significantly different between asymptomatic and
symptomatic women (P=0.20). The transfer ratio was also not significantly different between

term and preterm infants (0.8940.53 vs 0.84+0.59, P=0.83).

Transplacental transfer ratio

Characteristics <0.50 0.50-1.00 1.01-2.00 >2.00
(N=20) (N=47) (N=26) (N=3)
Maternal presentation, No (%):
asymptomatic 7 (35) 15 (32) 8 (31) 0
symptomatic 13 (65) 32 (68) 18 (69) 3 (100)
Trimester of infection, No (%):
I trimester 2 (10) 4 (8) 5(19) 0
II trimester 3(15) 15 (32) 7(27) 2 (67)
III trimester 12 (60) 21 (45) 10 (38) 1(33)
not known 3(15) 7 (15) 4 (15) 0

Maternal S1/52 1gG level, 44 (28-74)  35(22-75) 41(19-59) 24 (N/A)

median (IQR)

Gestational age, No(%):
preterm 1(5) 1(2) 2(8) 0
term 19 (95) 46 (98) 24 (92) 3 (100)

Table 4. Transplacental transfer ratio in relation to maternal and neonatal characteristics in the 96
neonates with SARS-CoV-2 positive antibodies at birth. N/A: not assessed.

The SARS-CoV-2 S1/S2 IgG level in neonatal blood progressively decreased during the first
months of life in all enrolled infants (Figure 7). At 3 months of life 53% (51/96) of the infants
had lost maternal antibodies and this percentage increased to 68% (63/96) at four months of
life. Considering the previously seropositive infants who have already been tested at six and 8
months of age, 73/80 (91%) and 44/44 (100%) had lost maternal antibodies respectively,
meaning that none of the infants who are currently more than 8§ months old still have SARS-
CoV-2 S1/S2 IgG. The neonate with possible in utero infection was SARS-CoV-2 S1/S2 IgG
negative at 6 months of age.

The persistence of maternal antibodies was positively correlated to the SARS-CoV-2 S1/S2
IgG level at first sampling ( = 0.66; P<0.00001).

The SARS-CoV-2 S1/S2 IgG level was followed post-delivery in a subset of women.
Between 1 and 3 months post-delivery 81/106 (76.4%) samples were available, and the
trimester of infection was known in 69 of these women (first trimester 7/69, second trimester
24/69, third trimester 38/69 respectively). The median IgG level in mothers between 1 and 3

months post-delivery was similar to their IgG level at delivery (median IgG level at delivery 36
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AU/mL, IQR 20-65, versus 44 AU/mL, IQR 22-99, P=0.18). At 6 months post-delivery only
17/106 samples were available and the trimester of infection was known in 13 of these women
(first trimester 1/13, second trimester 4/13, third trimester 8/13). Notably, the median IgG level
at this time point (124 AU/mL, IQR 43.5-306.5 AU/mL) was significantly higher than the IgG
level measured both at delivery (P=0.001) and between 1 and 3 months post-delivery (P=0.01),
even if the median days between SARS-CoV-2 infection and sampling was 255.5 (range 126-
371).
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Figure 7. Box plots of the distribution of maternal and neonatal SARS-CoV-2 IgG during follow-up.
Note: the box represents the middle 50% of the data; the line within the box represents the median; whiskers indicate
variability outside the upper and lower quartile, excluding outliers.

DISCUSSION

Current evidence suggests that in utero transmission of SARS-CoV-2 infection is a possible
but rare event. In line with this assumption, we did not confirm in utero infection in any of the
neonate enrolled in the present study. Only one neonate, born to a mother with a third trimester
infection, was defined as possible in utero infection based on the WHO classification,’ although
the low sensitivity and specificity of the presence of IgM to diagnose congenital infection
suggest caution in the interpretation of this finding, as it could reflect an aberrant transplacental
transfer of IgM related to placental compromise. Even though the diagnosis of in utero SARS-
CoV-2 infection remains possible, the neonate had no abnormalities detected at birth or during
follow-up, virology investigations performed at birth on placental tissues, maternal and
neonatal blood, meconium and stools, upper respiratory tract specimens and urine tested
negative for SARS-CoV-2 RNA by real-time PCR, and SARS-CoV-2 S1/S2 IgG levels slightly

decreased during the first few months of life, until negativizing at 6 months of age. Similarly
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to this case, other Authors reported on the possible presence of IgM in cord blood of neonates
born to mothers with SARS-CoV-2 infections during pregnancy and negative birth specimens
for SARS-CoV-2 RNA, underlining the complexity of providing a clear categorization of
possible in utero infections.!®

All the enrolled exposed neonates had no clinical abnormalities detected at birth or during
follow-up, including those born to mothers with severe COVID-19 and with first trimester
infections. Most women were infected during the second wave of the pandemic in Italy, in line
with the rate of infections in the general population (Figure 1 and Figure 3).3 During the study
period, the rate of preterm birth was comparable between neonates born to mothers with and
without SARS-CoV-2 infection, as well as it was the rate of cesarean sections. Previous studies
lead to conflicting results: while some Authors suggest a significant increase of adverse
pregnancy outcomes, including preterm birth, low birth weight, cesarean sections among
SARS-CoV-2 infected women,%* others did not show such an association,!?? in line with our
findings. Even when including women with peripartum SARS-CoV-2 infection, the results of
the lack of higher risk of preterm birth and cesarean section did not change. This study however
did not include potential cases of SARS-CoV-2 related miscarriages or stillbirths.

Neonatal outcomes following in utero SARS-CoV-2 exposure have been mainly described in
neonates born to mothers infected during late pregnancy. One of the strength of this study is
that the trimester of maternal infection was known in most infected women, and neonates born
to mothers with infections in all three trimesters of gestation were included and extensively
studied, providing reassuring evidence of the lack of signs and symptoms directly or indirectly
related to maternal infection during pregnancy. Indeed, even though intrauterine transmission
is recognized as a possible but rare event, previous studies revealed the presence of both SARS-
CoV-2 RNA and protein in the placenta, suggesting that the placenta might be vulnerable to
SARS-CoV-2 infection.®! Recent studies also suggest the possibility of perinatal morbidity
without infection related to placental damage.!!*> Severe COVID-19 has been shown to trigger
maternal inflammatory responses at the maternal-fetal interface; recently also placental tissues
from women with asymptomatic and/or mild infections occurring during late pregnancy have
been analyzed, documenting a placental immune activation with potential long-term
consequences for the developing fetus also in these circumstances.®!8> In light of the possible
unfavorable outcome related to both direct infection of the fetus and/or to placental
involvement, all infants underwent a cerebral US and an abdominal US, and no abnormalities
were detected. Unfortunately, one limitation of in this study is that placental tissues and

maternal serum were not systematically analyzed.
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As already suggested by previous studies, hematological parameters were in the normal range
for age in all but one neonate.!%%-195:1% This neonate was born with a low Hb value (9.8 g/dL),
which required a blood cell transfusion. Whether the anemia may be related to maternal SARS-
CoV-2 infection is unclear. Autoimmune hemolytic anemia has been rarely described in adults
with COVID-19, mostly in moderate to severe disease, and is considered even rarer in
children.!?%!2! The underlying mechanism has yet to be elucidated, but it is likely related to the
immunological and inflammatory activation secondary to the viral infection, which would be
unlikely to explain anemia in an exposed uninfected neonate. Some Authors however suggested
that a molecular mimicry might be a determinant factor, with the erythrocyte membrane protein
ankyrin 1 (ANK-1) and the viral S protein being the central players.!?? Indeed, ANK-1 and the
S protein have structural similarities that might be responsible of potential immunological
cross-reactivity: since this neonate had maternally derived anti SARS-CoV-2 S1/S2 IgG, the
hypothesis of a link between maternal infection and neonatal anemia may not be completely
rejected.

Available literature on SARS-CoV-2 infection during pregnancy has been mainly focused on
the possible pregnancy complications and on short-term neonatal outcomes, without providing
information on the long-term outcomes of both infected and exposed infants. In line with
previous cohort studies, the majority of enrolled mothers had asymptomatic or mild infections,
while the hospitalization rate for COVID-19 was lower than reported - 4.7% in this study versus
21.7% recently reported by CDC Data Tacker, which however includes a much higher number
of pregnant women.!?* The long-term outcomes of all the enrolled infants, up to a median age
of 7 months (range 5-12) was favorable, but it will be interesting to confirm this observation on
larger sample size.

Transplacental acquired antibodies are considered a useful arm of the neonatal immune
defense. The extent to which maternal SARS-CoV-2 antibodies cross the placenta might be
important for understanding a potential neonatal mechanism of protection from COVID-19 and
ideally for developing appropriate maternal vaccination strategies aimed at protecting both the
mothers and the offspring. Indeed, even if to date SARS-CoV-2 vaccination during pregnancy
has been mainly aimed at protecting the woman, in the future it could be advisable that maternal
vaccination would aim at both maternal and fetal/neonatal protection, as there is increasing
evidence that COVID-19 may have a severe course in the first few months of life.3”-* In this
study, even if maternal IgG level at delivery was higher after SARS-CoV-2 infection occurring
during the third trimester, higher transplacental IgG transfer ratios were observed when

maternal SARS-CoV-2 infection occurred in the second trimester. This result is in line with
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previous reports, showing an impaired transplacental transfer ratio when maternal infection
occurred during the last 60-70 days of gestation:!>!>!12 this may be due to both the kinetics of
IgG development after infection and the limited time available for the transplacental IgG
transfer, even if some Authors suggest a negative effect of acute inflammation on transplacental
IgG transfer.!'? Matching the higher IgG transplacental transfer ratio and the peak response
after infection might result in the higher and most durable neonatal passive immunity. Whether
the transplacental passage of vaccine-induced anti-SARS-CoV-2 antibodies overlaps with that
seen after natural infection remains to be established, as well as the dynamic changes of
maternal-derived vaccine-induced IgG in the infant in the first few months of life.

Previous studies on antibody production following infection showed that IgG production
starts 12-14 days after infection, peaks 3-7 weeks after infection, and then plateaus and persists
for at least eight weeks after infection, even if peak timing has been reported as longer in
pregnancy, around 60-120 days.!'* In the present study, even if post-delivery IgG levels were
followed only in a minority of women, a delayed IgG peak was documented in some women,
with a progressive increase of the IgG level until 56 weeks post-infection. The reason of this
delayed antibodies rise is unknown, but theoretically it may be related to multiple factors, such
as the peripheral immune adaptation during pregnancy, needed to balance fetal tolerance and
growth with host defense. Also this finding would need to be verified on larger sample size.

The level of neonatal maternally derived IgG at birth correlated with maternal I1gG level, and
this level correlated with the duration of passive immunity in infants. The persistence of these
antibodies in infants showed a wide variability, but most infants lost maternal antibodies at 3
months of age and all infants tested till now lost maternal antibodies within 8 months of age.
No previous studies on large sample size are available on the dynamic of maternally derived
IgG in maternal SARS-CoV-2 infection, but it is possible that there may be some variability
based on the sensitivity and specificity of the serological assay.!!® Even though it remains to be
fully elucidated whether the presence of maternally derived SARS-CoV-2 S1/S2 IgG correlates
with some degree of protection in the neonate, it is known that vertically transferred immunity
can influence the response to vaccination.!® High titer maternal antibodies have often been
associated with diminished primary antibody response of infants to vaccines, although the T
cell response is usually unaffected. Interference is variable between studies and individual
vaccines. Maternal antibodies against SARS-CoV-2 in this study were rapidly eliminated
naturally after birth. These results may contribute to helping understand the vulnerability of

infants to SARS-CoV-2 and could assist in the planification of appropriate vaccination
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strategies in infants, as soon as studies on the safety and efficacy of anti-SARS-CoV-2 vaccines

in this population become available.

CONCLUSIONS

This study may contribute to a better delineation of the possible neonatal and long-term
outcomes of maternal SARS-CoV-2 infection. In this cohort no cases of confirmed in utero
SARS-CoV-2 infection have been detected and all exposed infants have had a favorable
neonatal course and a favorable long-term outcome, even if the median age at the last follow-
up evaluation is 7 months (range 5-12 months). SARS-CoV-2 infection in pregnant women was
not associated with an increased risk of preterm delivery or cesarean section. An efficient
transplacental antibody transfer has been demonstrated, mainly in women who experienced
SARS-CoV-2 infection in the second trimester. The rapid waning of maternal derived
antibodies in infants may contribute to the vulnerability of infants to SARS-CoV-2 in the first
months of life. Understanding how antibody transfer varies by trimester of pregnancy and the
longevity of maternally derived antibodies in the first months of life might be particularly
relevant to point a critical window during pregnancy that may be most desirable for the

induction of antibodies, ideally optimizing protection for the neonate.
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