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Preface to “Emerging Virus Infections in Adverse
Pregnancy Outcomes”

Viruses that have emerged over recent decades, such as arboviruses and SARS coronaviruses,
are increasingly being recognized as potential risk factors for adverse pregnancy outcomes.

On the fetal side, arboviruses have proved their ability to cross the placental barrier at different
stages of pregnancy, and have been associated with fetal losses, fetal malformations (Zika, West
Nile, and Venezuelan equine encephalitis viruses) and adverse neonatal outcomes (Dengue and
Chikungunya viruses). SARS-COV-2 has also be associated with rare maternal-fetal transmission
and placental affection, leading to fetal losses.

On the maternal side, SARS-COV-2 can compromise maternal health, and risk factors for severe
COVID-19 during pregnancy need to be investigated.

In this Special Issue of Viruses, we present original research, reviews and commentaries that
contribute to improving our understanding of the viral infection of placenta and fetal cells, or that

report on the maternal and fetal outcomes after an emerging viral infection during pregnancy.

David Baud and Léo Pomar
Editors
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Dear contributors and readers,

In this 2021 edition of the Special Issue “Emerging Virus Infections in Adverse Preg-
nancy Outcomes”, we have received and published some very relevant studies on these
topics. Regarding congenital Zika infections, a mouse model confirmed that the embryolog-
ical stage at the time of congenital infection was a determining factor for adverse outcomes
in infected fetuses and that maternal neutralizing antibodies could protect the offspring
from neonatal death after congenital infection. The results of the International Zika Virus
in Pregnancy Registry showed that the risk of infection was lower among pregnant women
who travelled in endemic areas compared to residents and was related to the presence of
ongoing outbreaks and stay duration. In this registry, adverse perinatal outcomes were
observed in 8.3% of infected travelers and 12.7% of infected residents.

We also received several high-quality papers on SARS-CoV-2 infections during preg-
nancy. Rare but dramatic cases of placental and fetal infection, resulting in fetal or neonatal
death or severe neonatal morbidity, were reported. The analysis of infected placentas re-
vealed extensive and multifocal chronic intervillositis, as well as malperfusion, potentially
causing leucomalacia in neonates. Fetal and early neonatal infections were also confirmed
in several cases published in this issue, and a decrease in fetal movements was described as
a warning sign for adverse perinatal outcomes following maternal SARS-CoV-2 infection.
Concerning maternal outcomes, a cohort study from the Spanish Obstetric Emergency
Group and a Brazilian cohort of pregnant individuals with high rates of comorbidities pre-
sented the risks of maternal and obstetrical adverse outcomes related to COVID-19 during
pregnancy: death, pneumonia, ICU admission, iatrogenic prematurity, venous thrombotic
events, severe pre-eclampsia, fetal, and neonatal death. We are also very grateful for a study
based on a cohort in Mexico that analyzed the endothelial response to COVID-19 during
pregnancy through the modification of the Soluble Fms-like Tyrosine Kinase-1/Angiotensin-
IT ratio. Finally, a Swiss study investigated the willingness of pregnant individuals to receive
the SARS-CoV-2 vaccine and potential barriers to their immunization.

Overall, we would like to thank all the researchers and clinicians who contributed to
this Special Issue, and we hope to work with them again for future editions. We will con-
tinue this Special Issue with a 2022 edition on the same topics, in which we would also like
to give more space to other emerging and endemic viruses that can complicate pregnancies.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: In this multicentre cohort study, we evaluated the risks of maternal ZIKV infections and
adverse pregnancy outcomes among exposed travellers compared to women living in areas with
ZIKYV circulation (residents). The risk of maternal infection was lower among travellers compared
to residents: 25.0% (n = 36/144) versus 42.9% (n = 309/721); aRR 0.6; 95% CI 0.5-0.8. Risk factors
associated with maternal infection among travellers were travelling during the epidemic period (i.e.,
June 2015 to December 2016) (aOR 29.4; 95% CI 3.7-228.1), travelling to the Caribbean Islands (aOR
3.2, 95% CI 1.2-8.7) and stay duration >2 weeks (aOR 8.7; 95% CI 1.1-71.5). Adverse pregnancy
outcomes were observed in 8.3% (n = 3/36) of infected travellers and 12.7% (n = 39/309) of infected
residents. Overall, the risk of maternal infections is lower among travellers compared to residents
and related to the presence of ongoing outbreaks and stay duration, with stays <2 weeks associated
with minimal risk in the absence of ongoing outbreaks.
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1. Introduction

Zika virus (ZIKV) has emerged as an arthropod -borne infection associated with
adverse pregnancy outcomes [1]. The risks associated with intrauterine ZIKV infection
have been well documented among women living in areas with active ZIKV circulation
where the overall risk of severe adverse pregnancy outcomes for exposed foetuses was
estimated to range between 5 to 13% [2—-4]. However, the risks for pregnant travellers
with brief exposures remain poorly described. Though transmission has now declined
all over the world, epidemic clusters are still being reported [5] with the possibility of
emergence/re-emergence in all areas where competent vectors are found [1]. Given the
known sexual transmission and the risk for maternal infection at an early stage of pregnancy,
several international agencies [6,7] continue to recommend a 2 to 3-month delay prior to
attempting conception after returning from areas with ongoing or past ZIKV circulation. As
these regions encompass most tropical areas, and represent popular travel destinations, it
appears imperative to accurately assess the risk of infection in order to establish appropriate
guidelines for pregnant travellers.

We launched an international web registry [8] in January 2016 to allow structured col-
lection of data regarding pregnant women and their foetuses exposed to ZIKV. In this article,
we present risk assessments for maternal ZIKV infections and adverse pregnancy outcomes
among exposed travellers compared to women living in areas with ZIKV circulation using
this dataset.

2. Materials and Methods
2.1. Study Population and Data Collection

This study utilized the Zika international registry in pregnancy dataset [8]. Health
facilities with an antenatal obstetric clinic willing to participate in this international data
sharing initiative (available at the time of the study at https://ispso.unige.ch/zika-in-
pregnancy-registry/ from 9 March 2017) were invited to systematically enroll all pregnant
women attending their clinic that were screened for ZIKV infection at any stage of preg-
nancy regardless of their infectious status and type of exposure (i.e., exposure through
mosquito bites, unprotected sexual intercourse or other). Details regarding participating
countries can be found in Annex 1; participating centres have at least one contributing au-
thors in the present paper. All pregnant women exposed to ZIKV at any stage of gestation
or prior to gestation were eligible for inclusion in this multicentre study. Exclusion criteria
were age <18 years and the inability to consent due to inadequate comprehension of the
study purposes. Oral and written information available in English, French, Spanish, Italian
and German were provided by the investigators at each centre and oral or written consent
obtained. Pregnant women enrolled in the International Zika in Pregnancy registry with an
unreported type of exposure or who had not travelled but were exposed through potential
sexual transmission were excluded from this analysis. Pregnant women with unreported
follow-up after 14 weeks gestation (WG) were also excluded.

Deidentified data were prospectively recorded by each centre using the REDCap
(Research Electronic Data Capture) electronic data capture tool [9,10]. Details regarding
data collection and validation procedures as well as the collected information can be
found in Annex 2. At inclusion (i.e., at the time of ZIKV screening), the following data
were recorded: socio-demographic characteristics, obstetrical history and ZIKV exposure.
Pregnancies were monitored as clinically indicated according to the local recommendations.
After delivery, the following data were collected within 4 weeks: results of maternal testing
(ZIKV and/or other infectious pathogens), pregnancy outcomes and neonatal outcomes.
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The study was approved by both the Swiss Ethical Board (CER-VD-2016-00801) and
local Ethical boards from the different participating centres. The study was conducted from
January 2016 to July 2019.

2.2. Study Group and Exposure Definition

Pregnant women living in areas with ZIKV circulation (residents) were defined as
pregnant women whose pregnancy was monitored or who had stayed >6 months in areas
where past or active ZIKV circulation had been described according to the Centers for
Disease Control and Prevention (CDC) map [7]. Pregnant travellers were defined as
pregnant women whose pregnancy was monitored in areas without past or current ZIKV
circulation and who had stayed in the above-mentioned areas 6 months.

2.3. Definition of Outcomes

1.  Primary outcome: Absolute risk (%) of maternal ZIKV infection. Exposed women
were tested for ZIKV infection according to local recommendations, through sero-
logical and molecular testing (RT-PCR). A recent maternal infection was defined by
one of the following results: a positive RT-PCR performed either on urine, blood or
saliva, or the presence of specific IgM antibodies confirmed by a Plaque reduction
neutralization test (PRNT).

2. Secondary outcome: Absolute risk (%) of severe adverse pregnancy outcomes. Foetal
and neonatal outcomes were defined as previously described [2,11]. A scoring congen-
ital ZIKV syndrome (CZS) system was created (Table S1). For multiple gestations, the
analysis considered the whole pregnancy. Foetal loss was defined as a spontaneous
antepartum foetal death > 14 weeks’ gestation (WG) (i.e., late miscarriages (14-24 WG)
and stillbirths (foetal demise >24 WG). Severe adverse pregnancy outcomes were
defined as either [1] severely affected foetuses/new-borns and/or [2] foetal loss.

Among exposed foetuses/new-borns, a congenital ZIKV infection was defined either
by ZIKV RNA amplification by RT-PCR from at least one foetal /neonatal specimen (pla-
centa, amniotic fluid, cerebrospinal fluid, urine or blood) or identification of ZIKV specific
IgM antibodies in the umbilical cord /neonatal blood or in cerebrospinal fluid.

2.4. Statistical Analysis

Absolute risks and the 95% confidence intervals (95% Cls) were estimated using the
binomial Wilson score and compared as risk differences (RD) with the relevant 95% Cls.
To assess whether travelling was associated with in increased risk of maternal infection,
relative risks (RR) were assessed using multivariate Poisson regression models for di-
chotomous outcomes with robust variance options to estimate the adjusted RR with 95%
CIs while controlling for known potential confounding factors and major discrepancies
between the study groups. The following variables were included in the model maternal
age, maternal comorbidities, aneuploidy and abnormal antenatal screening (defined as an
abnormal serology or and non-invasive prenatal testing (NIPT)/amniocentesis).

Risk factors for maternal infection among pregnant travellers were evaluated in a
nested case control study comparing infected pregnant travellers, considered as cases, to
non-infected pregnant travellers, taken as controls. Odds ratios were calculated for trav-
elling to South America and the Caribbean Islands compared to other regions (reference
group), duration of stay > 2 weeks, > 3 weeks or > 4 weeks compared to those 2 weeks,
3 weeks and 4 weeks, respectively (reference groups) and timing of travel during the epi-
demic period compared to outside of the epidemic period (reference group). The epidemic
period was defined between June 2015 and December 2016, based on the following facts:
the first confirmed autochthonous ZIKV case reported in Brazil occurred in early May 2015,
the peak of the epidemic in South America occurred during the first half of 2016 [12,13],
while in the Caribbean, the epidemic occurred from January 2016 to October 2016 [14]. The
end of epidemiological emergency was declared in November 2016.
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To better assess the general impact of each risk factor on the risk of maternal infection,
we performed a multivariate analysis. Adjusted odds ratios were adjusted for missing
values and for significant risk factors identified in the univariate analysis: travelling during
the epidemic (yes/no), dichotomized length of stay and dichotomized region of travel.
Except when assessing OR associated with travelling to South America, travelling to the
Caribbean Islands was used in the model. Similarly, stays > 2 weeks were used in the model
except when assessing longer stays. Collinearity between the variables were assessed using
pairwise correlation coefficient. The following relations were assessed: length of stay and
travelling during the epidemic, length of stay and travelling to the Caribbean Islands,
travelling during the epidemic and travelling to the Caribbean Islands.

Analysis were performed using Stata 14 (Stata Corporation, College Station, TX, USA).
A P value inferior of 0.05 was considered as statistically significant.

Missing values: Maternal comorbidities were considered as negative if not reported,
based on the assumption that severe comorbidities are normally well documented. Missing
risk of aneuploidy was estimated based on maternal age [15,16]. Based on the hypothesis of
missing variables completely at random (MCAR), multiple imputations were performed to
increase the power of comparisons and estimate the risks while taking into account missing
data on the length of stay, region of travel and period of travel. As significant hetero-
geneities exist between national standards for prenatal screening, in particular serologies
performed during antenatal care, only abnormal serology results were considered.

Sensitivity analysis: We conducted a sensitivity analysis using a broader definition for
the diagnosis of a maternal infection: (1) All possible ZIKV infection was defined by one
of the following positive results: a positive RT-PCR performed either in urine, blood or
saliva, or the presence of specific IgM antibodies confirmed by the PRNT assay and also
included pregnant women with only neutralizing antibodies to ZIKV, identified through
PRNT assay, without specific IgM antibodies: (2) An active ZIKV infection was defined by
a positive RT-PCR performed either in urine, blood or saliva.

3. Results

From January 2016 to July 2019, 973 pregnant women were enrolled in the registry
and a total of 865 patients were included in the final analysis (Figure 1). Socio-demographic
characteristics are presented in Table 1.

973 exposed pregnant women

55 with unreported pregnancy outcomes > 14

l WG (e.g. loss of follow-up; spontaneous
miscarriages)

918 exposed pregnant women

I 23 with unknown mechanism of exposure
l 22 with only suspected sexual exposure

873 pregnant women with mosquito exposure

8 with unreported maternal testing

|

|

144 travellers 721 living in epidemic areas

Figure 1. Flow chart. Abbreviations: WG, weeks’ gestation; ZIKV, Zika virus.
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3.1. Risk of Maternal ZIKV Infection
3.1.1. Absolute and Relative Risk (RR) of Maternal Infection among Pregnant Travellers
Compared to Pregnant Residents

The risk of maternal infection was significantly lower among travellers compared to
residents 25.0% (n = 36/144) versus 42.9% (n = 309/721); crude RR 0.6, 95% CI 0.4-0.8; this
remained significant after adjustment for potential confounding factors aRR 0.6, 95% CI 0.4—
0.8 (Table 2). Among infected pregnant women, 61.1% (n = 22/36) of travellers presented
with symptoms compatible with a ZIKV infection compared to 19.4% (n = 60/309) of
residents (Table 2).

Table 2. Risk of maternal infection. Abbreviations: aRR, adjusted risk ratio; CI; Confidence interval; RD, Risk difference; RR,
Risk ratio; ZIKV, Zika virus. * adjusted for missing values length of stay, region of travel and travelling during the epidemic.

Pregnant Travellers Pregnant Residents
n =144 n="721
o o o o RD Crude RR aRR
m (%) 95% CI m (%) B%CL gscn @s%en P VAU ggycp P Value
Maternal infection
Recent Maternal infection 36 (25.0)  182-32.9 309 (42.9)  39.2-46.6 17.9 0.6(04-08)  0.0001 0.6 0.0001
: 492 : 27806 05810 V004D : (0.4-0.8) :
o 417 3.0
Symptomaticinfection  22(611) 435769  60(194) 152243 ,c5 o 312244 <0001 07y <0001

* adjusted for maternal age (>35 y.o. cat), maternal comorbidities (yes/no), risk of aneuploidy (yes/no) and abnormal prenatal screening

(yes/no).

In a sensitivity analysis accounting for different definitions for maternal ZIKV infec-
tion, the risk of all possible ZIKV infection remained significantly lower among travellers
compared to residents 36.8% (1 = 53/144) versus 48.1% (n = 347/721); RD 11.3%, 95% CI
2.6%-20.0%; crude RR 0.8, 95% CI 0.6-0.9; aRR 0.8, 95% CI 0.6-0.9. When considering
active ZIKV infections, there was no difference between travellers compared to residents
16.3% (n = 14/86) versus 10.7% (9/84); RD 5.6%, 95% CI 4.7%-15.8%; crude RR 1.5, 95% CI
0.7-3.3; aRR 1.4, 95% CI 0.6-3.3). This subgroup was small, given RT-PCR results were only
available for 11.6% of residents (n = 84/721) compared to 59.7% of travellers (n = 86/144).

3.1.2. Risk Factors for Maternal Infection among Pregnant Travelers

We performed a nested case control study to evaluate potential risk factors for maternal
infections (Table 3). Travelling during the epidemic [crude OR 46.4, 95% CI 7.0-1916.5]
and travelling to the Caribbean islands compared to other regions [crude OR 5.0, 95% CI
2.0-12.6] were associated with an increased risk of maternal infection. Similarly, a duration
of stay >2 weeks [crude OR 12.8, 95% CI 1.9-541.3] and a duration of stay > 3 weeks [crude
OR 2.9, 95% CI 1.0-8.9] compared to those < 2 weeks or < 3 weeks, respectively, were
both associated with an increased risk for maternal infection. Similar findings were also
observed when considering all possible ZIKV infections or active ZIKV infections, except
that a duration of stay > 4 weeks compared to those < 4 weeks was also associated with an
increased risk of possible ZIKV infections.
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In a multivariate analysis accounting for missing values through multiple imputation,
travelling during the epidemic period, travelling to the Caribbean Islands and a duration of
stay > 2 weeks were independently associated with the risk of maternal infection [aOR 29.4,
95% CI 3.7-228.1 for travelling during the epidemic period, aOR 3.2, 95% CI 1.2-8.7 for
travelling to the Caribbean Islands and aOR 8.7, 95% CI 1.1-71.5 for stays abroad >2 weeks,
respectively] when compared to travelling outside of the epidemic, to other regions or stays
< 2 weeks, respectively (Table 3). In contrast, a duration of stay >3 weeks compared to < 3
weeks was not associated with a significant increased risk of maternal infection [aOR 1.5,
95% CI 0.5-4.5] (Table 3). When considering all possible ZIKV infection, these associations
remained significant. In addition, a duration of stay >3 weeks was also associated with an
increased risk of possible ZIKV maternal infections when compared to <3 weeks [aOR 3.5,
95% CI1.2-10.0], but a duration of stay >4 weeks was not associated with an increased risk
compared to < 4 weeks [aOR 1.9, 95% CI 0.7-5.1]. Active ZIKV infections were not tested
because the sample size was considered too limited.

3.2. Risk of Adverse Pregnancy Outcomes
3.2.1. Absolute and Relative Risk for Adverse Pregnancy Outcomes among Exposed
Pregnant Travellers Compared to Pregnant Residents

Overall, the risk of severe adverse pregnancy outcomes within the cohort was 7.8%
(n = 67/865), including 8.3% (n = 3/36) among travellers and 12.7% (n = 39/309) among
residents. (Table 4). Asymptomatic new-borns were more frequently observed among
travellers with a recent maternal ZIKV infection compared to infected residents [91.7%
(n =33/36) versus 76.7% (n = 237/309)] (Table 4).

Table 4. Adverse pregnancy outcomes among infected pregnant travellers compared to infected pregnant residents.
Abbreviations: CI; Confidence interval; ZIKV, Zika virus.

Positive Recent Maternal ZIKV Infection

Pregnant Travellers Pregnant Residents
n =236 n =309
n (%) 95% CI n (%) 95% CI
Foetal/Neonatal outcomes
Asymptomatic 33 (91.7) 78.2-97.1 237 (76.7) 71.7-81.1
Severe adverse pregnancy outcomes 3(8.3) 2.9-21.8 39 (12.6) 9.4-16.8
Foetal/neonatal testing
Known 23 (63.9) 47.6-77.5 293 (94.8) 91.7-96.8
Positive 5(21.7) 9.7-41.0 76 (25.9) 21.3-31.2
Negative 18 (78.3) 58.1-90.3 217 (70.2) 64.9-75.1
Unknown 13 (36.1) 22.5-52.4 16 (5.2) 3.2-8.2

Results of foetal /neonatal testing were available in 20.1% (1 = 29/144) of travellers and
87.8% residents (n = 633/721). A congenital infection was confirmed in 17.2% [(n = 5/29),
95% C17.6%—-34.5%)] of foetuses/new-borns among travellers with available testing and
12.2% [(n = 77/633), 95% CI 9.8%-14.9%] among residents (Supplementary Table S2).
Interestingly, one confirmed congenital infection among residents occurred in a woman
with negative ZIKV testing. This woman was identified to be IgG positive with positive
PRNT testing and was therefore considered as a possible ZIKV infection. The new-born
was asymptomatic at birth and specific IgM antibodies were detected. Among infected
pregnant women, materno-foetal transmission rate was 21.7% (n = 5/23) among travellers
and 25.9% (n = 76/293) among residents (Table 4).

3.2.2. Absolute Risk of Adverse Pregnancy Outcomes among Infected Travellers
Compared to Non-Infected Pregnant Travellers

Adverse pregnancy outcomes were observed in 8.3% (n = 3/36) of infected travellers
versus 3.7% (4/108) among non-infected travellers. Findings of cases with severe adverse
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pregnancy outcomes among travellers are presented in Table 5. Of five cases with a
confirmed foetal infection (Supplementary Tables S2 and S3), three cases had severe adverse
pregnancy outcomes. All women with severe adverse pregnancy outcomes were exposed
during the first trimester of pregnancy and had travelled more than 2 weeks, during the
recent epidemic; of note, two patients experienced symptoms. Among negative mothers,
four severe adverse pregnancy outcomes were recorded, one of which occurred in a mother
with a possible ZIKV infection (Supplementary Table S3). The new-born presented with
isolated macular anomalies; he was unfortunately not tested for ZIKV infection.

Table 5. Adverse pregnancy outcomes among infected pregnant travellers compared to non-infected pregnant travellers

within a nested case-control study. The risk of severe adverse pregnancy outcomes associated with a recent maternal ZIKV

infection among pregnant travellers was evaluated in a nested case control study comparing infected pregnant travellers,

considered as cases, to non-infected pregnant travellers, taken as controls. Abbreviations: ZIKV, Zika virus.

Travellers
Positive Recent Maternal ZIKV Infection Negative Recent Maternal ZIKV Infection
n=236 n =108
n (%) 95% CI 1 (%) 95% CI

Foetal/Neonatal outcomes

Asymptomatic 33 (91.7) 78.2-97.1 103 (95.4) 89.6-98.0

Severe adverse pregnancy outcomes 3(8.3) 2.9-21.8 4(3.7) 1.4-9.1
Foetal/neonatal testing
Known 23 (63.9) 47.6-77.5 6 (5.6) 2.6-11.6

Positive 5(21.7) 9.7-41.0 0(0.0) n.a.

Negative 18 (78.3) 58.1-90.3 6 (100.0) 61.0-100.0
Unknown 13 (36.1) 22.5-52.4 102 (94.4) 88.4-97.4

4. Discussion

We present here the first prospective study assessing the risks of maternal ZIKV
infection and adverse pregnancy outcomes among travellers compared to residents. The
absolute risk of maternal infection was significantly lower for travellers, with a 25% absolute
risk over the study period. Importantly, the risk of maternal infection was related to the
presence of an ongoing outbreak and the length of stay abroad, as well as the region of
travel. Although the numbers were low limiting the generalization of the result, when
considering only pregnant travellers that travelled outside the epidemic period or less than
2 weeks, the risk was reduced to 1.7% (1/60) and 3.2% (1/31), respectively. No maternal
infections were recorded among pregnant travellers outside the epidemic period and with
a length of stay abroad less than two weeks.

Two studies performed in Spain in 2016-2017 observed an incidence of recent/
confirmed maternal infection of 1.3% (14/1057) [17] and 3.5% (9/254), respectively [18],
while during the 20092018 period, Norman et al. observed a 3.8% incidence of arboviral
infections among 861 returning travellers, of which 12% were caused by ZIKV [19]. The
higher proportion of maternal infection in our study might be related to the inclusion of a
majority of women exposed during the recent epidemic and a high detection rate, as all pa-
tients were tested. Interestingly, Norman et al. found no association with the length of stay.
In their study, most patients had a length of stay > 2 weeks with a median length of stay of
23 days (interquartile range 15 to 55 days) [19]. Travelling to the Caribbean Islands was
associated with an increased risk of maternal infection. This association might be explained
by the relative homogeneity of the Caribbean region in terms of factors contributing to the
cycle of ZIKV vectoral transmission (i.e., climate and Aedes spp. distribution, population
densities) compared to South America, where significant socio-ecological variations are
observed. As such, the incidence of ZIKV infections in Brazil between 2015-2016 was
highly variable depending on the region, with the southern parts of the country, including
urban areas of Sao Paulo, being spared [1].

We observed an incidence of severe adverse pregnancy outcomes similar to what has
been reported previously. In the US territories, the incidence of severe foetal /neonatal
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anomalies observed among infected patients ranged from 4% to 8% depending on the
gestational trimester of suspected maternal infection [3], while in the Caribbean region,
severe adverse outcomes were reported in 8.1% of foetuses [20]. This highlights that the
majority of exposed foetuses (>90%) will remain asymptomatic or pauci-symptomatic,
even in the case of a confirmed foetal infection [2].

Our study has limitations. First, the diagnosis of a recent ZIKV infection is challenging.
We used criteria based on both nucleic acid amplification testing (NAAT) and serology.
NAAT are limited by the transient character of the ZIKV viremia [21]. On the other hand,
serology is poorly reliable, especially in secondary flavivirus infections. Re-infections are
associated with cross-reactions of both specific IgM and neutralizing antibodies. Moreover,
secondary stimulations may suppress the production of specific antibodies [22]. In that
context, a negative IgM testing does not necessarily exclude a recent infection, as observed
in two of our cases, in which congenital ZIKV infection was confirmed by the identification
of specific IgM in one of the new-borns, while in the other, severe macular anomalies
compatible with ZIKV were observed. To overcome this limitation, we performed a
sensitivity analysis including different definitions of exposure, possible ZIKV infections
versus active infections (positive viremia). The first strategy supported our findings,
while risk estimates using the active infection definition lost their statistical significance
owing to the small sample size. These aspects further highlight the difficulties related
to the diagnosis of ZIKV infection in pregnant women and further argue against routine
screening of exposed women [1].

Second, our study is limited by the small number of cases with adverse pregnancy out-
comes among travellers. Though, it allowed us to correctly assess risk factors for maternal
infection, our study was not powered to detect differences in pregnancy outcomes between
infected and non-infected pregnant travellers and to assess potential contributing factors
(e.g., timing of maternal infection, persistent viremia). Furthermore, our study did not
assess long term outcomes among new-borns, which may lead to an underestimation of the
consequences of congenital infection. In addition, we were not able to capture miscarriages
in a systematic way. To avoid underreporting or misclassification, we excluded all pregnant
women with unreported outcomes after 14WG. This might have underestimated the rate of
adverse outcomes related to ZIKV infection in early pregnancy. Exact rates of miscarriage
are difficult to assess, due to the high frequency of unreported early-stage pregnancy loss
and might be as high as 30 to 40 % [23]. As to whether maternal ZIKV infection increases
this risk remains unclear.

Finally, our study is based on a registry and not systematic sampling. As such, we
observed an overrepresentation of symptomatic women among travellers, as asymptomatic
women may not have sought medical care. Nevertheless, as symptoms have not been
correlated to worse foetal outcomes, the impact of this bias on our results seems limited.
Furthermore, although we develop a user-friendly system to collect data in a systematic
way, as with all observational studies missing data are inevitable. To account for this we
performed multiple imputations, allowing us an acceptable evaluation.

Our study focused on pregnant women. Nevertheless, we believe that our conclusions
may be extended to young couples trying to conceive. Although, we did not assess the
risks associated with sexual transmission, the probability for a male to subsequently infect
his partner is related to his initial risk of infection. Several agencies, including the WHO,
CDC and National Travel Health Network and Centre (NaTHNaC) recommend waiting 2
months for women and 3 months for men before getting pregnant after travelling to areas
with both current and past outbreaks [6,7,24]. These recommendations might be overly
cautious. Based on the present finding of relatively low risk, it seems reasonable not to
advise any delay for patients travelling to areas without any current outbreaks who are
staying 2 weeks; as supported by the Swiss public health institute [25]. Precaution to avoid
mosquitoes bites should nevertheless be strictly applied. Furthermore, recommendations
for travelling pregnant women should also take into additional exposure to other infections
pathogens. Most areas with ZIKV circulation are also endemic for DENV, CHIKV or
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malaria. Growing evidence suggests a negative impact of DENV and CHIKV on pregnant
women and their offspring [26,27], while Malaria remains a major cause of stillbirth in
endemic countries [28].

5. Conclusions

We provided a reliable assessment of the risks of maternal ZIKV infection and associ-
ated risk of adverse pregnancy outcomes among travellers. Our findings suggest the risk
of maternal infection among travellers is lower to what is observed for pregnant residents.
The specific risk of maternal infection for travellers is related to the presence of ongoing
outbreaks and stay duration, with stays < 2 weeks associated with a low risk in the absence
of ongoing outbreaks.

Supplementary Materials: The following are available online at https://www.mdpi.com/1999-491
5/13/2/341/s1, Table S1: Criteria used to diagnose the severity of congenital Zika virus, Table S2:
Adverse pregnancy outcomes according to results of foetal /neonatal ZIKV testing among pregnant
travellers compared to pregnant residents, Table S3: Description of pregnant travellers presenting
with severe adverse pregnancy outcomes.
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aOR adjusted odds ratio

aRR adjusted risk ratio

CI Confidence interval
CHIKV  Chikungunya virus

CZS congenital ZIKV syndrome
DENV  Dengue virus

DS Down syndrome
HTD Hypertensive disorders
IOR interquartile range

MCAR  missing variables completely at random
NAAT  nucleic acid amplification testing

NIPT non-invasive prenatal testing

OR odds ratio

PRNT  Plaque reduction neutralization test
RD Risk difference

RR Risk ratio

WG Weeks’ gestation

y.o. years old

ZIK Zika virus
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Abstract: Zika virus (ZIKV) infection during pregnancy causes a wide spectrum of congenital
abnormalities and postnatal developmental sequelae such as fetal loss, intrauterine growth restriction
(IUGR), microcephaly, or motor and neurodevelopmental disorders. Here, we investigated whether a
mouse pregnancy model recapitulated a wide range of symptoms after congenital ZIKV infection, and
whether the embryonic age of congenital infection changed the fetal or postnatal outcomes. Infection
with ZIKV strain PRVABC59 from embryonic day 6.5 (E6.5) to E8.5, corresponding to the mid-first
trimester in humans, caused fetal death, fetal resorption, or severe IUGR, whereas infection from E9.5
to E14.5, corresponding to the late-first to second trimester in humans, caused stillbirth, neonatal
death, microcephaly, and postnatal growth deficiency. Furthermore, 4-week-old offspring born to
dams infected at E12.5 showed abnormalities in neuropsychiatric state, motor behavior, autonomic
function, or reflex and sensory function. Thus, our model recapitulated the multiple symptoms seen
in human cases, and the embryonic age of congenital infection was one of the determinant factors of
offspring outcomes in mice. Furthermore, maternal neutralizing antibodies protected the offspring
from neonatal death after congenital infection at E9.5, suggesting that neonatal death in our model
could serve as criteria for screening of vaccine candidates.

Keywords: Zika virus; congenital Zika syndrome; SHIRPA; microcephaly; sequelae; trimester;
mouse model

1. Introduction

The World Health Organization declared the outbreak of Zika virus (ZIKV) infection in
the American continent as a public health emergency of international concern in 2016. ZIKV
causes a spectrum of congenital abnormalities including fetal loss, intrauterine growth
restriction (IUGR), neonatal death, and microcephaly, together termed congenital Zika
syndrome (CZS), which is likely associated with complex and life-long disabilities in chil-
dren born to women infected with ZIKV during pregnancy [1-6]. Postnatal developmental
sequelae, such as gross motor impairment, delayed neurodevelopment, cognitive impair-
ment, auditory abnormalities, and/or ophthalmological abnormalities have also been
recognized after congenital ZIKV infection, [7-16]. Some children who were asymptomatic
with normal head circumferences at birth also developed postnatal symptoms [7,8,14,17,18].
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CZS or developmental sequelae was recognized regardless of the trimesters in which the
pregnant mothers were infected [1,7,18-20], although ZIKV infection in the first trimester
has been thought to be a risk factor for severe CZS [21-25]. In line with this, a series of
murine pregnancy models have been established [26-37]; however, each model recapitu-
lated only some of the fetal or postnatal symptoms seen in human cases (Supplemental
Table S1). Moreover, the embryonic ages of congenital ZIKV infection and inspection of
offspring, virus strain, infection dose, or route of infection were not consistent in the mouse
models (Supplemental Table S1), and how these differences affect the outcomes remains
elusive. In this study, IFNo/ 3 receptor knockout (IENAR /) dams that were crossed
with wild-type sires were infected subcutaneously (s.c.) with ZIKV at various embryonic
days, and a series of fetal and postnatal outcomes were comprehensively evaluated.

2. Materials and Methods
2.1. Ethics Statement

All mouse experiments were conducted in accordance with the Guidelines for Animal
Experiments performed at the National Institute of Infectious Diseases (NIID) or the
Australian Code for Care and Use of Animals for Scientific Purposes, as outlined by the
National Health and Medical Research Council of Australia. Animal experiments were
approved by the Animal Welfare and Animal Care Committee of NIID (Ethics numbers:
116123 and 119155) or the QIMR Berghofer Medical Research Institute Animal Ethics
Committee (Ethics number: A1604-611M). All mice were bred and housed under specific
pathogen-free conditions.

2.2. Cell and Virus Stocks

Vero (strain 9013, JCRB9013, the Japanese Collection of Research Bioresources Cell
Bank, Osaka, Japan) and C6/36 cells (CRL1660, the American Type Culture Collection
Manassas, VA, USA) were maintained in Eagle’s minimum essential medium (MEM)
supplemented with 10% fetal bovine serum (FBS) and 100 pg/mL penicillin-streptomycin
(Life Technologies, Carlsbad, CA, USA). Vero cells and C6/36 cells were cultured at 37 °C
and 28 °C, respectively, in a 5% CO, atmosphere. ZIKV strain PRVABC59 (GenBank
accession no. KU501215), which was isolated from a patient in Puerto Rico in 2015 [38],
was kindly provided by Dr. Beth Bell of the US Center for Disease Control and Prevention.
E protein amino acid position 330 of PRVABC59 was a mixture of V and L, as previously
reported [39,40]. Natal RGN strain (GenBank accession no. KU527068) was isolated
from human fetal autopsy cases with microcephaly in Brazil and prepared as previously
described [26,41,42]. ZIKV stocks were tittered by plaque assay on Vero cells, as described
previously [43,44].

2.3. Virus Titration

Indicated tissues and serum obtained from the blood of the tail vein were collected at
the specified time points and stored at —80 °C until analysis. The tissues were homogenized
in MEM containing 2% FBS (2MEM) using a tissue homogenizer and beads (Bio Medical
Science, Tokyo, Japan) according to the manufacturer’s instructions. The 50% cell culture
infective dose (CCIDs) assays for serum and supernatants from homogenized tissues were
performed as described previously [26,40-43,45,46].

2.4. Reverse Transcription Quantitative PCR (qRT-PCR)

qRT-PCR was performed as described previously [40,42,45,46]. Briefly, tissues were
placed in RNAlater (Ambion, Austin, TX, USA), and RNA was extracted with TRIzol
(Life Technologies, Carlsbad, CA, USA) from homogenized tissues prepared by bead
homogenization. cDNA was generated using an iScript cDNA Synthesis Kit (Bio-Rad,
Hercules, CA, USA). qPCR was performed using iTaq Universal SYBR Green Supermix (Bio-
Rad) and the following primers: ZIKV E-Forward, 5-CCGCTGCCCAACACAAG-3’; ZIKV
E-Reverse, 5'-CCACTAACGTTCTTTTGCAGACAT-3'; ZIKV prM-Forward, TTGGTCAT
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GATACTGCTGATTGC-3'; and ZIKV prM-Reverse, 5-CCTTCCACAAAGTCCCTATTGC-
3’ [47]. Values were normalized using the housekeeping gene mouse RPL13A (Forward, 5'-
GAGGTCGGGTGGAAGTACCA-3’; Reverse, 5-TGCATCTTGGCCTTTTCCTT-3') [48,49].

2.5. Histology and Immunohistochemistry (IHC)

Tissue samples were fixed in 10% phosphate-buffered formalin, embedded in paraffin,
sectioned, and stained with hematoxylin and eosin (H&E). IHC was performed using
an anti-ZIKV NS1 antibody (C01886G, Meridian Bioscience, Cincinnati, OH, USA) as
the primary antibody [40,43]. Specific antigen-antibody reactions were visualized by 3,3-
diaminobenzidine tetrahydrochloride staining using a VECTASTAIN ABC HRP system
(Vector Laboratories, Burlingame, CA, USA).

2.6. Mice

IFNAR~/~ mice on a C57BL/6] background were bred in-house at NIID [40,43].
Female IFNAR~/~ mice (>7 weeks old) were paired with C57BL/6] mice (>8 weeks old)
purchased from SLC Ltd. (Shizuoka, Japan), as described previously [29]. When a plug was
detected, this was deemed embryonic day 0.5 (E0.5). Pregnancy was confirmed by weight
gain. At the indicated time points, dams were infected s.c. with 1 x 10* plaque-forming
unit (PFU) of PRVABC59, euthanized at the indicated time points, and their fetuses and
indicated tissues were harvested. The fetal crown rump body length (CRL), head length
from the tip of the nose to the occiput, head width, and body weight were measured.
For postnatal analyses, the dams were infected s.c. with 1 x 10* PFU of PRVABC59 and
monitored until offspring were born. The offspring were monitored every day for 14 days
after birth (P14), and their body weights and head diameters were measured from P3
to P11.

For the SmithKline Beecham, Harwell, Imperial College, Royal London Hospital,
phenotype assessment (SHIRPA) primary screen [50,51], dams were infected s.c. with
1 x 10* PFU of PRVABC59 at E12.5, and their offspring were monitored until SHIRPA
screening was performed at the indicated time points. Offspring born to PRVABC59-
infected or uninfected dams were weighed at P7 or P8 to confirm their growth; they were
otherwise left alone to avoid excessive handling, which may modulate the fear, anxiety,
or stress response after development [52,53]. The SHIRPA primary screen was performed
as previously described [51] with modifications. Briefly, each mouse was placed in a
transparent cylindrical viewing jar (15 cm diameter, 11 cm height) for 5 min to observe
rearing, grooming, respiration rate, and tremor. Subsequently, the mouse was transferred
to an arena (33 cm wide x 55 cm long x 18 cm height) that consisted of 15 evenly spaced
squares (11 cm x 11 cm) to evaluate transfer arousal and motor behavior; thereafter,
palpebral closure, piloerection, gait, pelvic elevation, and tail elevation were observed in
the arena. A sequence of manipulations was performed to evaluate touch escape, positional
passivity, trunk curl, limb grasping and visual placing, grip strength, body tone, pinna
reflex, corneal reflex, tow pinch, and wire maneuver. To complete the assessment, the mice
were restrained in a supine position to record autonomic behaviors prior to measurement
of the righting reflex, contact righting reflex, and negative geotaxis. Throughout the
procedure, vocalization, fear, irritability, and aggression were recorded. All behaviors
were scored as previously described [51]. The individual parameters assessed by SHIRPA
were grouped into five functional categories: neuropsychiatric state, motor behavior,
autonomic function, muscle tone and strength, and reflex and sensory function [54,55].
The neuropsychiatric state includes spontaneous activity, transfer arousal, touch escape,
positional passivity, biting, fear, irritability, aggression, and vocalization. Motor behavior
includes body position, tremor, locomotor activity, pelvic elevation, tail elevation, gait,
trunk curl, limb grasping, wire maneuver, and negative geotaxis. Autonomic function
includes respiration rate, palpebral closure, piloerection, skin color, heart rate, lacrimation,
salivation, and body temperature. Muscle tone and strength include grip strength, body
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tone, limb tone, and abdominal tone. Reflex and sensory functions include visual placement,
pinna reflex, corneal reflex, toe pinch, and righting reflex.

To induce neutralizing antibodies against ZIKV, seven female mice (Group A) and
three female mice (Group B) were infected s.c. with 1 x 10* PFU of PRVABC59 40 days
before mating. Four female mice (Group C) or one female mouse (Group D) were infected
s.c. with 1 x 10* PFU of PRVABC59 twice at a 57-60 days interval before mating. Ten
female mice in Group E were inoculated s.c. with 2MEM twice at a 57-60 day interval
before mating. After plugging, the mice were bled and the neutralizing antibody titer was
determined by the standard 50% plaque reduction neutralization (PRNTsg) assay [56,57].
Dams in Groups A, C, and E were infected s.c. with 1 X 10* PFU of PRVABC59 at E9.5,
and dams in Groups B and D were inoculated s.c. with 2MEM at E9.5. The offspring were
monitored from P1 to P21. For the uninfected control, seven female mice were left without
any treatment before mating and during pregnancy.

2.7. Statistical Analyses

The Student’s t-test was performed for normally distributed data sets where differ-
ences in variance were <4, skewness was >—2, and kurtosis was <2. The Kolmogorov—
Smirnov test was used for non-parametric data where differences in variance were >4,
skewness was <—2, and kurtosis was >2. The log-rank test was used for the statistical
analysis of survival rates. Repeated-measures ANOVA was used to determine differences
in postnatal growth over time. Pearson or Spearman correlation analyses were performed
for normally distributed data or non-parametric data, respectively. Statistical significance
was set at p < 0.05. Statistical analysis of the experimental data was performed using J]MP
13 software (SAS Institute, Inc., Cary, NC, USA).

3. Results and Discussion
3.1. Fetal Outcomes

To assess fetal outcomes after congenital ZIKV infection, dams were s.c. infected
with PRVABC59 at E6.5, E7.5, E8.5, E9.5, E10.5, E11.5, E12.5, E13.5, and E14.5, and the
fetuses were visually inspected at 6 days post-infection (dpi; Figure 1A). Most of the fetuses
infected at E6.5, E7.5, and E8.5 (100%, 100%, and 75%, respectively) showed abnormal-
ities (IUGR, deformed fetal/placental masses, or fetal death). The number of infected
embryonic days was inversely correlated with the prevalence of IUGR or deformed masses
(Figure 1B,C). The CRL (Figure 1D insert), head length from the tip of the nose to the
occiput (Figure 1E insert), and weight of infected fetuses were significantly smaller than
those of uninfected fetuses (Figure 1D-F). The fetal CRL and head length from the tip
of the nose to the occiput were measured to provide evidence for IUGR and to predict
fetal cranium growth, respectively [37,58]. The lower prevalence of fetuses with gross
abnormalities after infection at or after E9.5 (Figure 1A-C) was confirmed by visual in-
spection at 2 and 4 dpi at E9.5 and E13.5 (Figure 1G). In addition, intracranial hemorrhage
(Figure 1H) and ocular malformation (Figure 1I), which were similar to those observed
in human neonates with CZS [59-62], were observed in fetuses after infection at E13.5.
Thus, ZIKV infection during early pregnancy between E6.5-E8.5, corresponding to the first
trimester in humans [63], was a significant risk factor for severe fetal outcomes, such as
fetal death, resorption (observed as deformed fetal /placental masses), and severe IUGR,
whereas infection at or after E9.5 caused relatively mild outcomes (Figure 1D-F), but did
not enhance fetal lethality (Figure 1A). Thus, the embryonic timing of congenital ZIKV
infection affects the severity of fetal outcomes.
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Figure 1. Fetal outcomes. (A) Percentages of each fetal outcome: fetuses that died in utero, were deformed, showed
IUGR, or appeared normal at 6 days after congenital ZIKV infection. Survival of fetuses was confirmed by heartbeat or
pulsation of the umbilical cord as observed under a microscope. The x-axis shows the embryonic days of ZIKV infection
or 2MEM inoculation for uninfected controls. The ZIKV-infected group consisted of 10 fetuses from 1 dam infected at
E6.5, 14 fetuses from 2 dams infected at E7.5, 22 fetuses from 3 dams infected at E8.5, 28 fetuses from 3 dams infected at
E9.5, 21 fetuses from 2 dams infected at E10.5, 17 fetuses from 2 dams infected at E11.5, 13 fetuses from 2 dams infected at
E12.5, and 7 fetuses from 1 dam infected at E13.5 or E14.5. The uninfected group consisted of 8 fetuses from 1 dam at E6.5
or E9.5 and 7 fetuses from 1 dam at E8.5 or E13.5. (B) Inverse correlation between IUGR prevalence at 6 dpi and infected
embryonic days. The x-axis shows ZIKV-infected embryonic days. Significance was determined by Spearman’s correlation

21




Viruses 2021, 13, 1807

test. (C) Inverse correlation between the prevalence of deformed masses at 6 dpi and infected embryonic days. The x-axis
shows ZIKV-infected embryonic days. Significance was determined by Spearman’s correlation test. (D) Fetal CRL at 6 dpi.
Dams were infected with ZIKV or inoculated with 2MEM (uninfected) at the indicated embryonic days. Individual dams
are indicated on the x-axis; each square represents one fetus. Vertical dashed gray lines separate litters from each dam. If the
fetal heads were indistinguishable from the body, their CRL was considered as zero (below the detection limit). Significance
was determined by t-test or Kolmogorov-Smirnov test. (E) Fetal head length at 6 dpi. Data are from the same fetuses as
described for panel C. If the fetal heads were indistinguishable from the body, their head length was considered as zero
(below the detection limit). Significance was determined by t-test or Kolmogorov-Smirnov test. (F) Fetal weights at 6 dpi.
Dams were infected with ZIKV or inoculated with 2MEM (uninfected) at the indicated embryonic days. Individual dams
are indicated on the x-axis; each square represents one fetus. Vertical dashed gray lines separate litters from each dam.
Significance was determined by ¢-test. (G) Percentages of each fetal outcome at 2 or 4 dpi. Dams were infected with ZIKV at
E9.5 or E13.5, and fetuses were visually inspected at 2 or 4 dpi. The data include 18 fetuses from 2 litters at 2 dpi at E9.5,
10 fetuses from 1 litter at 4 dpi at E9.5, 4 fetuses from 1 litter at 2 dpi at E13.5, or 75 fetuses from 8 litters at 4 dpi at E13.5.
(H) The fetus with intracranial hemorrhage at 4 dpi at E13.5. Scale bar = 1 cm. (I) The fetus with ocular malformation and
an apparently normal littermate. Scale bar = 1 cm.

3.2. Fetal and Placental Infection

To confirm the vertical transmission of ZIKV, viral titers in the placentas, fetal whole
bodies, and deformed masses at 6 dpi were determined by CCID5 assays. Most placentas
were infected irrespective of the infected embryonic days, whereas the titer of most fetuses
was lower than the detection limit at 6 dpi (Figure 2A). To assess whether ZIKV did not
transmit to fetuses or did not replicate in fetal tissues, or whether active virus replication
decreased to undetectable levels before 6 dpi, the placentas and fetal tissues were collected
at 2 or 4 dpi at E9.5-E10.5 (first trimester in humans) or E12.5 (second trimester in humans)
and tissue virus titers determined. The fetal heads were titrated rather than the whole body,
except for fetal samples collected at 2 dpi at E9.5, as the fetal heads were indistinguishable
from the body. A total of 60% and 100% of fetuses in each dam infected at E9.5 and 60%,
20%, and 16.7% of fetuses in each dam infected at E12.5 were infected at 2 dpi; all fetuses
were infected by 4 dpi with a similar titer after infection at E9.5-E10.5 and E12.5 (p = 0.97,
Figure 2B). The virus titers were similar in each tissue of dams infected at E9.5-E10.5 and
E12.5 (Supplemental Figure S1), showing that the dams were equally susceptible to ZIKV
infection irrespective of embryonic days, as previously reported [64]. The placental virus
titers were not different after infection at E9.5-E10.5 and E12.5 (Figure 2B, p = 0.053 for
2 dpi, p = 0.13 for 4 dpi), with no correlation in virus titers between the fetal heads and
corresponding placentas (Figure 2C, p = 0.47 for 2 dpi, p = 0.17 for 4 dpi). The placentas
at 6 dpi at E8.5, E9.5, or E13.5 were smaller than uninfected placentas (Figure 2D) as
previously reported [29]. However, histological abnormality was not observed in placentas
from infected dams (Figure 2E,EL]). In addition, viral antigens were found only in the
histologically normal decidual cells in the peripheral area of placentas by IHC with anti-
NS1 antibody (Figure 2G,H,K,L). The mouse placenta forms a definitive structure and
becomes functional around E10.5-E11.5 [65,66]. The infection of fetal heads after E12.5
infection suggests that ZIKV crossed the placental barrier. Taken together, fetuses were
infected congenitally, irrespective of gross abnormalities (Figure 1) or embryonic days of
congenital infection. The former observation is partially consistent with previous work in
which ZIKV RNA was detected in the fetal heads with only mild IUGR after infection at
E6.5 or E7.5 [29].
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Figure 2. Viral titers and histological findings in fetal tissues or placentas. (A) Viral titers in fetal whole bodies, placentas,
and deformed masses at 6 dpi. Dams were infected with ZIKV at the indicated embryonic days. Individual dams are
indicated on the x-axis. Vertical dashed gray lines separate litters from each dam. Symbols represent individual fetus,
placenta, or deformed mass. Limit of detection was 0.83 log10CCIDs( /g as indicated by the horizontal dashed line. (B) Viral
titers in fetal heads, placentas, and deformed masses at 2 or 4 dpi, as described for panel A. Percentage of fetuses that were
infected for each dam at 2 or 4 dpi is indicated. Kolmogorov-Smirnov test or t-test was used for statistical analysis. (C) Lack
of correlation between virus titers in placentas and fetal heads at 2 dpi and 4 dpi as determined by Pearson or Spearman’s
correlation test. (D) Placental weights at 6 dpi. Dams were infected with ZIKV or inoculated with 2MEM (uninfected) at the
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indicated embryonic days. Individual dams are indicated on the x-axis; each square represents one placenta. Significance

was determined by t-test or Kolmogorov-Smirnov test. (E) H&E staining of placentas at 6 dpi; dams were infected at E7.5.

Representative image of placentas from 2 dams. (F) As described for panel E at higher magnification. (G) IHC of placenta at

6 dpi at E7.5 using anti-ZIKV NS1 antibody. Positive staining (brown) was detected in decidual cells. Representative image

of placentas from 2 dams. (H) As described for panel G at higher magnification. (I-L) H&E staining and IHC of placentas at

6 dpi; dams were infected at E13.5; otherwise as described for E-H. (M) H&E staining of placentas from uninfected dams.

Representative image of placentas from 2 dams. (N) As described for panel M at higher magnification. (O) IHC of placenta

from uninfected dams using anti-ZIKV NS1 antibody. Representative image of placentas from 2 dams. Scale bars; 500 um
(E,LM), 100 um (F-H,J-L,N,0).

3.3. Postnatal Outcomes

To assess postnatal outcomes, dams were infected with PRVABC59 at E8.5, E9.5, E10.5,
E11.5,E12.5, E13.5, and E14.5, and their offspring were monitored from P1 to P14, including
measuring body weight and head circumference from P3 to P11. All offspring born to
dams infected at E8.5 or E9.5, died within one day after birth (Figure 3A). The survival
of offspring born to dams infected at E10.5-E14.5 was significantly lower than that of
uninfected offspring (p = 0.0007 for E10.5, p < 0.0001 for E11.5, p = 0.0005 for E12.5, p = 0.042
for E13.5, and p < 0.0001 for E14.5) (Figure 3A). Human infants with congenital ZIKV
infection are typically small for gestational age (SGA) [1] and/or exhibit failure to thrive
(FTT) [16]. SGA is defined as a birth weight at least two standard deviations (SDs) below
the mean for gestational age [67]. FIT is defined as subnormal growth or subnormal
weight gain in infants [68]. The weight of two litters (L1 and L2) infected at E12.5, and one
offspring infected at E13.5, was less than 25D of the mean weight of uninfected offspring at
P3, which was the earliest time point of weight measurement (Figure 3B). The weights of
offspring infected at E10.5 or E11.5 were comparable with those of uninfected offspring
(Figure 3B). There was variability in offspring weights between litters (e.g., L1/L2 versus
L3 after infection at E12.5). The absence of significance in offspring weights after infection
at E10.5 or E11.5 when compared with uninfected offspring thus may be explained by the
small sample size, which is a limitation of our study. The mean weight gain of L1 and
L2 infected at E12.5 (Figure 3C) was lower than that of uninfected offspring (p < 0.0001
for L1, p = 0.0005 for L2), suggesting SGA and FIT. Microcephaly is defined postnatally
as a small head circumference >2 SDs of the norm [69,70]. The head circumferences of
L1 and one offspring from L2 infected at E12.5, were smaller than 25D of the mean of
uninfected offspring at P3 (Figure 3D). The mean head circumferences at P3-P11 of L1
infected at E12.5, at P3, P7, P8, P9, and P10 of L2 infected at E12.5, and at P5 and P6 of L1
infected at E13.5 were smaller than 2SD of the uninfected mean (Figure 3E), suggesting
microcephaly. Thus, our mouse model recapitulates multiple postnatal outcomes including
stillbirths (Figure 3A), neonatal death (Figure 3A), SGA (Figure 3B), FTT (Figure 3B,C), and
microcephaly (Figure 3D,E), as observed in human cases [1,13,15,17,71].

To evaluate the outcomes in grown-up mice after congenital ZIKV infection, SHIRPA
primary screening was performed on 4-week-old mice born to dams infected with PRBV-
ABC5H9 at E12.5. Two mice born to dams infected at E12.5, were smaller than each littermate
and died at P10 before SHIRPA was performed (Figure 3F). The SHIRPA scores of infected
mice were compared with two age-matched control groups: (1) 2MEM inoculation at E12.5,
or (2) no treatment during pregnancy and postnatal periods. The reduced body weight
of infected mice (Figure 3G) was consistent with previous data (Figure 3B,C). Two mice
remained small during adulthood (10-week-old) and reached the ethical endpoint for eu-
thanasia at 10 weeks after birth (Supplemental Figure S2A), although the survival between
the three groups did not reach statistical significance (Supplemental Figure S2B). Infected
offspring had significantly deficient SHIRPA scores compared with 2MEM-inoculated
and/or untreated offspring in 11 tests belonging to four SHIRPA functional categories
(Figure 3G): neuropsychiatric state (touch escape, positional passivity, provoked biting,
irritability, and aggression), motor behavior (limb grasping and negative geotaxis), auto-
nomic function (salivation and body temperature), and reflex and sensory functions (visual
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placing and toe pinch). The abnormalities in the SHIRPA screen were also confirmed in
IFNAR ™/~ offspring born to dams infected with the Natal RGN strain at E6.5. The mean
body weight of one of the five litters infected with Natal RGN at E6.5 was lower than
that of the uninfected litter at 3 weeks post-birth (Supplemental Figure S3A). The infected
litter had abnormal scores in four tests: locomotor activity, tail elevation, gait, and grip
strength (yellow boxes in Supplemental Figure S3A). Another infected litter showed an
abnormality in a fifth test, namely, provoked biting (green box in Supplemental Figure S3A).
The five tests belonged to three functional categories: neuropsychiatric state (provoked
biting), motor behavior (locomotor activity, tail elevation, and gait), and muscle tone and
strength (grip strength). ZIKV RNA was detected in the testis of one male offspring born
to a Natal RGN-infected dam (Supplemental Figure S3B), confirming vertical transmission
and offspring infection. Thus, our mouse model recapitulates a wide range of postnatal
developmental sequelae [7,8,14,17,18].
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Figure 3. Postnatal outcomes. (A) Survival of offspring. Data are from 8 offspring from 1 dam infected at E8.5, 16 offspring
from 3 dams infected at E9.5, 12 offspring from 2 dams infected at E10.5, 14 offspring from 2 dams infected at E11.5,
75 offspring from 9 dams infected at E12.5, 20 offspring from 3 dams infected at E13.5, 25 offspring from 4 dams infected
at E14.5, and 19 offspring from 3 uninfected dams. Comparison of Kaplan-Meier survival curves between groups was
performed by log-rank analysis. (B) Weight of offspring at P3. Individual litters are indicated on the x-axis; each square
represents a single offspring. Vertical dashed gray lines separate each litter, which was infected at the indicated embryonic
days. The pale green shaded area represents 2SD below the mean body weight of uninfected offspring. (C) Weight gain of
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each litter. The pale green shaded area represents 2SD below the mean body weight of uninfected offspring. Data consist of
6 survived offspring out of 8 offspring (6/8) for litter 1 (L1) infected at E10.5, 2/7 for L1 infected at E11.5, 3/5 for L1 infected
at E12.5,2/4 for L2 infected at E12.5, 7/7 for L3 infected at E12.5, 7/7 for L1 infected at E13.5, and 3/5 for L2 infected at E13.5.
The uninfected group consisted of 18 offspring from 3 litters. Statistical analyses were performed by repeated-measure
ANOVA. (D) Head circumference of offspring at P3. Individual litters are indicated on the x-axis; each square represents a
single offspring. Vertical dashed gray lines separate each litter, which was infected at the indicated embryonic days. The
pale green shaded area represents 2SD below the mean head circumference of uninfected offspring. Head circumference
was calculated by multiplying the head diameter by Pi (3.14). (E) Growth of head circumference of each litter. Data are from
the same litters as described for panel C. The pale green shaded area represents 2SD below the mean head circumference
of uninfected offspring. Asterisks show the value 25D below that of the uninfected mean. (F) Weight of offspring born
to ZIKV-infected or uninfected dams at P7 or P8. Individual litters are indicated on the x-axis; each square represents a
single offspring. Vertical dashed gray lines separate each litter, which was infected at E12.5 or uninfected. Dorsal view
of two small offspring infected at E12.5 compared with each littermate. (G) SHIRPA scores of 4-week-old mice born to
ZIKV-infected dams at E12.5. The horizontal axis shows the score. Each bar represents one mouse. Statistical analyses were
performed by Kolmogorov-Smirnov test or t-test: * p < 0.05; ** p < 0.01. Longer lines along the y-axis separate litters.

3.4. Maternal Neutralizing Antibodies Prevent Offspring Outcomes

To demonstrate the utility of our model, we performed a proof of principal experiment
testing whether neonatal death could serve as criteria for screening of ZIKV vaccine
candidates. There are no vaccines currently available for ZIKV infection, and female mice
were infected with ZIKV prior to mating to induce neutralizing antibodies, which alone
were sufficient to prevent vertical transmission of ZIKV in mice [72]. The dams were
infected with ZIKV at E9.5, which caused neonatal death (Figure 3A), and the survival of
their offspring was monitored. The experimental scheme is shown in Figure 4A. Briefly,
female mice were infected with PRVABC59 40 days before mating (Groups A and B) or
infected twice with a 57-60 days interval before mating (Groups C and D). Females in
Group E were inoculated with 2MEM before mating. An increased neutralizing antibody
titer was detected after plugging in Groups A, B, C, and D when compared with Group E or
uninfected group (Figure 4B). Pregnant mice in Groups A, C, and E were infected s.c. with
PRVABC59 at E9.5, whereas pregnant mice in Groups B and D were inoculated with 2MEM
at E9.5. The survival of offspring in Groups A and C was significantly improved compared
with Group E (p < 0.0001, Figure 4C). The 1-day-old offspring in Groups A and D were
visually larger than those in Group E (Supplemental Figure S4). The survival of each litter
infected at E9.5 (Groups A, C, and E) was correlated with the neutralizing antibody titer of
each dam (p = 0.0011, Figure 4D). Taken together, the results demonstrated that maternal
neutralizing antibodies (at least a PRNT titer of 1:10>8, Figure 4B,D) prevent neonatal death
in mice, and that neonatal death can serve as an in vivo phenotypic readout for screening
the efficacy of candidate vaccines against ZIKV.
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Figure 4. Neutralizing antibodies in dams protect the offspring from vertical ZIKV infection. (A) Experimental timeline
of each group. (B) ZIKV-specific neutralizing antibody titers of each dam. Limit of detection was 1 in 10 dilutions as
indicated by the horizontal dashed line. Titer was determined by PRNTj5j assays. Kolmogorov-Smirnov test was used
for statistical analysis. (C) Survival of offspring. Comparisons for Group E versus either Group A or Group C, p < 0.0001.
Comparisons of Kaplan-Meier survival curves between the different groups were performed by log-rank analyses. The
data are from 51 offspring from 7 litters for Group A, 21 offspring from 3 litters for Group B, 35 offspring from 4 litters for
Group C, 6 offspring from 1 litter for Group D, 67 offspring from 10 litters for Group E, and 60 offspring from 7 litters for
the uninfected group. (D) Correlation between neutralizing antibody titers of each dam and the percent survival of each
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4. Conclusions

Our mouse pregnancy model recapitulated multiple fetal and postnatal outcomes
seen in humans after congenital ZIKV infection. The embryonic timing of ZIKV infection
affected the outcomes; infection during early pregnancy caused fetal death and severe
IUGR, and infection during mid to late pregnancy caused stillbirth, neonatal death, SGA,
FTT, microcephaly, or developmental sequelae. Furthermore, neonatal death in our model
may be useful as a readout phenotype to evaluate the efficacy of ZIKV vaccine candidates.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/v13091807 /s1, Figure S1: Virus titers in maternal tissues, Figure S2: Offspring infected
at E12.5 in adulthood, Figure S3: Offspring outcomes after ZIKV Natal RGN infection, Figure S54:
Size of one-day-old offspring, Table S1: Mouse pregnancy models. References [73-77] are cited in
supplemental materials.

Author Contributions: Conceptualization, E.N.; methodology, EN., YK, J.E.H., B.T. and A.S.; formal
analysis, E.NN. and J.E.H.; investigation, E.N., Y.K., S.T. (Satoshi Taniguchi), ].E.H., K.-i.5., K.T,, Y.S.,
B.T.,, K.Y, N.K,, CK.L. and T.S.; data curation, E.N., S.T. (Satoshi Taniguchi) and J.E.H.; writing—
original draft preparation, E.N.; writing—review and editing, E.N., S.T. (Satoshi Taniguchi), K.T. and
C.K.L,; supervision, A.S. and M.S.; funding acquisition, E.N., S.T. (Shigeru Tajima), C.K.L. and A.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Research Program on Emerging and Re-emerging
Infectious Diseases of the Japan Agency for Medical Research and Development (AMED; https:
/ /www.amed.go.jp/en/program/list/11/02/002.html; accessed on 26 August 2021), Grant numbers
JP19£k0108035, JP20fk0108123 and JP21wm0225007, and JSPS KAKENHI (https://www.jsps.go.jp/
english/index.html; accessed on 26 August 2021), Grant number JP20K07530. E.N. was supported in
part by the Daiichi Sankyo Foundation of Life Science, Japan (http://www.ds-fdn.or.jp/support/
studying_abroad.html; accessed on 26 August 2021). A.S. holds an investigator grant (APP1173880)
from the National Health and Medical Research Council (NHMRC) of Australia (https://www.
nhmrc.gov.au/; accessed on 26 August 2021). The project was also funded in part by an NHMRC
project grant, grant number APP1144950. The funders had no role in the study design, data collection
and analysis, decision to publish, or preparation of the manuscript.

Institutional Review Board Statement: All mouse experiments were conducted in accordance with
the Guidelines for Animal Experiments performed at the National Institute of Infectious Diseases
(NIID) or the Australian Code for Care and Use of Animals for Scientific Purposes, as outlined by the
National Health and Medical Research Council of Australia. Animal experiments were approved by
the Animal Welfare and Animal Care Committee of NIID (Ethics numbers: 116123 and 119155) or the
QIMR Berghofer Medical Research Institute Animal Ethics Committee (Ethics number: A1604-611M).
All mice were bred and housed under specific pathogen-free conditions.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to thank Takahiro Maeki (NIID) for his suggestion, and
Makiko Tkeda and Nor Azila Muhammad Azami (NIID) for their technical assistance.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

1. Brasil, P; Pereira, ].P, Jr.; Moreira, M.E.; Ribeiro Nogueira, R.M.; Damasceno, L.; Wakimoto, M.; Rabello, R.S.; Valderramos, S.G;
Halai, U.A; Salles, T.S.; et al. Zika Virus Infection in Pregnant Women in Rio de Janeiro. N. Engl. ]. Med. 2016, 375, 2321-2334.

[CrossRef] [PubMed]

2. Franca, G.V,; Schuler-Faccini, L.; Oliveira, W.K.; Henriques, C.M.; Carmo, E.H.; Pedi, V.D.; Nunes, M.L.; Castro, M.C.; Serruya, S.;
Silveira, MLF,; et al. Congenital Zika virus syndrome in Brazil: A case series of the first 1501 livebirths with complete investigation.
Lancet 2016, 388, 891-897. [CrossRef]

29



Viruses 2021, 13, 1807

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

van der Eijk, A.A.; van Genderen, PJ.; Verdijk, R.M.; Reusken, C.B.; Mogling, R.; van Kampen, ].J.; Widagdo, W.; Aron, G.L;
GeurtsvanKessel, C.H.; Pas, S.D.; et al. Miscarriage Associated with Zika Virus Infection. N. Engl. |. Med. 2016, 375, 1002-1004.
[CrossRef] [PubMed]

Pereira, J.P,, Jr.; Nielsen-Saines, K.; Sperling, J.; Maykin, M.M.; Damasceno, L.; Cardozo, R.F; Valle, H.A ; Dutra, B.R.T.; Gama,
H.D.; Adachi, K;; et al. Association of Prenatal Ultrasonographic Findings with Adverse Neonatal Outcomes Among Pregnant
Women with Zika Virus Infection in Brazil. JAMA Net. Open 2018, 1, €186529. [CrossRef]

de Aratjo, T.V.B.; de Alencar Ximenes, R.A.; de Barros Miranda-Filho, D.; Souza, W.V.; Montarroyos, U.R.; de Melo, A.P.L,;
Valongueiro, S.; Braga, C.; Brandao Filho, S.P.; Cordeiro, M.T. Association between microcephaly, Zika virus infection, and other
risk factors in Brazil: Final report of a case-control study. Lancet Infect. Dis. 2018, 18, 328-336. [CrossRef]

de Aratjo, T.V.B.; Rodrigues, L.C.; de Alencar Ximenes, R.A.; de Barros Miranda-Filho, D.; Montarroyos, U.R.; de Melo, A.P.L,;
Valongueiro, S.; Souza, W.V.; Braga, C.; Brandao Filho, S.P. Association between Zika virus infection and microcephaly in Brazil,
January to May, 2016: Preliminary report of a case-control study. Lancet Infect. Dis. 2016, 16, 1356-1363. [CrossRef]

Pecanha, PM.; Gomes Junior, S.C.; Pone, S.M.; Pone, M.; Vasconcelos, Z.; Zin, A.; Vilibor, R.H.H.; Costa, R.P.; Meio, M.; Nielsen-
Saines, K.; et al. Neurodevelopment of children exposed intra-uterus by Zika virus: A case series. PLoS ONE 2020, 15, e0229434.
[CrossRef] [PubMed]

Van der Linden, V.; Pessoa, A.; Dobyns, W.; Barkovich, A.J.; van der Linden Junior, H.; Filho, E.L.R.; Ribeiro, E.M.; de Carvalho
Leal, M.; de Aratjo Coimbra, PP; de Fatima Viana Vasco Aragao, M. Description of 13 infants born during October 2015-January
2016 with congenital Zika virus infection without microcephaly at birth—Brazil. Morb. Mortal. Wkly. Rep. 2016, 65, 1343-1348.
[CrossRef]

Frota, L.; Sampaio, R.F.; Miranda, J.L.; Brasil, RM.C.; Gontijo, A.P.B.; Mambrini, ]. V.M.; Brandao, M.B.; Mancini, M.C. Children
with congenital Zika syndrome: Symptoms, comorbidities and gross motor development at 24 months of age. Heliyon 2020, 6,
€04130. [CrossRef]

Ventura, P.A; Lage, M.-L.C.; de Carvalho, A.L.; Fernandes, A.S.; Taguchi, T.B.; Nascimento-Carvalho, C.M. Early Gross Motor
Development Among Brazilian Children with Microcephaly Born Right After Zika Virus Infection Outbreak. ]. Dev. Behav. Pediat.
2020, 41, 134-140. [CrossRef]

Lage, M.-L.C.; Carvalho, A.L.; Ventura, PA.; Taguchi, T.B.; Fernandes, A.S.; Pinho, S.F; Santos-Junior, O.T.; Ramos, C.L.;
Nascimento-Carvalho, C.M. Clinical, Neuroimaging, and Neurophysiological Findings in Children with Microcephaly Related to
Congenital Zika Virus Infection. Int. J. Env Res. Public Health 2019, 16, 309. [CrossRef] [PubMed]

Nielsen-Saines, K.; Brasil, P; Kerin, T.; Vasconcelos, Z.; Gabaglia, C.R.; Damasceno, L.; Pone, M.; Abreu de Carvalho, L.M,;
Pone, S.M.; Zin, A.A; et al. Delayed childhood neurodevelopment and neurosensory alterations in the second year of life in a
prospective cohort of ZIKV-exposed children. Nat. Med. 2019, 25, 1213-1217. [CrossRef]

Franca, T.L.B.; Medeiros, WR.; Souza, N.L.; Longo, E.; Pereira, S.A.; Franca, T.B.O.; Sousa, K.G. Growth and Development of
Children with Microcephaly Associated with Congenital Zika Virus Syndrome in Brazil. Int. ]. Environ. Res. Public Health 2018,
15, 1990. [CrossRef]

Aguilar Ticona, J.P,; Nery, N., Jr.; Ladines-Lim, J.B.; Gambrah, C.; Sacramento, G.; de Paula Freitas, B.; Bouzon, J.; Oliveira-Filho, ] ;
Borja, A.; Adhikarla, H. Developmental outcomes in children exposed to Zika virus in utero from a Brazilian urban slum cohort
study. PLoS Negl. Trop. Dis. 2021, 15, €0009162. [CrossRef]

Wheeler, A.C. Development of infants with congenital Zika syndrome: What do we know and what can we expect? Pediatrics
2018, 141, S154-5160. [CrossRef] [PubMed]

Mulkey, S.B. Head Circumference as a Measure of In Utero Zika Virus Exposure and Outcomes. JAMA Netw. Open 2020, 3,
€209461. [CrossRef] [PubMed]

Cranston, J.S.; Tiene, S.E.; Nielsen-Saines, K.; Vasconcelos, Z.; Pone, M.V.; Pone, S.; Zin, A.; Salles, T.S.; Pereira, J.P., Jr.; Orofino,
D.; et al. Association Between Antenatal Exposure to Zika Virus and Anatomical and Neurodevelopmental Abnormalities in
Children. JAMA Netw. Open 2020, 3, €209303. [CrossRef]

Cavalcante, T.B.; Ribeiro, M.R.C.; Sousa, P.D.S.; Costa, E.P.F,; Alves, M.; Simoes, V.M.F.; Batista, R.E.L.; Takahasi, E.H.M.; Amaral,
G.A.; Khouri, R; et al. Congenital Zika syndrome: Growth, clinical, and motor development outcomes up to 36 months of age
and differences according to microcephaly at birth. Int. J. Infect. Dis. 2021, 105, 399-408. [CrossRef] [PubMed]

Soares de Souza, A.; Moraes Dias, C.; Braga, F.D.; Terzian, A.C.; Estofolete, C.F,; Oliani, A.H.; Oliveira, G.H.; Brandao de Mattos,
C.C.; de Mattos, L.C.; Nogueira, M.L,; et al. Fetal Infection by Zika Virus in the Third Trimester: Report of 2 Cases. Clin. Infect.
Dis. 2016, 63, 1622-1625. [CrossRef]

Wheeler, A.C.; Toth, D.; Ridenour, T.; Lima Nobrega, L.; Borba Firmino, R.; Marques da Silva, C.; Carvalho, P.; Marques, D.;
Okoniewski, K.; Ventura, L.O.; et al. Developmental Outcomes among Young Children with Congenital Zika Syndrome in Brazil.
JAMA Netw. Open 2020, 3, e204096. [CrossRef] [PubMed]

Cauchemez, S.; Besnard, M.; Bompard, P.; Dub, T.; Guillemette-Artur, P.; Eyrolle-Guignot, D.; Salje, H.; Van Kerkhove, M.D.;
Abadie, V.; Garel, C.; et al. Association between Zika virus and microcephaly in French Polynesia, 2013-2015: A retrospective
study. Lancet 2016, 387, 2125-2132. [CrossRef]

30



Viruses 2021, 13, 1807

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Kleber de Oliveira, W.; Cortez-Escalante, J.; De Oliveira, W.T.; do Carmo, G.M.; Henriques, C.M.; Coelho, G.E.; Araujo de Franca,
G.V. Increase in Reported Prevalence of Microcephaly in Infants Born to Women Living in Areas with Confirmed Zika Virus
Transmission During the First Trimester of Pregnancy-Brazil, 2015. Mmzwr. Morb. Mortal Wkly. Rep. 2016, 65, 242-247. [CrossRef]
[PubMed]

Shapiro-Mendoza, C.K; Rice, M.E.; Galang, R.R.; Fulton, A.C.; VanMaldeghem, K.; Prado, M.V.; Ellis, E.; Anesi, M.S.; Simeone,
R.M.; Petersen, E.E.; et al. Pregnancy Outcomes After Maternal Zika Virus Infection During Pregnancy-U.S.; Territories, January
1, 2016-April 25, 2017. Mmwr. Morb. Mortal. Wkly. Rep. 2017, 66, 615-621. [CrossRef]

Lin, H.Z.; Tambyah, P.A; Yong, E.L.; Biswas, A.; Chan, S.Y. A review of Zika virus infections in pregnancy and implications for
antenatal care in Singapore. Singap. Med. ]. 2017, 58, 171-178. [CrossRef]

Pomar, L.; Malinger, G.; Benoist, G.; Carles, G.; Ville, Y.; Rousset, D.; Hcini, N.; Pomar, C.; Jolivet, A.; Lambert, V. Association
between Zika virus and fetopathy: A prospective cohort study in French Guiana. Ultrasound Obs. Gynecol. 2017, 49, 729-736.
[CrossRef] [PubMed]

Setoh, Y.X.; Prow, N.A.; Peng, N.; Hugo, L.E.; Devine, G.; Hazlewood, J.E.; Suhrbier, A.; Khromykh, A.A. De Novo Generation
and Characterization of New Zika Virus Isolate Using Sequence Data from a Microcephaly Case. mSphere 2017, 2, €00190-17.
[CrossRef]

Stanelle-Bertram, S.; Walendy-Gnirss, K.; Speiseder, T.; Thiele, S.; Asante, I.A.; Dreier, C.; Kouassi, N.M.; Preuss, A.; Pilnitz-Stolze,
G.; Muller, U.; et al. Male offspring born to mildly ZIKV-infected mice are at risk of developing neurocognitive disorders in
adulthood. Nat. Microbiol. 2018, 3, 1161-1174. [CrossRef]

Yockey, L.]J.; Varela, L.; Rakib, T.; Khoury-Hanold, W.; Fink, S.L.; Stutz, B.; Szigeti-Buck, K.; Van den Pol, A.; Lindenbach, B.D;
Horvath, T.L,; et al. Vaginal Exposure to Zika Virus during Pregnancy Leads to Fetal Brain Infection. Cell 2016, 166, 1247-1256.e4.
[CrossRef]

Miner, J.J.; Cao, B.; Govero, J.; Smith, A.M.; Fernandez, E.; Cabrera, O.H.; Garber, C.; Noll, M.; Klein, R.S.; Noguchi, K.K.; et al.
Zika Virus Infection during Pregnancy in Mice Causes Placental Damage and Fetal Demise. Cell 2016, 165, 1081-1091. [CrossRef]
Valentine, G.C.; Seferovic, M.D.; Fowler, S.W.; Major, A.M.; Gorchakov, R.; Berry, R.; Swennes, A.G.; Murray, K.O.; Suter, M.A.;
Aagaard, K.M. Timing of gestational exposure to Zika virus is associated with postnatal growth restriction in a murine model.
Am. J. Obs. Gynecol. 2018, 219, 403.e1-403.€9. [CrossRef] [PubMed]

Shao, Q.; Herrlinger, S.; Yang, S.L.; Lai, F.; Moore, ].M.; Brindley, M.A.; Chen, J.F. Zika virus infection disrupts neurovascular
development and results in postnatal microcephaly with brain damage. Development 2016, 143, 4127-4136. [CrossRef]

Shao, Q.; Herrlinger, S.; Zhu, Y.N.; Yang, M.; Goodfellow, E; Stice, S.L.; Qi, X.P; Brindley, M.A_; Chen, J.FE. The African Zika virus
MR-766 is more virulent and causes more severe brain damage than current Asian lineage and dengue virus. Development 2017,
144,4114-4124. [CrossRef] [PubMed]

Li, C.; Xu, D.; Ye, Q.; Hong, S; Jiang, Y.; Liu, X.; Zhang, N.; Shi, L.; Qin, C.F; Xu, Z. Zika Virus Disrupts Neural Progenitor
Development and Leads to Microcephaly in Mice. Cell Stem Cell 2016, 19, 672. [CrossRef] [PubMed]

Yuan, L.; Huang, X.Y.; Liu, Z.Y;; Zhang, F.; Zhu, X.L.; Yu, ].Y,; Ji, X;; Xu, Y.P; Li, G; Li, C,; et al. A single mutation in the prM
protein of Zika virus contributes to fetal microcephaly. Science 2017, 358, 933-936. [CrossRef] [PubMed]

Cui, L.; Zou, P; Chen, E; Yao, H.; Zheng, H.; Wang, Q.; Zhu, J.N,; Jiang, S.; Lu, L.; Zhang, ]. Visual and Motor Deficits in
Grown-up Mice with Congenital Zika Virus Infection. EBioMedicine 2017, 20, 193-201. [CrossRef]

Wu, K.Y,; Zuo, G.L,; Li, X.E; Ye, Q.; Deng, Y.Q.; Huang, X.Y.; Cao, W.C.; Qin, C.E; Luo, Z.G. Vertical transmission of Zika virus
targeting the radial glial cells affects cortex development of offspring mice. Cell Res. 2016, 26, 645-654. [CrossRef] [PubMed]
Jaeger, A.S.; Murrieta, R.A.; Goren, L.R.; Crooks, C.M.; Moriarty, R.V.; Weiler, A.M.; Rybarczyk, S.; Semler, M.R.; Huffman, C.;
Mejia, A.; et al. Zika viruses of African and Asian lineages cause fetal harm in a mouse model of vertical transmission. PLoS Negl.
Trop. Dis. 2019, 13, e0007343. [CrossRef]

Lanciotti, R.S.; Lambert, A.J.; Holodniy, M.; Saavedra, S.; Signor Ldel, C. Phylogeny of Zika Virus in Western Hemisphere, 2015.
Emerg. Infect. Dis. 2016, 22, 933-935. [CrossRef]

Duggal, N.K.; McDonald, E.M.; Weger-Lucarelli, J.; Hawks, S.A ; Ritter, ].M.; Romo, H.; Ebel, G.D.; Brault, A.C. Mutations present
in a low-passage Zika virus isolate result in attenuated pathogenesis in mice. Virology 2019, 530, 19-26. [CrossRef]

Nakayama, E.; Kato, F; Tajima, S.; Ogawa, S.; Yan, K.; Takahashi, K.; Sato, Y.; Suzuki, T.; Kawai, Y.; Inagaki, T.; et al. Neuroinva-
siveness of the MR766 strain of Zika virus in IFNAR-/- mice maps to prM residues conserved amongst African genotype viruses.
PLoS Pathog. 2021, 17, €1009788. [CrossRef]

Setoh, Y.X.; Peng, N.Y.; Nakayama, E.; Amarilla, A.A.; Prow, N.A.; Suhrbier, A.; Khromykh, A.A. Fetal Brain Infection Is Not a
Unique Characteristic of Brazilian Zika Viruses. Viruses 2018, 10, 541. [CrossRef]

Prow, N.A,; Liu, L.; Nakayama, E.; Cooper, T.H.; Yan, K,; Eldi, P.; Hazlewood, J.E.; Tang, B.; Le, T.T,; Setoh, Y.X,; et al. A
vaccinia-based single vector construct multi-pathogen vaccine protects against both Zika and chikungunya viruses. Nat. Commun.
2018, 9, 1230. [CrossRef]

Kawai, Y.; Nakayama, E.; Takahashi, K.; Taniguchi, S.; Shibasaki, K.I.; Kato, F.; Maeki, T.; Suzuki, T.; Tajima, S.; Saijo, M.;
et al. Increased growth ability and pathogenicity of American- and Pacific-subtype Zika virus (ZIKV) strains compared with a
Southeast Asian-subtype ZIKV strain. PLoS Negl. Trop. Dis. 2019, 13, e0007387. [CrossRef] [PubMed]

31



Viruses 2021, 13, 1807

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

Kato, F,; Tajima, S.; Nakayama, E.; Kawai, Y.; Taniguchi, S.; Shibasaki, K.; Taira, M.; Maeki, T.; Lim, C.K.; Takasaki, T.; et al.
Characterization of large and small-plaque variants in the Zika virus clinical isolate ZIKV/Hu/S36/Chiba/2016. Sci. Rep. 2017, 7,
16160. [CrossRef] [PubMed]

Hobson-Peters, J.; Harrison, J.J.; Watterson, D.; Hazlewood, J.E.; Vet, L.J.; Newton, N.D.; Warrilow, D.; Colmant, A.M.G; Taylor,
C.; Huang, B; et al. A recombinant platform for flavivirus vaccines and diagnostics using chimeras of a new insect-specific virus.
Sci. Transl. Med. 2019, 11. [CrossRef]

Hazlewood, J.E.; Rawle, D.J.; Tang, B.; Yan, K.; Vet, L.].; Nakayama, E.; Hobson-Peters, J.; Hall, R.A.; Suhrbier, A. A Zika Vaccine
Generated Using the Chimeric Insect-Specific Binjari Virus Platform Protects against Fetal Brain Infection in Pregnant Mice.
Vaccines 2020, 8, 496. [CrossRef] [PubMed]

Lanciotti, R.S.; Kosoy, O.L.; Laven, ].].; Velez, ].O.; Lambert, A.J.; Johnson, A.J.; Stanfield, S.M.; Duffy, M.R. Genetic and serologic
properties of Zika virus associated with an epidemic, Yap State, Micronesia, 2007. Emerg. Infect. Dis. 2008, 14, 1232-1239.
[CrossRef] [PubMed]

Gardner, J.; Anraku, L; Le, T.T.; Larcher, T.; Major, L.; Roques, P.; Schroder, W.A.; Higgs, S.; Suhrbier, A. Chikungunya virus
arthritis in adult wild-type mice. J. Virol. 2010, 84, 8021-8032. [CrossRef] [PubMed]

Schroder, W.A.; Le, T.T.; Major, L.; Street, S.; Gardner, J.; Lambley, E.; Markey, K.; MacDonald, K.P; Fish, R.J.; Thomas, R.; et al. A
physiological function of inflammation-associated SerpinB2 is regulation of adaptive immunity. J. Immunol. 2010, 184, 2663-2670.
[CrossRef]

Rogers, D.C,; Fisher, EM.; Brown, S.D.; Peters, ].; Hunter, A.J.; Martin, ].E. Behavioral and functional analysis of mouse phenotype:
SHIRPA, a proposed protocol for comprehensive phenotype assessment. Mamm. Genome: Off. ]. Int. Mamm. Genome Soc. 1997, 8,
711-713. [CrossRef]

Martins, Y.C.; Werneck, G.L.; Carvalho, L.].; Silva, B.P.; Andrade, B.G.; Souza, T.M.; Souza, D.O.; Daniel-Ribeiro, C.T. Algorithms
to predict cerebral malaria in murine models using the SHIRPA protocol. Malar. J. 2010, 9, 1-13. [CrossRef]

Romeo, R.D.; Mueller, A,; Sisti, H.M.; Ogawa, S.; McEwen, B.S.; Brake, W.G. Anxiety and fear behaviors in adult male and female
C57BL/6 mice are modulated by maternal separation. Horm. Behav. 2003, 43, 561-567. [CrossRef]

Parfitt, D.B.; Levin, ].K.; Saltstein, K.P,; Klayman, A.S.; Greer, L.M.; Helmreich, D.L. Differential early rearing environments can
accentuate or attenuate the responses to stress in male C57BL/6 mice. Brain Res. 2004, 1016, 111-118. [CrossRef]

Lackner, P; Beer, R.; Heussler, V.; Goebel, G.; Rudzki, D.; Helbok, R.; Tannich, E.; Schmutzhard, E. Behavioural and histopatholog-
ical alterations in mice with cerebral malaria. Neuropathol. Appl. Neurobiol. 2006, 32, 177-188. [CrossRef]

Lacerda-Queiroz, N.; Rodrigues, D.H.; Vilela, M.C.; Miranda, A.S.; Amaral, D.C.; Camargos, E.R.; Carvalho, L.J.; Howe, C.L,;
Teixeira, M.M.; Teixeira, A.L. Inflammatory changes in the central nervous system are associated with behavioral impairment in
Plasmodium berghei (strain ANKA)-infected mice. Exp. Parasitol. 2010, 125, 271-278. [CrossRef] [PubMed]

Maeki, T.; Tajima, S.; Ikeda, M.; Kato, F,; Taniguchi, S.; Nakayama, E.; Takasaki, T.; Lim, C.K.; Saijo, M. Analysis of cross-reactivity
between flaviviruses with sera of patients with Japanese encephalitis showed the importance of neutralization tests for the
diagnosis of Japanese encephalitis. |. Infect. Chemother. Off. |. Jpn. Soc. Chemother. 2019, 25, 786-790. [CrossRef]

Tajima, S.; Yagasaki, K.; Kotaki, A.; Tomikawa, T.; Nakayama, E.; Moi, M.L.; Lim, C.K.; Saijo, M.; Kurane, I.; Takasaki, T. In vitro
growth, pathogenicity and serological characteristics of the Japanese encephalitis virus genotype V Muar strain. J. Gen. Virol.
2015, 96, 2661-2669. [CrossRef] [PubMed]

Mu, J.; Slevin, J.C.; Qu, D.; McCormick, S.; Adamson, S.L. In vivo quantification of embryonic and placental growth during
gestation in mice using micro-ultrasound. Reprod. Biol. Endocrinol. RbE 2008, 6, 34. [CrossRef]

de Paula Freitas, B.; de Oliveira Dias, ].R.; Prazeres, J.; Sacramento, G.A.; Ko, A.I,; Maia, M.; Belfort, R. Ocular findings in infants
with microcephaly associated with presumed Zika virus congenital infection in Salvador, Brazil. Jama Ophthalmol. 2016, 134,
529-535. [CrossRef]

Guevara, ].G.; Agarwal-Sinha, S. Ocular abnormalities in congenital Zika syndrome: A case report, and review of the literature.
J. Med. Case Rep. 2018, 12, 1-5. [CrossRef] [PubMed]

Sousa, A.Q.; Cavalcante, D.I.M.; Franco, L.M.; Araujo, EM.C.; Sousa, E.T.; Valenca-Junior, J.T.; Rolim, D.B.; Melo, M.E.L.; Sindeaux,
PD.T.; Araujo, M.T.F,; et al. Postmortem Findings for 7 Neonates with Congenital Zika Virus Infection. Emerg. Infect. Dis. 2017,
23,1164-1167. [CrossRef] [PubMed]

Ximenes, A.; Pires, P.; Werner, H.; Jungmann, PM.; Rolim Filho, E.L.; Andrade, E.P; Lemos, R.S.; Peixoto, A.B.; Zare Mehrjardi, M.;
Tonni, G.; et al. Neuroimaging findings using transfontanellar ultrasound in newborns with microcephaly: A possible association
with congenital Zika virus infection. J. Matern. Fetal. Neonatal. Med. 2019, 32, 493-501. [CrossRef] [PubMed]

Sones, J.L.; Davisson, R.L. Preeclampsia, of mice and women. Physiol. Genom. 2016, 48, 565-572. [CrossRef] [PubMed]

Szaba, EM.; Tighe, M.; Kummer, L.W.; Lanzer, K.G.; Ward, ].M.; Lanthier, P.; Kim, L].; Kuki, A.; Blackman, M.A.; Thomas, S.J.;
et al. Zika virus infection in immunocompetent pregnant mice causes fetal damage and placental pathology in the absence of
fetal infection. PLoS Pathog. 2018, 14, €1006994. [CrossRef] [PubMed]

Ander, S.E.; Diamond, M.S.; Coyne, C.B. Immune responses at the maternal-fetal interface. Sci. Immunol. 2019, 4, eaat6114.
[CrossRef] [PubMed]

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

32



Viruses 2021, 13, 1807

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Lee, P.A.; Chernausek, S.D.; Hokken-Koelega, A.C.; Czernichow, P. International Small for Gestational Age Advisory Board
consensus development conference statement: Management of short children born small for gestational age, April 24—October 1,
2001. Pediatrics 2003, 111, 1253-1261. [CrossRef]

Shields, B.; Wacogne, I.; Wright, C.M. Weight faltering and failure to thrive in infancy and early childhood. BM] 2012, 345, e5931.
[CrossRef]

Ashwal, S.; Michelson, D.; Plawner, L.; Dobyns, W.B. Quality Standards Subcommittee of the American Academy of, N.; the
Practice Committee of the Child Neurology, S. Practice parameter: Evaluation of the child with microcephaly (an evidence-based
review): Report of the Quality Standards Subcommittee of the American Academy of Neurology and the Practice Committee of
the Child Neurology Society. Neurology 2009, 73, 887-897. [CrossRef]

von der Hagen, M.; Pivarcsi, M.; Liebe, J.; von Bernuth, H.; Didonato, N.; Hennermann, ].B.; Buhrer, C.; Wieczorek, D.; Kaindl,
A M. Diagnostic approach to microcephaly in childhood: A two-center study and review of the literature. Dev. Med. Child. Neurol.
2014, 56, 732-741. [CrossRef]

Panchaud, A.; Stojanov, M.; Ammerdorffer, A.; Vouga, M.; Baud, D. Emerging Role of Zika Virus in Adverse Fetal and Neonatal
Outcomes. Clin. Microbiol. Rev. 2016, 29, 659-694. [CrossRef]

Shan, C.; Xie, X.; Luo, H.; Muruato, A.E; Liu, Y.; Wakamiya, M.; La, ].H.; Chung, ] M.; Weaver, S.C.; Wang, T.; et al. Maternal
vaccination and protective immunity against Zika virus vertical transmission. Nat. Commun. 2019, 10, 5677. [CrossRef] [PubMed]
Aubry, F; Jacobs, S.; Darmuzey, M.; Lequime, S.; Delang, L.; Fontaine, A.; Jupatanakul, N.; Miot, E.F,; Dabo, S.; Manet, C.; et al.
Recent African strains of Zika virus display higher transmissibility and fetal pathogenicity than Asian strains. Nat. Commun.
2021, 12, 916. [CrossRef] [PubMed]

Cugola, ER.; Fernandes, I.R.; Russo, EB.; Freitas, B.C.; Dias, ].L.; Guimaraes, K.P.; Benazzato, C.; Almeida, N.; Pignatari, G.C,;
Romero, S.; et al. The Brazilian Zika virus strain causes birth defects in experimental models. Nature 2016, 534, 267-271. [CrossRef]
Paul, A.M.; Acharya, D.; Neupane, B.; Thompson, E.A.; Gonzalez-Fernandez, G.; Copeland, K.M.; Garrett, M.; Liu, H.; Lopez,
M.E.; de Cruz, M,; et al. Congenital Zika Virus Infection in Immunocompetent Mice Causes Postnatal Growth Impediment and
Neurobehavioral Deficits. Front. Microbiol. 2018, 9, 2028. [CrossRef] [PubMed]

Julander, J.G.; Siddharthan, V.; Park, A.H.; Preston, E.; Mathur, P.; Bertolio, M.; Wang, H.; Zukor, K.; Van Wettere, A.J.; Sinex, D.G.;
et al. Consequences of in utero exposure to Zika virus in offspring of AG129 mice. Sci. Rep. 2018, 8, 9384. [CrossRef]

Swann, ].B.; Hayakawa, Y.; Zerafa, N.; Sheehan, K.C.; Scott, B.; Schreiber, R.D.; Hertzog, P.; Smyth, M.]. Type I IEN contributes to
NK cell homeostasis, activation, and antitumor function. J. Immun. 2007, 178, 7540-7549. [CrossRef] [PubMed]

33






viruses

Review

The Current Evidence Regarding COVID-19 and Pregnancy:
Where Are We Now and Where Should We Head to Next?

Theodoros Kalampokas ', Anna Rapani >
, George Anifandis 3, Olga Triantafyllidou !, Despoina Tzanakaki !,

Evangelos Maziotis 12

Spyridoula Neofytou !, Panagiotis Bakas !, Mara Simopoulou

Citation: Kalampokas, T.; Rapani, A.;
Papageorgiou, M.; Grigoriadis, S.;
Maziotis, E.; Anifandis, G.;
Triantafyllidou, O.; Tzanakaki, D.;
Neofytou, S.; Bakas, P; et al. The
Current Evidence Regarding
COVID-19 and Pregnancy: Where
Are We Now and Where Should We
Head to Next? Viruses 2021, 13, 2000.
https://doi.org/10.3390/v13102000

Academic Editors: David Baud and

Le6 Pomar

Received: 23 July 2021
Accepted: 28 September 2021
Published: 5 October 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

(), Maria Papageorgiou !, Sokratis Grigoriadis 120,

1,2,%30® and Nikolaos Vlahos 14

Assisted Conception Unit, Second Department of Obstetrics and Gynecology, Aretaieion Hospital, Medical
School, National and Kapodistrian University of Athens, 76, Vasilisis Sofias Avenue, 11528 Athens, Greece;
kalamp@yahoo.com (T.K.); mariapap96@windowslive.com (M.P.); sokratis-grigoriadis@hotmail.com (S5.G.);
vagmaziotis@gmail.com (E.M.); triantafyllidouolga@gmail.com (O.T.); dtzanakaki@gmail.com (D.T.);
spinik@yahoo.gr (S.N.); pbakas74@gmail.com (P.B.); nfvlahos@gmail.com (N.V.)

Laboratory of Physiology, Medical School, National and Kapodistrian University of Athens, 75, Mikras Asias,
11527 Athens, Greece; rapanianna@gmail.com

Department of Histology and Embryology, Faculty of Medicine, University of Thessaly, 41500 Larisa, Greece;
ganif@uth.gr

*  Correspondence: marasimopoulou@hotmail.com

t Joint first authors.

1 Joint last authors.

Abstract: Despite the volume of publications dedicated to unraveling the biological characteristics
and clinical manifestations of SARS-CoV-2, available data on pregnant patients are limited. In the
current review of literature, we present an overview on the developmental course, complications,
and adverse effects of COVID-19 on pregnancy. A comprehensive review of the literature was
performed in PubMed/Medline, Embase, and Cochrane Central databases up to June 2021. This
article collectively presents what has been so far reported on the identified critical aspects, namely
complications during pregnancy, delivery challenges, neonatal health care, potential routes of viral
transmission, including vertical transmission or breastfeeding, along with the risks involved in the
vaccination strategy during pregnancy. Despite the fact that we are still largely navigating uncharted
territory, the observed publication explosion in the field is unprecedented. The overwhelming need
for data is undoubtable, and this serves as the driver for the plethora of publications witnessed.
Nonetheless, the quality of data sourced is variable. In the midst of the frenzy for reporting on SARS-
CoV-2 data, monitoring this informational overload is where we should head to next, considering
that poor quality research may in fact hamper our attempts to prevail against this unparalleled
pandemic outbreak.

Keywords: pregnancy; COVID-19; complications; delivery; neonatal health; transmission; breast-
feeding; vaccination

1. Introduction

A global effort to investigate the pathophysiological mechanisms of SARS-CoV-2 has
been noted since the beginning of the current pandemic. The noted explosion of interest
in investigating COVID-19 to provide data, map the virus’ biological identity, and guide
clinicians towards prevention and management strategies [1] is unparalleled. Fertility and
reproduction have been in the spotlight of recent publications, since SARS-CoV-2 targets
female reproductive organs that express its main receptor ACE2 [2,3]. Hitherto, studies
have described the symptomatology, the developmental course and the complications
characterizing the COVID-19 disease, while identifying certain patient characteristics that
constitute risk factors for manifesting poor outcomes. Nonetheless, the effect of COVID-19
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on pregnancy, leading to a unique state of different human physiology, has yet to be fully
elucidated [4].

The limited and contradicting data on pregnant patients have resulted in a lack of
established guidelines. Coupled by the fact that the vast discrepancies in management
may be a strong indication of poor standards and fast track publication policies, these
circumstances cause uncertainty both for the patients and clinicians. The current review
of literature provides an all-inclusive overview of the published studies concerning the
impact of COVID-19 on several aspects of pregnancy. The complications and adverse
effects on maternal health status are presented, along with data on the optimal delivery
method for pregnant patients who have tested positive for COVID-19. The subsequent
neonatal health and potential risk of vertical transmission or a potential viral transmission
during breastfeeding are further discussed. The debated matter of vaccination policy
during pregnancy is presented, as well as the latest available data in this field of interest.
The aim of this review is to collectively present evidence on the impact of COVID-19 on
several aspects of pregnancy and discuss how data contribute to the scientific progress
during this pandemic. The wealth of information is overwhelming, yet fails to provide
definitive conclusions. What becomes apparent is the challenge in navigating this maze of
publications, while the variable quality of data sourced adds another level of complexity.

2. Materials and Methods

A comprehensive review of the literature was performed in PubMed /Medline, Em-
base, and Cochrane Central databases up to June 2021. Literature screening was performed
employing a combination of Medical Subject Headings (MeSH) terms and keywords, in-
cluding: “2019 novel coronavirus pandemic”’; “COVID-19”; “severe acute respiratory

", ",

syndrome coronavirus 2”; “SARS-CoV-2"; “coronavirinae”; “coronavirus infection”; “preg-

. . .

nancy”; “pregnancy outcome”; “pregnancy complications”; “neonatal outcomes”; “perina-
7, 7,

tal outcomes”; “delivery”; “labor”; “vertical transmission”; “mother to fetus transmission”;
“breastfeeding”; “vaccination”; “vaccines”; “vaccination safety”. The search was limited
to full-length manuscripts published in English in international peer-reviewed journals.
Original research articles describing studies performed in humans as well as review papers
were sourced. In order to provide an all-inclusive analysis of the current evidence, no
specific inclusion and exclusion criteria regarding study selection process were employed.
Regarding type of study, different types of studies were considered eligible to be included in
this review, namely prospective and retrospective observational and interventional studies,
randomized controlled trials, case reports and case series, as well as systematic reviews and
meta-analysis. From the articles retrieved in the first round of search, additional references
were identified by manual citation mining. Following literature assessment, authors cate-
gorized the sourced studies according to the specific topic of research investigated in five
categories, namely: 1. studies investigating complications of COVID-19 reported during
pregnancy; 2. studies investigating labor-related challenges in pregnant women infected
by SARS-CoV-2; 3. studies investigating neonatal and perinatal outcomes in neonates born
from COVID-19 positive mothers; 4. studies aiming to address the possible mechanisms of
SARS-CoV-2 vertical transmission; 5. studies examining breastfeeding-related concerns;
and 6. studies debating vaccination efficacy and safety during pregnancy and lactation.
A critical analysis of these aspects was performed in order to provide an all-inclusive
overview of the current evidence.

3. Complications of COVID-19 Reported in Pregnancy

Prior to discussing the complications of COVID-19 during pregnancy, a primary factor
that seems to exert a substantial impact on the manifestation of the disease is the timing of
viral exposure. The association between the risk of viral transmission and certain stages
of pregnancy remains vague. The cases of two pregnant women who were found to be
positive for SARS-CoV-2 during the first weeks of pregnancy have been reported [5]. In the
second trimester of their pregnancy, both underwent amniocentesis for the evaluation of
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the existence of SARS-CoV-2 RNA, as well as for an assessment of antibodies in amniotic
fluid samples. Despite the negative results, the concern of a potential in utero transmission
during the first trimester merits further investigation. Concerning cases of COVID-19
infection during the second trimester of pregnancy, interesting conclusions are proposed.
Tang et al. revealed two second trimester pregnancies that tested positive for COVID-19 [6].
At the time of delivery, both women had a negative SARS-CoV-2 RNA test in throat swab
samples, but elevated titles of antibodies. Both babies were healthy and throat swabs tested
negative. IgG antibodies levels were elevated in both cases, due to transmission from the
mother, despite lacking any sign indicative of acute infection. One case of a COVID-19
positive pregnant woman who delivered in the second trimester has been also reported [7],
with no evidence supporting the potential transmission of the virus.

Regarding the complications and their severity attributed to the diagnosis of COVID-
19, a special interest has been noted in unveiling the factors contributing to adverse health
outcomes and to the deterioration of health status. The range of clinical manifestations
described in cases of pregnant patients diagnosed with COVID-19 includes mild flu-
like symptoms to the onset of severe pneumonia. Fever and cough constitute the most
frequent symptoms described in pregnant women, while myalgia, shortness of breath,
sore throat, nasal congestion, diarrhea, headache, and chills are further contributing to the
symptomatology (Table 1). The clinical course of the disease in pregnant and non-pregnant
women has been investigated by Wang et al. Interestingly, a milder clinical course was
described in pregnant women, along with a higher rate of asymptomatic cases and a
reduced duration of hospitalization [8]. Based on the observations of 43 pregnant women
who tested positive for SARS-CoV-2, 29 of them presented to the hospital suffering from
COVID-19 symptoms, while the remaining 14 were asymptomatic. In two cases, severe
complications involving respiratory distress syndrome were developed [9].

Table 1. An overview of the reported symptomatology in pregnant patients diagnosed with COVID-19, as described in the

included studies.

No of . No of
Study I;rve()%;lzﬁt ggsr;:tsitg;/ ﬁiﬁzﬁ' Fever Cough  Dyspnea Myalgia Headache Diarrhea Other
Women
[10] 1 Bw _ 0 1 1 1 0 0 Nausea, Vomiti_ng, acute
pancreatitis
[11] 1 21w - 1 1 0 Anosmia, ageusia
[12] 1 32w - 1 1 Anorexia, nausea
Acroparaesthesia, bilateral
lower extremity weakness,
(13] 1 20w B 0 1 0 0 0 0 dysphonia, dysphagia,
Guillain—-Barré syndrome
377 Nasal stiffness, chills,
[14] 1219 W 579 214 414 230 232 188 63 anosmia, fatigue, sore
(median)
throat, nausea
Vomiting, rhinorrhea,
[15] 427 29-38 w - >250 >200 >150 >50 >50 >20 lethargy,
sore throat
[16] 118 3rd (75) 6 84 81 8 - 7 8 Chesft tightness,
atigue
1st (5)
[17] 13 2nd (3) - 8 5 1 1 - 1 -
3rd (5)
[18] 51 3rd 26 27 31 - 14 - - Fatigue
[19] 16 3rd - 12 0 0 - - - -
[20] 1 2w - 1 1 - 1 - 1 Vaginal bleeding,
abdominal pain
[21] 78 27-41w 20 24 29 8 11 7 5 Anosmia, rhinorrhea
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Table 1. Cont.

No of Trimester/ Al\smn(:{)- . .
Study Iwogggﬁt Gestation tog’latic Fever Cough  Dyspnea Myalgia Headache Diarrhea Other
Women
594 1st (77)
(including  2nd (241)
[22] 6 w post- 3rd (196) - 71 119 - 71 - - Sore throat
partum Postpartum
Women) (76)

[23] 1 38w - - 1 - - - - Chest tightness

[6] 2 24w, 27 w - 2 0 1 - 0 - -

7] 15 37w - 10 6 - - - 1 -

[24] 1 34w - - - 1 1 - - -

[25] 1 38w - 1 1 - - 1 1 Rhinorrhea,

[26] 1 2w - 1 - - - - - Rhinitis

[27] 1 3w - 1 - - - - 1 -

[28] 2 34w, 37w - 1 1 1 - - 1 -

Abdominal pain,

[8] 30 30-40.9 w 8 11 5 - - - - haemoptysis, fatigue, poor
appetite

[29] 1 33w - - - - - - - -

[30] 1 32w - 1 - - - - - Flu-like symptoms

[31] 1 38w - 1 - - - - - -

[32] o1 29.9 “ﬂ]: 5.8 i i i i i i i i

[33] 1 19w - 1 1 - 1 - 1 Sore throat, fatigue

(34] 38 293+ 85 - 10 25 13 - - 7 Sore throat, fatigue,

35] 100 ( If’ég’igl) ; 62 80 30 26 - 10 Anosmia, sore throat

[36] 9 36-39 w - 4 1 3 - 1 Sore throat, malaise

[37] 7 37-41w - 1 1 - - 1 -

[38] 1 35w - - 1 - - - - -

[39] 19 3541w - 11 5 5 - - 2 -

[40] 17 35-41w - 3 6 2 - - 3 Sgﬁfj;cgi‘giitéggn

[36] 1 35w - 1 - 1 - - - Fatigue

[41] 3 34-38 w - 2 3 1 - - - -

[42] 1 35w - - 1 - - - - -

[43] 1 39w - - 1 - - - - -

[44] 1 29w - 1 - 1 - - - Rhinitis

[45] 1 34w - 1 - 1 - - - Nasal congestion

[46] 7 >36 w - 7/7 6/7 - - - 6/7 -

[47] 4 3rd - 3/4 2/4 2/4 2/4 - - Fatigue

[48] 1 30w - 1/1 - - - - - -

[49] 9 - 9/9 9/9 - - - 1 -

[50] 7 28-37w 2/7 2/7 3/7 - 3/7 2/7 - Chest pain

[51] 1 35w - 1/1 1/1 - - - - -

[52] 1 38w 1 - - - - - - -

[53] 1 3Bw - 1/1 - 1/1 - - - -

[54] 9 24-36 w - 9/9 9/9 5/9 4/9 - - -

Another study including symptomatic pregnant women showcased the need for closer
and meticulous monitoring of these patients when they are older than thirty-five years,
and while characterized by at least one comorbidity, namely obesity, gestational diabetes,
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or hypertension [34]. Eight out of the seventy pregnant women with a severe or critical
diagnosis of COVID-19 that were included in the study by Blitz et al. required intubation,
with subsequent documentation of two deaths [55]. To emphasize the significance of obe-
sity, a 10% ICU hospitalization rate has been reported in pregnant women with increased
body mass index, attributed as the sole statistically significant factor contributing to this
outcome [35]. Moreover, in a UK cohort study involving four hundred twenty-seven preg-
nant women with COVID-19, one in ten women were hospitalized and required respiratory
support in ICU, while 70% of the patients were reported with increased BMI, 40% were
>35 years old, and a third had comorbidities [15]. A case report of a 41-year-old obese
and diabetic pregnant patient who manifested respiratory failure and required mechanical
ventilation [53], as well as the case of two asymptomatic patients who developed symptoms
of an upper respiratory tract infection following labor have been documented. In the last
report, it should be emphasized that both of these two patients were obese and diabetic,
while one of them had a history of chronic hypertension and asthma [50].

Besides the investigation of obesity as a factor contributing to the manifestation of
severe complications, the role of the week of gestation during the time of diagnosis has
been assessed and concluded as a potential parameter affecting severity of the disease.
According to a case-control study evaluating ICU admissions and the requirement of
respiratory support among pregnant and non-pregnant women diagnosed with COVID-19,
pregnant women diagnosed when they were over the 20th week mark of gestation were
at a higher risk of severe adverse outcomes, in comparison to the non-pregnant group.
Amongst the two groups of patients, other comorbidities or obesity were not found to
be remarkably differentiated [56]. A study including 64 women with severe or critical
manifestations of COVID-19 demonstrated that all of the patients who experienced critical
symptoms were >24th week of gestation at the time of the initial symptoms. Contrary
to the abovementioned study, in this report comorbidities were documented, including
pulmonary conditions and cardiac diseases in 25% and 17%, respectively [32].

Little is known in regard to the cardiovascular complications of coronavirus disease
2019 in pregnancy. Differentiating between postpartum cardiomyopathy and COVID-
19-related cardiomyopathy in infected pregnant women is challenging. The case of a
young pregnant woman who exhibited signs of heart failure with pulmonary edema
following cesarean section has been presented in the literature [57]. Coagulopathy is
considered to be associated with COVID-19, which in turn may result in the onset of further
complications, including deep vein thrombosis [58]. The case of an obese, young, pregnant
woman who developed ovarian vein thrombosis while being diagnosed with COVID-19
has been documented in the literature [59]. Another report on an obese, young, pregnant
woman showcased an event of pulmonary embolism despite her being administered
with prophylactic anticoagulation protocol [44]. The case of a pregnant woman who
tested positive for COVID-19 has been published, showcasing the onset of venous sinus
thrombosis following symptoms of headache and hemiparesis. As concluded in that case
report, in the presence of suspected hypercoagulability and atypical features, venous
sinus thrombosis should be considered in the differential diagnosis for patients with
COVID-19 [60]. Acute pancreatitis constitutes a rare complication of primary COVID-19
infection, as presented in a case report describing a patient who was diagnosed while
being hospitalized due to COVID-19-related pneumonia. The patient exhibited signs of
improvement postpartum and was further discharged home [10]. Moreover, the impact of
SARS-CoV-2 on the neurological system has been emphasized, as the virus’s neurotropism
potential has been in the spotlight of research. Some cases of Guillain-Barre Syndrome
associated with COVID-19 have been recently revealed [13,61].

Considering the impact of SARS-CoV-2 infection during pregnancy on maternal and
neonatal morbidity and mortality, recent published data from large epidemiological studies
warrant great interest and thus should be highlighted. One of the largest cohorts that have
been published so far is the INTERCOVID study [62]. This is a multicenter multinational
cohort study, including 2130 women from 43 institutions and 18 countries, from March to
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October 2020. The authors of this study investigated to what extent SARS-CoV-2 infection
during pregnancy could increase the risk of adverse maternal and neonatal outcomes in
comparison to pregnant women without COVID-19. In total, 706 pregnant women positive
for SARS-CoV-2 were included in the study. To minimize the respective bias, for each of
the study participants, the authors included two matched not-infected women, serving
as controls. In total, 1424 not-infected women were allocated to the control group. The
study and the control groups were matched according to the stage of pregnancy, the type
and stage of delivery, as well as the level of patient care received. The primary outcome
measures were the incidence of adverse pregnancy, neonatal, and perinatal outcomes,
including morbidity and mortality. Statistical analysis was performed, employing models
to adjust the findings according to country, month entering study, maternal age, and
medical history. Provided data indicated that SARS-CoV-2 infection during pregnancy is
strongly associated with adverse pregnancy outcomes, including pre-eclampsia/eclampsia,
severe infections, intensive care unit admission, and medically induced preterm labor. The
risk of adverse neonatal and perinatal outcomes, such as severe neonatal morbidity and
severe perinatal morbidity and mortality, also presented to be statistically significantly
increased. In addition, COVID-19-related symptoms, such as fever and shortness of
breath were associated with increased risk of severe maternal and neonatal complications.
Interestingly, even the asymptomatic women presented with an increased risk of pregnancy
complications, including pre-eclampsia and higher maternal morbidity. Infant positivity
for SARS-CoV-2 was calculated to be 13%. Delivery via cesarean section but not breast
feeding was associated with an increased risk of neonatal transmission [62]. Similar results
are also provided from other smaller cohort studies performed in different populations
worldwide, including cohorts in Spain, Turkey, India, and Iran [63-66]. These recently
published data demonstrate that in comparison to the general pregnant population, COVID-
19 infected pregnant women present with increased risk of adverse maternal, neonatal, and
perinatal outcomes, highlighting the need for careful monitoring of pregnancies implicating
COVID-19.

On the antipode of this influx of evidence demonstrating that pregnant women may
experience a more severe clinical manifestation of COVID-19, one study reported that
pregnant women with comorbidities were not characterized by a higher risk of hospital-
ization. Moreover, in this study, non-pregnant patients more frequently reported fever,
contrary to pregnant patients who frequently reported symptoms of myalgia, fatigue, and
headaches [22]. On the same note, pregnant women exhibit a lower risk of developing a
severe symptomatology if diagnosed with COVID-19 in comparison to the general pop-
ulation [16]. However, the cases describing and raising awareness on the phenomenon
of maternal deaths call for cautious conclusions regarding the actual risk that pregnant
women may experience. Amongst published studies referring to maternal deaths, Han-
toushzadeh et al. presented the cases of nine severely affected pregnant women. Seven
out of nine died due to cardiopulmonary complications, one remained intubated in the
ICU, and one recovered, while it should be noted that the majority of the patients had no
comorbidities [54].

Clinical manifestations of pregnant women that tested positive for COVID-19 should
be further examined and considered when managing this cohort of patients. In an effort
to evaluate the common laboratory test findings in pregnant women with COVID-19,
interesting observations have been published. In the majority of these patients, a normal
count of white blood cells has been reported, while lymphopenia constitutes the most
common finding. In cases of women with severe symptomatology who require admission
to the ICU, the lymphocyte count was found to be lower [35]. Thrombocytopenia has been
described in three mild cases of pregnant patients [67]. Such a finding should be highlighted
and acknowledged prior to initiating any invasive pregnancy-related procedure, such as the
placement of an epidural catheter. Increased levels of alanine aminotransferase (ALT) and
aspartate aminotransferase (AST), as well as elevated C-reactive protein (CRP) is present
in many cases of pregnant patients. Inflammation marker levels are remarkably higher in
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pregnant patients who have tested positive for the SARS-CoV-2 in comparison to the non-
pregnant group [8]. Regarding the computed tomography (CT) findings, pregnant women
were subjected to chest CT, representing the modality of choice for early detection. The
typical findings of viral pneumonia were detected similarly to the cases of non-pregnant
patients [68]. These findings include decreased diffuse and ground glass opacities, patchy
lung consolidation, blurred borders, and lesions merged into strips in some cases [49].
As evident in literature, severe pneumonia, tracheal intubation and artificial ventilation,
as well as an emergency cesarean section were performed under general anesthesia in a
39-year-old woman diagnosed with COVID-19 at 25 weeks of gestation. This suggests the
need to explore the risk of increased coronavirus disease severity during pregnancy, the
impact on perinatal prognosis, as well as the management that pregnancy requires under
such circumstances [69].

4. Challenges during Delivery of Pregnant Patients with COVID-19

Since SARS-CoV-2 transmission and COVID-19 pathophysiology remain vague, the
timing and mode of delivery constitute a challenging issue. Based on current evidence,
the guidelines suggest that the delivery mode should be individualized and personalized,
based on the obstetric indications and the maternal-fetal status [70]. The indications for
performing a C-section include prematurity, breech presentation, fetal intrauterine distress,
premature rapture of membrane, arrest of descent, arrest of dilation, failed induction,
decrease in the fetal heart rate, severe pre-eclampsia, history of another C-section, abnormal
amniotic fluid, umbilical cord or placenta (placenta previa), and no fetal movement or no
variability of fetal heart monitoring. As evident in several studies, due to the lack of data
on determining the risk of intrapartum mother-to-child transmission, vaginal delivery was
avoided.

A higher risk of adverse outcomes related to delivery have been attributed to cases
of pregnant women with COVID-19. More specifically, iatrogenic preterm births and C-
sections are more often expected in comparison to pregnant women who tested negative for
COVID-19 [71]. To add to this observation, Knight et al. reported that among the preterm
births that were observed, 80% were required due to the deterioration of the maternal
health status [15]. Furthermore, the rate of preterm births and C-sections among critically ill
pregnant patients was notably elevated. Interestingly, as it has been voiced, 75% of critically
ill pregnant women gave birth prematurely, while the 94% delivered by C-section due to
the deterioration of their health status [32]. Amongst patients hospitalized in the ICU, 80%
delivered via C-section [35]. Several studies report the performance of C-sections on the
grounds of severely compromised maternal status, such as respiratory insufficiency and
pulmonary embolism that required urgent attention and intervention [44,53,54]. Contrary
to the above, there is a case of a COVID-19 positive pregnant woman in the 33rd week of
gestation, for whom delivery was required in order to improve the maternal respiratory
status. Following labor induction, vaginal delivery was performed while the patient
was under ventilation with an impressive outcome. Therefore, the need for strict patient
selection when contemplating delivery method should be prioritized, since despite the
worsening respiratory status of some pregnant patients indicating the need for performing
a C-section, they may still undergo an induced vaginal labor [29].

Whether delivery itself could ameliorate the severe effects of COVID-19 and restore
maternal health status is a valid question. A study demonstrated that an improvement of
the respiratory status may be observed following delivery. Nonetheless, whether the deliv-
ery mode is implicated to affect maternal status post-partum remains to be validated [72].
When concrete data concerning the risks involved in delivery method is published, clini-
cians should be able to establish a common strategy that will ascertain optimal obstetric
and perinatal results, safeguarding both the women’s and the newborn’s safety.
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5. Neonates’ Health Status

No significant differences have been observed regarding the clinical course and the
laboratory findings in neonates born to mothers diagnosed as positive, compared to those
who have tested negative for COVID-19. The only finding of significance concerns the
significantly decreased birthweight in neonates born by mothers positive for COVID-19 [7].
Moreover, Hantoushzadeh et al. have reported three cases of fetal deaths in cases of
critically ill mothers [54]. The case of a newborn that tested positive for SARS-CoV-2
immediately following birth via C-section has been published. The baby manifested a
severe course of the disease with tachypnea, cyanosis, and dyspnea subsequently requiring
respiratory support. Both the baby and mother, who were intubated for twenty-four
hours, were safely discharged home [25]. Sisman et al. described the case of a premature
neonate born by a COVID-19 positive mother who developed fever, hypoxia, and neonatal
respiratory distress syndrome in the second day of life, and tested positive in the throat
swab test for COVID-19. It was assumed that this case constitutes a congenital infection
based on the placenta findings [27]. Two severely ill premature neonates born by COVID-
19 positive mothers were intubated in the neonatal intensive care unit and underwent a
prolonged hospitalization [73]. In this study, an interesting point is raised with regard
to the potential association between premature neonates and a more severe course of
COVID-19. However, in such cases, prematurity stands as a confounder, allowing for no
further extrapolations to be drawn concerning the severity of the disease in these babies.

Regarding the reported complications observed in neonates, neonatal pneumonia, mild
grunting following birth due to mild Newborn Respiratory Distress Syndrome (NRDS),
tachypnea, and moaning are reported. All these cases were successfully treated, employing
continuous positive airway pressure ventilation [40,46,74]. Zhu et al. described one neonate,
delivered at a gestational age of 34 + 5 weeks, who developed shortness of breath, moaning,
and thrombocytopenia along with abnormal liver function. Due to multiple organ failure and
disseminated intravascular coagulation, its death was reported on the ninth day of admission.
However, another case presenting with a common symptomatology was successfully treated
by employing respiratory support, and recovered fifteen days later [49]. In a study by Vivanti
et al., a neonate, whose mother tested positive for SARS-CoV-2, developed neurological
symptoms. Three days following birth, it exhibited irritability, poor feeding, axial hypertonia,
and opisthotonos, whereas a sample of cerebrospinal fluid was collected and further tested
negative for the virus. The neonate gradually recovered and was finally discharged eighteen
days later [51]. An overview of neonates” health status born by mothers that were positive for
COVID-19 is depicted in Table 2.

Table 2. An overview of the reported neonatal outcomes in pregnant patients diagnosed with COVID-19 as described in the

included studies.

No of

Swdy  pregm  Completd Vaginal - C - Dtem NeowlAdvese  NICU - Noowdal iinbinn - Misarriage
[10] 1 1 1 0 1 0 1 0 0 0
[11] 1 1 0 1 1 SGA 1 1 0 0
[12] 1 1 0 1 1 Respiratory distress 1 0 0 0
[14] 1219 1196 - 450 204 - 254 5 - -
[15] 427 266 106 156 66 enceNpe}?eﬁg?allthy 67 2 3 4
[16] 118 68 5 63 14 - - 0 0 -
[17] 1 1 - 1 - - - - - -
[18] 13 6 1 4 2 Neonatal pneumonia 0 0 0 1
[19] 51 51 26 25 10 - - 0 0 0
[20] 16 16 14 3 - - 0 0 0
[21] 1 0 - - - - 1
[75] 31 31 25 6 1 2 infected neonates 2 0 0 0
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Table 2. Cont.

No of Completed

Vaginal C- Preterm Neonatal Adverse NICU Neonatal R . .
Study I;Vrei)g;:;\t Igrelcg;r Birth Section  Delivery Outcomes Admission  Death Stillbirth  Miscarriage
Prolonged QT
syndrome, mild
[22] 116 106 63 43 14 respiratory distress, 12 0 0 0
short bowel syndrome,
tachycardia
1: quaran-
[6] 1 1 1 - - - tine - - -
Asphyxia,
[71] 65 65 13 52 9 fever, - - - -
diarrhea
[71 2 2 1 1 0 Jaundice 0 0 0 0
15: quar-
[24] 15 15 1 14 1 NRDS anfne 0 0 0
[25] 1 1 - 1 1 - 1 0 0 0
[26] 1 1 - 1 - Severe COVID-19 1 0 0 0
[27] 1 1 1 - 2 - - - - 2 (twins)
Jaundice,
[28] 1 1 1 - 1 fever, respiratory 1 0 0 0
distress hypoxia
[8] 2 2 - 2 1 - - - - -
[29] 30 30 7 23 5 - - - - -
- ntubation - - -
[30] 1 1 1 1 Intub 1
triplets - :
[31] 1 1 (triplets) 3 3 1: NCPAP 3 0 0 0
Abdominal distension,
32 1 1 1 - - respiratory acidosis, 1 0 0 0
piratory acidosi
intubation
[33] 64 32 8 24 29 2: TUGR 21 0 0 0
[34] 1 1 1 - - - - - - 1
[35] 38 17 10 7 10 3: intubated 3 0 0 1
[36] 100 33 17 16 20 6: intubated 10 1 0 0
[36] 9 9 0 9 4 - 0 0 0 0
137] 7 7 0 7 0 1: mild pulmonary 0 0 0 0
infection
[38] 1 1 - 1 1 - 0 0 0 0
19:
[39] 19 19 1 18 0 - isolation 0 0 0
[40] 17 17 0 17 3 5: neonatal 0 0 0
pneumonia
Tachypnea, moaning,
[36] ! ! ) ! ! periodic breath ! 0 0 0
[41] 3 3 3 0 1 - 0 0 0 0
[42] 1 1 0 1 1 - 0 0 0 0
[43] 1 1 0 1 0 - 0 0 0 0
[44] 1 1 0 1 1 - 1 0 0 0
1: quaran-
[45] 1 1 0 1 0 - tine 0 0 0
[46] 7 7 0 7 4 Respiratory 5 0 0 0
distress
[47] 4 4 1 3 0 TTN, rash 2 0 0 0
1:
[48] 1 1 0 1 1 - isolation 0 0 0
Dyspnea, fever, vomit,
[49] 9 9 2 7 6 NRDS, pneumothorax, 1 0 0
thrombopenia
[51] 1 1 0 1 1 Intubation, 1 0 0 0
neurological symptoms
[52] 1 1 0 1 0 - 0 0 0 0
[53] 1 1 0 1 1 Intubation 1 0 0 0
[54] 9 9 1 8 Intubation, pneumonia 2 4 -
p
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6. Delineating the Phenomenon of Vertical Transmission

A crucial concern that challenges obstetricians is whether a transplacental transmis-
sion could occur in cases of pregnant patients diagnosed with COVID-19. The placenta
constitutes a specialized organ, vital for the development of the fetus as well as for the
protection of the fetus. However, as depicted in the literature, many bacteria or viruses,
such as cytomegalovirus, human immunodeficiency virus, and rubella virus, could cross
the placenta barrier and infect the fetus [76]. Despite the fact that many placenta patholo-
gies have been described [77], transplacental transmission and its frequency still remain a
controversial topic of scientific interest.

In a study performed by Yu et al., the nucleic acid test for the throat swab of one
neonate was positive for SARS-CoV-2 thirty-six hours following birth [37]. However, in
the abovementioned case, intrauterine tissue samples, including placenta and cord blood,
were detected as negative, rendering the hypothesis of a potential intrauterine vertical
transmission vague. Another report describes a case of vertical transmission from the
asymptomatic mother to the baby. The molecular detection of SARS-CoV-2 in mother’s
blood at delivery and in the neonatal nasopharyngeal confirmed the infection [78]. Alwardi
et al. reported a case of preterm triplets born by a coronavirus positive pregnant woman.
All of them tested positive from the nasopharyngeal swab drawn twenty hours following
birth, while one of the triplets required nasal ventilation for eight hours [30]. In a study by
Khan et al., seventeen swab samples were tested for SARS-CoV-2, out of which two were
positive. However, the viral nucleic acid test of placenta, cord blood, or amniotic fluid were
not tested to confirm whether intrauterine vertical transmission has occurred [40]. Along
the same lines, Alzamora et al. confirmed infection on a neonate’s nasopharyngeal swab
sixteen hours following birth. Nonetheless, amniotic fluid, cord blood, or placental tissue
samples were not tested in order to investigate the presence of the virus [53]. Interestingly,
Marzollo et al. revealed the case of a possible congenital COVID-19 infection. A full-term
neonate who was delivered vaginally by a positive tested mother demonstrated respiratory
and gastrointestinal symptoms soon after birth [31].

A proven case of transplacental transmission of SARS-CoV-2 from a pregnant woman
affected by COVID-19 during the third trimester of pregnancy has been published [51]. The
nasopharyngeal and rectal swabs, as well as placenta samples were collected and further
tested positive for SARS-CoV-2 by employing RT-PCR. It should be noted that the viral
load was significantly higher in the placental tissue than in amniotic fluid or in maternal
or neonatal blood. Moreover, the first study to report persistent placental infection of
SARS-CoV-2 and its congenital transmission has been recently published. As mentioned,
the transmission is associated with hydrops fetalis and intrauterine fetal demise during the
stages of early pregnancy. In this study, the case of a pregnant asymptomatic woman in the
first trimester who tested positive for COVID-19 at the 8th week of gestation is presented.
At 13 weeks of gestation, the patient tested negative, however viral RNA was detected in
the placenta, suggesting that the SARS-CoV-2 had crossed the placental barrier, and viral
RNA was then detected in the amniotic fluid [79].

The risk of infection during vaginal delivery further perplexes any attempts to de-
lineate the vertical viral transmission process. The increased risk of mother to infant
transmission by intrapartum exposure to amniotic fluid, sac, or membranes has been
demonstrated by a study examining eleven placental and membranal swabs for the de-
tection of the virus [80]. Fenizia’s et al. findings also support the in utero transmission
of SARS-CoV-2. The virus’s genome was isolated in cord plasma, which is exclusively
fetal [75]. The second case that was described supports an in utero transmission, due to the
state of an infected placenta and the presence of antibodies in cord blood. While the first
case refers to a patient with a severe course of COVID-19 disease, the second one refers to
a patient with mild symptoms. Therefore, establishing a connection between the risk of
transmission and the severity of the disease cannot be concluded.

Delineating whether a vertical viral transmission may occur is a crucial and urgent
matter. Not only due to the fact that it could compromise the fetal health status, but
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further—as demonstrated by the following studies—a vertical transmission could be
indicative of severe adverse effects during pregnancy that will require a clinician’s special
attention and management strategy. The case of a patient at 22nd week of gestation,
whose pregnancy was complicated by severe pre-eclampsia resulting in termination has
also been described. The placenta findings demonstrated the presence of SARS-CoV-2,
localized predominantly at the maternal—fetal interface of the placenta. This viral invasion
of the placenta should be emphasized, as it may constitute a crucial factor of severe
morbidity in pregnant patients [20]. Moreover, another report presented the case of a
pregnancy with normal development, which following the mother’s COVID-19 infection
exhibited severe complications including critical blood flow in the fetal umbilical artery,
fetal growth restriction (first percentile), hydropericardium, right ventricular hypertrophy,
and intraventricular hemorrhage. As a result, the baby was prematurely delivered in
the 26th week, resulting in its death due to asystole. Test results indicated that a vertical
transmission of SARS-CoV-2 had occurred from mother to the fetus [11]. A preterm
infant born to a mother with severe COVID-19 pneumonia has been reported in the
literature. The amniotic fluid tested positive for SARS-CoV-2, while the newborn exhibited
signs of an early-onset infection with SARS-CoV-2, suggesting the possibility of vertical
transmission [12]. On the other hand, a patient with monochorionic-diamniotic twins
being diagnosed with COVID-19 at 15 weeks of gestation has been described. Following
severe complications, namely stage II twin-twin transfusion syndrome, subchorionic
hematoma, Escherichia coli bacteremia, and septic shock, a preterm delivery was initiated at
21 weeks of gestation. Amniotic fluid and placenta were negative for SARS-CoV-2, arguing
the case against transplacental transmission following a second-trimester infection [81].
Another issue of great importance that remains unknown is whether the intervillositis
that was described in the abovementioned study was provoked by COVID-19 infection,
since this finding is known to be associated with miscarriage, fetal growth restriction, or
pre-eclampsia. Similarly, in another study, miscarriage of preterm twins born by a mother
who experienced COVID-19 symptoms two weeks prior to delivery has been reported.
SARS-CoV-2 was detected in placenta samples and amniotic fluid, nonetheless it was
absent in the amniotic sac. Moreover, the placenta histology showed signs of chronic
intervillositis. All these findings are consistent with the hypothesis of vertical transmission
and further reinforce the potential link between miscarriages and COVID-19 infection [26].
Despite the fact that placental COVID-19 infection has been reported in some cases during
the second and third trimester, no documentation of such phenomenon has been published
considering the first trimester of pregnancy. However, it has been recently indicated
that in the placenta and fetal organs examined from an early pregnancy miscarriage in a
COVID-19 positive mother, SARS-CoV-2 nucleocapsid protein, viral RNA, and particles
consistent with coronavirus have been detected. These findings validated for the first
time that congenital SARS-CoV-2 infection could be feasible during the first trimester
of pregnancy. This constitutes an alarming observation that should be considered when
clinicians assess and manage pregnant patients, since the risk of adverse perinatal outcomes
in cases of infection during the early pregnancy stage could be detrimental [82]. A report
investigating the impact of SARS-CoV-2 on a twin pregnancy diagnosed with infection
at the third trimester of gestation, identified a pattern of cytokines including IL1-Ra, IL-9
G-CSF, IL-12, and IL-8 that were differently expressed in both twins, suggesting that the
SARS-CoV-2-induced cytokine storm is not impaired during the placental passage [83]. On
the other hand, in an analysis of nineteen placentas of COVID-19 positive women, a variety
of pathologies were described, albeit the absence of chronic intervillositis was validated [84].
Smithgall et al. compared fifty-one third trimester placentas of women positive for COVID-
19, with twenty-five placentas of pregnant women testing negative. Although the first
group exhibited signs of maternal—fetal vascular malperfusion, no definite association of
SARS-CoV-2 could be concluded [18]. Therefore, it has become evident that the absence of
a typical placental pathology indicates the need for further studies, in order to investigate
the possibility of placenta infection.
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Since IgG and IgM antibody testing for SARS-CoV-2 became widely available, new
criteria were established in order to determine a potential intrauterine viral transmission.
Maternal IgG is passively transferred across the placenta from mother to fetus, while
this transmission primarily occurs during the last trimester of gestation. On the other
hand, IgM cannot be transferred through the placenta due to its larger size [85]. Therefore,
elevated levels of IgM antibodies could probably indicate in utero infection, assuming that
the virus was transmitted through the placenta and IgM antibodies were then produced
by the infant. Dong et al. studied an infant delivered by a mother with COVID-19 via
C-section [45]. Although the viral nucleic acid tests of the neonate’s nasopharyngeal swab
and the breastmilk sample were both negative, IgM and IgG antibody levels were elevated
in the infant’s blood sample collected two hours post birth. In another study, two neonates
had elevated IgM antibodies and five neonates exhibited elevated IgG antibodies [1]. Gao
et al. proposed the case of a potential intrauterine transmission of coronavirus, based on
the elevated IgM antibodies in neonate’s serum, attributed to the mother’s exposure to
the virus six weeks prior to delivery [86]. The case of a pregnant patient with COVID-19,
whose pregnancy was complicated with RhD alloimmunization, makes for an interesting
observation [87]. Due to fetal anemia, three intrauterine transfusions were performed by
the 30th week of gestation. Following the procedure, IgM and IgG antibodies measured
in the fetal blood sample were negative, indicating no signs of virus transmission from
the mother to the fetus. In the 32nd week of gestation, due to maternal complications
including progressive shortness of breath, a cesarean section was performed. Amniotic
fluid, cord blood, and the neonate’s throat swab tested negative for SARS-CoV-2, while the
mother’s nasopharyngeal swab was positive for COVID-19. Consequently, data regarding
antibodies against severe acute respiratory syndrome coronavirus 2 are therefore limited.
More serologic data should be accumulated in controlled, meticulously designed studies
with control groups, in order to investigate the neonatal exposure to the virus.

The dynamic changes of antibodies against coronavirus in neonates born by COVID-
19 positive mothers have been described [88]. Fifteen out of twenty-four neonates had
increased levels of IgG antibodies and six had increased IgM levels, while none developed
respiratory symptoms and all tested negative for the presence of the virus. The levels of the
IgG antibodies which may reflect the passive immunity [76] in neonates decreased slower
in neonates who exhibited elevated IgM antibodies. As the literature suggests, maternal
IgG antibodies remain in neonate’s serum for approximately six months, providing them
with essential protection from infections [89]. The findings of Dong et al. are extremely
interesting, since they emphasize a rapid decrease in the levels of IgG antibodies against
SARS-CoV-2 in neonates’ blood in a time frame of less than one and a half months. This
indicates the potential increased risk of COVID-19 infection for the neonates [23]. Table 3
and Figure 1 portray the current evidence on the potential routes of vertical transmission,
as presented in the included studies herein.

Table 3. An overview of the reported evidence on vertical transmission in pregnant patients diagnosed with COVID-19 as
described in the included studies.

Cord

Neonatal L. : Breastmilk Neonatal
Stud Throat Aﬁll?ilghc ;’ agmte'll ns FPlacenta  Viral IgsM IgG ]2}.00? IgM 1gG Serum IgG Other
udy  swab ) @ RNA ) ) RNA ) ) IgM ) +)
(+) (+) +) (+)
[83] 0/1 - - - - - - - - - - 1/1
[11] - - - 1/1 - - - - - - - - Umbilical cord
[12] 1/1 1/1 - - - - - - - - - -
[81] - 0/1 - 0/1 - - - - - - - -
[78] 1/1 - - - - - - - - - 1/1 1/1
[79] - 1/1 - 1/1 - - - - - - - - Fetal membranes
[82] - - - 2/2 - - - - - - - - Fetal lungs and kidneys
[15] 12/240 - - - - - - - - - - -
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Table 3. Cont.

Cord

Neonatal - . Breastmilk Neonatal
Study  Throat Altsr}?;lgtlc ;’%g{e)“tﬂns Placenta Viral 1M 1gG ]%‘:r}:f M IgG slengdm IgG Other
+) (+) (+) (+)
[16] 0/8 - - - 0/3 - - - - - - -
[17] - 0/1 0/1 0/1 1/1 1/1 0/1 1/1 1/1 - -
[18] 0/5 0/9 0/13 0/9 1/3 - - - - - 1/5 1/5
[20] 0/3 - - - - - - - - - - -
[21] - - - 1/1 - - - - - - - - Umbilical cord
[75] 2/31 0/3 1/30 2/31 1/11 1/10 0/10 1/30 1/30 12/30 - -
[22] 0/120 - - - - - - - - - - -
[6] 0/1 - 0/1 - 0/1 0/1 1/1 - - - 0/1 1/1
[71] 0/38 - - - - - - - - - -
171 0/2 - - - - - - - - - 0/2 2/2
[24] 0/15 0/15 - 0/15 - - - - - - - -
[25] 1/1 - - - - - - - - - - -
- - - - - ... nad e
[27] _ 2/2 _ 2/2 _ _ _ _ _ _ _ _ Matigrggllgilood
[28] 1/1 - - - - - - - - - - -
8] 0/2 0/2 1/2 1/2 - - 1/2 - - - -
[29] 0/30 - - - - - - - - - - -
[30] 0/1 0/1 - 0/1 0/1 - - - - - - -
[31] 3/3 - - - - - - - - - - -
132] 11 B ~ B B B B B B B ~ B Tracheal aSs‘E:t:atlon, anal
[33] 1/33 - - - - - - - - - -
[34] - 0/1 0/1 1/1 - - - - - - - -
[36] 1/36 - - - - - - - - - - -
[36] 0/6 0/6 - 0/6 - - 0/6 - - - -
[37] 1/3 - - 0/1 - - - 0/1 - - - -
[38] 0/1 0/1 - 0/1 0/1 - - 0/1 - - - -
[39] 0/19 0/19 - - 0/10 - - 0/19 - - - -
[40] 2/17 - - - - - - - - - -
136 0/1 0/1 0/1 0/1 0/1 - - 0/1 - - - -
[41] 0/3 - - - - - - - - - - -
[42] 0/1 0/1 0/1 0/1 - - 0/1 - - - -
[43] 0/1 - - - - - - - - - - -
[45] 0/1 - 0/1 - 0/1 - - - - - 1/1 1/1
[46] 0/6 0/5 - - - - - 0/5 - - - B
[47] 0/3 - - - - - - - - - -
[48] 0/1 0/1 - 0/1 - - - 0/1 - - - -
[49] 0/9 - - - - - - - - - - -
[51] 1/1 1/1 1/1 1/1 - - - - - - - - HSSSL?S %ﬁ%‘é’a
[52] 0/1 - - 1/1 - - - - - - 0/1 0/1
[53] 1/1 - - - - - - - - - 0/1 0/1
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Figure 1. Suggested pathways for SARS-CoV-2 transmission from infected mothers to fetuses during pregnancy. Limited

data are available regarding the role of placenta in SARS-CoV-2 infection, and thus the mechanisms of possible vertical
transmission are still poorly understood. Considering the current knowledge, five possible infection routes have been
proposed. Following infection of the mother, SARS-CoV-2 virions spread throughout the body via maternal circulation,
finally reaching the maternal—fetal interface. According to the first suggested mechanism, transmission of SARS-CoV-2
could be achieved through maternal endothelial microvasculature to extravillous trophoblasts (EVTs) and other placenta
cells expressing angiotensin converting enzyme 2 (ACE2) receptors. According to the second mechanism, SARS-CoV-2
virions could stimulate immune response in the maternal-fetal interface, inducing accumulation of maternal immune cells
in the infected area, such as macrophages. Maternal immune cells could then be infected, as these cells express ACE2
receptors. Following this, the infected maternal immune cells could infiltrate the placenta and transmit the virus to the
fetal cells (cell-to-cell transmission). The third proposed mechanism involves possible alterations in the maternal-fetal
barrier, including ischemic injury and increased release of inflammatory regulators. These alterations lead to increased
SARS-CoV-2 virions” permeability throughout the placenta, leading finally to virions spreading in the fetal environment.
According to the fourth proposed mechanism, both syncytiotrophoblasts and their rupture could directly be infected by
virion transcytosis, mediated via immune receptors, including ACE2 and Fc (FcR). Finally, fetal infection originating from
ascending vaginal infection has also been proposed.

7. Risks Entailed in Breastfeeding

Apart from intrauterine vertical transmission and infection during delivery, the issue
of breastfeeding along with the viral transmission risks entailed raise concerns for obstetri-
cians. In order to evaluate this hypothesis, breastmilk samples have been assessed for RNA
presence, while in some cases IgM and IgG antibodies against SARS-CoV-2 were further
measured. The cases of two mothers positive to SARS-CoV-2 who were lactating have been

48



Viruses 2021, 13, 2000

described [90]. Breastmilk samples of one mother, who experienced mild symptoms of
COVID-19, were positive for four continuous days. The newborn exhibited symptoms rele-
vant to the respiratory system and tested positive for SARS-CoV-2, while the transmission
route could not be assessed.

In the study by Lang et al., several breastmilk samples were repeatedly tested follow-
ing delivery in order to measure viral RNA. In total, all results were negative and mothers
were encouraged to breastfeed following a fourteen day isolation period [42]. In another
study, the case of direct breastfeeding by a mother who tested positive for SARS-CoV-2
has been described. Breastmilk samples were continuously tested for viral presence, while
antibodies against SARS-CoV-2 were measured. SARS-CoV-2 nucleic acid was not detected
in the breast milk, whereas antibodies were detected in both the mother’s serum and milk.
Therefore, this case provided a confirmation that the viral transmission via breastmilk alone
might be extremely rare, rendering breastfeeding a safe feeding method for an infant [91].
On the same note, the study by Salvatore et al. reports a cohort of neonates born by mothers
positive to SARS-CoV-2, and follows the results of rooming in and breastfeeding up to
one month following birth [21]. All the neonates tested negative for SARS-CoV-2, either
immediately following birth or fourteen days later. This indicates that rooming in and
breastfeeding may be safe when the necessary precautions are taken into consideration,
including hand hygiene and use of surgical masks.

It is widely known that breastfeeding provides infants with protection against infec-
tions, mainly via secretory IgA antibodies [92]. Dong et al. report the presence of IgG
and IgA antibodies in breast milk, which seem to trigger the immune protection in the
neonate [23]. Another study reports the case of a premature neonate born by a healthy
asymptomatic mother, who developed symptoms and tested positive for coronavirus three
days following birth. Although the newborn was breastfed, and milk was later tested
positive for COVID-19, but the newborn did not develop any symptomatology [93]. The
potential protective role of maternal antibodies against COVID-19 should be taken into
consideration, in order to assess the risk-benefit of breastfeeding [75]. More recently, a study
including 55 newborns of SARS-CoV-2-positive mothers reported that no viral infection
was detected in the neonates who received unpasteurized breast milk following birth. All
infants were breastfed at home and remained SARS-CoV-2 negative. These findings may
provide an insight regarding the safety of breastfeeding [94].

8. Vaccination Debate

It is well established in clinical practice that the majority of vaccines are permitted
during pregnancy, as their benefit often outweighs the potential risk entailed [95]. Therefore,
a few observations have been reported concerning women included in vaccine clinical
trials who experienced an unanticipated pregnancy. Pharmaceutical companies developing
COVID-19 vaccines exclude pregnant individuals from their clinical trials. Moreover, due
to the limited available information on the safety and efficacy of vaccines during pregnancy,
it has been proposed to avoid conceiving for weeks to months following vaccination [96].
Furthermore, since mRNA vaccines do not utilize an adjuvant nor do they constitute live
vaccines, the American College of Obstetricians and Gynecologists (ACOG) along with
the Society for Maternal-Fetal Medicine (SMFM) have stated that “these vaccines should
not be withheld from pregnant and breastfeeding women”. Nonetheless, the FDA has yet
to issue any guidelines delineating employment of COVID-19 vaccines during pregnancy,
while the emergency authorization use (EAU) letters that mRNA vaccines have received
label pregnant women as “a population of interest” [97].

Interestingly, the main point of concern is that vaccination may initiate a cascade of
symptoms, namely headache, fatigue, chills, and most importantly fever. Maternal fever
during the third trimester of pregnancy has been linked to an increased risk of developing
neonatal birth defects [98]. The transplacental transfer of SARS-CoV-2 antibodies following
maternal vaccination in the third trimester may pose as a strong indicator that when a
mother receives a COVID-19 vaccine, the neonate is protected to an extent. The role of

49



Viruses 2021, 13, 2000

the timing of vaccination when considering the level of protection that the transferred
autoantibodies may offer has yet to be decoded. As proposed, additional longitudinal
follow-up studies of a larger scale that will strictly monitor vaccinated patients are required
to correlate pregnancy and neonatal outcomes with maternal vaccination. In the meantime,
patients” own preference along with their healthcare provider’s suggestion should deter-
mine whether vaccination should be considered [99]. As a prerequisite, the evaluation of
individualized risk factors should be undertaken [100].

9. Discussion

Management of pregnant patients during these unprecedented times encompasses
numerous aspects of investigation. It is prudent to thoroughly consider the risks and
concerns entailed in all phases and stages of pregnancy to identify the COVID-19-related
parameters that may jeopardize the end goal of a healthy “take-home baby”. Crucial aspects
are still under investigation, including the concerns raised on the route of transmission from
the mother to the fetus, along with the developmental course and severity of complications
of COVID-19 during pregnancy [101]. Could the physiological changes that occur during
pregnancy involving the cardiovascular, respiratory, and coagulation system, coupled by
a COVID-19 diagnosis establish an increased morbidity risk? Thus far, data suggest that
pregnant patients with severe SARS-CoV-2 infection are at an increased risk of perinatal
complications compared to asymptomatic pregnant patients [14]. Most studies reporting
on the consequences of COVID-19 infection concern the third trimester of pregnancy.
Moreover, the role of certain risk factors, such as obesity, should be evaluated. Management
and monitoring of pregnant patients of different profiles may differ, hence we are called to
thoroughly profile pregnant patients to ascertain appropriate management.

Our intention was to provide an all-inclusive overview on what is thus far known and
reported on COVID-19 and pregnancy, highlighting current concerns and areas of special
interest. Undoubtably, this has been an extraordinary year for medicine that has shaped
and transformed scientific research. An accelerating pace in COVID-19-related research has
been noted, as there are thousands of publications dedicated to COVID-19 and pregnancy.
Nonetheless, this wealth of published data presents with amplified weaknesses in research
methodology, and current publication policies that could prognosticate the challenges
researchers may face in the future [102]. The high heterogeneity observed among the
studies led the authors to refrain from performing a systematic review on this topic. It
is well documented that systematic reviews provide an objective analysis of the relevant
evidence, in contrast to the narrative reviews which are characterized by subjectivity.
Nonetheless, the quality of evidence provided by a systematic review is strongly associated
with the quality of the included studies. Considering the lack of robust data on COVID-19
aspects, a systematic review could potentially, at present, fail to serve its own purpose,
which is reaching a robust conclusion and may further present the risk of confusing the
readership. However, the authors acknowledge that the quality of a narrative review
may be improved by following a systematic approach for literature evaluation, and have
herein adopted an effective search strategy, using specific key-words and data assessment
strategy [103].

The critical analysis of the current data—constituting the aim of this comprehensive
review—results in certain aspects becoming clear. It becomes evident that a risk assessment
is vital for pregnant women who are diagnosed as positive for COVID-19. Especially when
comorbidities are present, the complications may be severe, demanding close monitoring
similar to a high-risk pregnancy. Up until now, studies’ findings in the literature are
collectively pointing to the direction that certain identified risk factors in pregnant patients
indicate a higher risk of complications. Studying the inevitable heterogeneity of pregnant
patients diagnosed with COVID-19 who are included in current and future studies will
further unravel additional risk factors that play a crucial role in the developmental course of
the disease. Regarding the delivery mode, a vast number of studies were characterized by
missing outcome data and selection report bias, therefore, assessing the short-term and long-
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term repercussions of opting for vaginal delivery or c-section is still under investigation.
For the time being, the lack of sufficient data and high-quality methodology leads clinicians
to assess the risks and benefits based on the individual’s health status alone. Interestingly,
regardless of delivery mode, most of the cases of newborns in the literature seem to respond
well and achieve health status restoration. However, 2019-nCoV infection may exert
severe adverse effects on newborns, such as neonatal pneumonia, prematurity, neonatal
respiratory distress syndrome, and even neonatal death. The deafening heterogeneity
amongst studies along with the preliminary nature of the published data dictate that
interpretation of results sourced hitherto should be performed with caution. Despite the
increasing number of publications dedicated to this topic, unbiased conclusions cannot be
drawn due to the inadequacy of good quality evidence.

Moving on to the matter of viral transmission, delineating the routes of transmission
is of paramount significance, that will enable us to optimize the management of COVID-19
pregnant patients and their delivery options. Clinical research should soon be qualified
to provide definitive evidence on the mechanisms and the physiology entailed when
considering the possibility of COVID-19 vertical transmission. Thus far, no safe conclusions
can be drawn with respect to the routes of transmission, due to the lack of consistency in the
evidence reporting on mother to newborn transmission. In regard to breastfeeding, larger
cohort studies are essential to confirm the rarity of perinatal transmission when strict safety
measures are applied. What is more, the physiology mechanisms entailed in the protection
that breastfeeding appears to offer should be further evaluated. Current publications
investigating the matter of breastfeeding in COVID-19 patients raise the concern stemming
from the heterogeneity of patients examined. Following the recommendations from World
Health Organization, there is no indication to stop breastfeeding as advocated by the vast
majority of concordant published data, as evident in literature thus far. The concerns for the
safety of breastfeeding should be validated by larger studies, since isolating the newborn
and the mother as a precautionary protection measure while lacking conclusive evidence
may affect the newborn’s emotional attachment. In an effort to draw conclusions on the
heated topic of vaccination, data thus far suggest that considering the risks associated with
COVID-19 in pregnant patients, vaccination should be encouraged. Contemplating the
wide application of vaccination in this group of patients, follow-up and assessment in both
the mother and the fetus from cases that have already received the vaccine will allow us to
draw a safer conclusion in the future [104].

The responsibility of the scientific community should be highlighted. Research topics
unrelated to COVID-19 may come second best while as estimated 80% of clinical trials have
been interrupted during the past few months in an effort to dedicate available resources to
this crusade against SARS-CoV-2 [102]. Thus, where do we go from here? The pandemic is
new and old at the same time. Due to the rapid emergence of new data, several studies
are now outdated—despite the recent dates of publication—and novel ones appear to
present the minor updated findings. Perhaps the eagerness to share, report, and publish on
“everything COVID-19 related” may not in fact be as beneficial. The question raised is, what
is the true impact of this overwhelming volume of publications? Does it assist physicians
to achieve their goal in optimizing their clinical practice during this pandemic? Or could it
be that this vast influx of data stands as a backpedal, hindering scientific progress? This is
a time to ponder on whether “any data is good data” and the answer may be no. Instead
of being fast-tracked and prioritized, it should be recommended for value and standards
to be rigorously assessed in COVID-19 data, in the context of “what it offers”. It is of
paramount significance to ensure that publications of research on COVID-19 are more
regulated. Until this informational overload that bombards the scientific community is
effectively managed, clinicians should abide by an ethical, moral, and legal duty towards
their patients regarding shared decision making, while prioritizing patients’ safety [105].
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10. Conclusions

There is an urgency to define the optimal strategy to manage pregnant patients
diagnosed with SARS-CoV-2. It becomes evident that the huge volume of articles published
since the beginning of the pandemic is impressive. However, this is coupled by a lack of
conclusive theses, due to discrepancies and heterogeneity which is almost alarming, albeit
anticipated. Extrapolated hypotheses emerge daily, perhaps lacking filtering mechanisms
to exclude data that may be of poor quality. What becomes clear is that this overload
of data fails to lead to robust conclusions, but rather paradoxically reflects the current
unknown situation we are still facing nearing two years into the pandemic. The research
field as a whole may be affected by the inevitable urgency to address COVID-19, albeit
failing to lead to robust data and clear conclusions. Based on the current contradicting
findings referring to the role of COVID-19 on the various phases of pregnancy, and the
lack of robust original studies, no safe conclusions can be drawn. To prevail against this
unparalleled pandemic outbreak, high quality information is needed. Perhaps it is time for
the scientific community to suggest a strategy to monitor and control COVID-19-related
data flow in every discipline, to ascertain a successful and timely response to this ongoing
crisis.
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Abstract: There are some reports and case series addressing Coronavirus Disease 2019 (COVID-19)
infections during pregnancy in upper income countries, but there are few data on pregnant women
with comorbid conditions in low and middle income Countries. This study evaluated the proportion
and the maternal and neonatal outcomes associated with SARS-CoV-2 infection among pregnant
women with comorbidities. Participants were recruited consecutively in order of admission to a
maternity for pregnant women with comorbidities. Sociodemographic, clinical, and laboratory
data were prospectively collected during hospitalization. Pregnant women were screened at entry:
nasopharyngeal swabs were tested by RT-PCR; serum samples were tested for IgG antibodies against
spike protein by ELISA. From April to June 2020, 115 eligible women were included in the study. The
proportion of SARS-CoV-2 infection was 28.7%. The rate of obesity was 60.9%, vascular hypertension
40.0%, and HIV 21.7%. The most common clinical presentations were ageusia (21.2%), anosmia
(18.2%), and fever (18.2%). Prematurity was higher among mothers who had a SARS-CoV-2 infection
based on RT-PCR. There were two cases of fetal demise. We found a high proportion of COVID-19
among pregnant women with comorbidities. This underscores the importance of antenatal care
during the pandemic to implement universal SARS-CoV-2 screening, precautionary measures, and
the rollout of vaccination programs for pregnant women.

Keywords: SARS-CoV-2; HIV; obesity; obstetrics; pregnancy

1. Introduction

In 2019, cases of a new respiratory disease caused by a novel Coronavirus emerged in
Wauhan, China. The disease, now named Coronavirus disease 19 (COVID-19) is caused by
the SARS-CoV-2 virus and rapidly spread worldwide. Since 26 February 2020, when the
first case was reported in Brazil, COVID-19 has caused a huge number of infections [1]. On
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11 March 2020, COVID-19 was declared a pandemic by the World Health Organization,
and is continuing to spread globally. As of June 2021, 180 million cases with more than
3.89 million deaths have been confirmed worldwide. In much of South America, the
pandemic is currently spreading out of control. A total of 18.2 million SARS-CoV-2 cases
have been reported in Brazil through June 2021, resulting in 507,109,000 deaths [1]. Among
these confirmed COVID-19 cases in Brazil, 14,484 have been in pregnant women, 1461
(10.1%) of whom have died [2].

A study of COVID-19 cases reported electronically to the US National Notifiable
Diseases Surveillance System analyzed lab-confirmed cases among women of child-bearing
age, of whom 8207 were pregnant [3]. Compared to non-pregnant women, non-white
pregnant women with underlying medical conditions were 5.4 time more likely to be
hospitalized, 1.5 times more likely to be admitted to an intensive care unit (ICU), and
1.7 times more likely to receive mechanical ventilation [3].

COVID-19 screening tests, vaccination, social distancing, mask-wearing, hand hygiene,
and avoidance of crowds are among the policies recommended by the WHO and CDC to
control the pandemic. According to a systematic review, COVID-19 during pregnancy is
associated with increased rates of adverse maternal and neonatal outcomes, particularly in
low and middle income countries (LMIC) countries [4]. Universal screening of pregnant
women upon admission is already recommended in the United Kingdom, and suggested
in other countries such as the United States [5,6]. Allotey et al. in a systematic review
reported that 7-12% of pregnant women hospitalized for any reason tested positive for
SARS-CoV-2, 62-82% of whom were asymptomatic [7].

The aim of this study was to evaluate the proportion and the maternal and neonatal
outcomes associated with SARS-CoV-2 infection in pregnant women with comorbid condi-
tions admitted to a maternal referral center for high-risk prenatal care in Rio de Janeiro.

2. Materials and Methods

This was a pilot study motivated by the need to assess possible pregnancy complica-
tions during the COVID-19 epidemic. Participants were offered enrollment consecutively
in order of admission to the maternity.

This study was conducted at a referral maternity unit for pregnant women with
comorbid disorders at Hospital Federal dos Servidores do Estado (HFSE), Rio de Janeiro,
a public federal institution funded by the Brazilian Ministry of Health. From 13 April
to 17 June 2020, all pregnant women admitted to the maternity unit were invited to
participate in this study. The inclusion criteria were: admission to the maternity unit
during gestation, >18 years of age, willingness to have nasopharyngeal swabs and blood
samples collected for diagnosis of SARS-CoV-2 infection, and provided signed informed
consent. The exclusion criteria were women not willing to participate and subsequent
admissions in the same pregnancy during the study period. Sampling was not longitudinal
as most patients received prenatal care at other health institutions, delivered at our hospital,
and post-natal follow-up occurred elsewhere.

Sociodemographic, clinical, and laboratory data were prospectively collected during
hospitalization using a structured standardized form designed for the study.

We used the Brazilian Diabetes Society criteria for gestational diabetes according
to which it is defined as fasting glycemia of 92-125 mg/dL during the first trimester,
or 1-h plasma glucose >180 mg/dL or 2-h plasma glucose of 153-199 following a 75 g
glucose load during the second and third trimesters [8,9]. This study defined HIV using
the following testing algorithm [10]: 1. A plasma sample was tested for HIV-1 by either
a chemiluminescence immunoassay (CLIA) (Abbott ARCHITECT HIV Ag/Ab Combo,
Abbott Diagnostics, Abbott Park, IL, USA) or an Abbott real time HIV-1 viral load test
(Abbott Real-time HIV-1 Abbott Laboratories, Abbott Park, IL, USA). Next, a second sample
from the same participant was tested by CLIA or an Abbott. If both samples were positive
for HIV-1, the participant was classified as living with HIV.
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Nasopharyngeal swabs were systematically collected according to established proto-
cols [11] within 24 h of admission to the maternity. Swabs were refrigerated upon collection
and were transported within 2 h to the Molecular Virology Reference Laboratory at Uni-
versidade Federal do Rio de Janeiro. Briefly, SARS-CoV-2 RNA from swab media were
extracted in the Maxwell MDX Promega automated machine using the Maxwell16 Viral To-
tal Nucleic Acid Purification Kit (Promega, Madison, WI, USA). RT-PCR was standardized
in the laboratory using RT-PCR 7500 Thermal Cycler (Applied Biosystems, Foster City, CA,
USA) and the Gotaq one-step Probe RT-qPCR System (Pomega). We have strictly followed
the CDC protocol [12] which uses the SARS-CoV-2 nucleocapsid targets—N1 and N2—and
human RNase P (RP) as control target. After 45 amplification cycles, RT-PCR positive were
defined for samples with cycle threshold (ct) below or equal to 38, negative above 40 ct and
inconclusive between these ct values. To define the assay limit of detection (LoD) value,
we first defined the number of RNA copies of a SARS-CoV-2 isolate by digital PCR. We
then made 12 dilutions (a Log?2 series) of this viral isolate specimen and eight replicates of
each dilution to calculate the LoD by Probit analysis. We figure that the assay has a LoD of
10 copies of viral RNA per 200 pL of swab media. Serum samples were collected within
24 h of admission to the maternity for serology diagnosis of SARS-CoV-2 infection (IgG
serology) and processed at Virology Molecular Reference Laboratory (LVM) at Universi-
dade Federal do Rio de Janeiro. The ELISA assay for detection of IgG was developed and
validated at the LVM, using the spike protein as antigen, according to protocol described
by Perera et al. [13].

Mann-Whitney tests were used for median comparisons, and interquartile range (IQR)
intervals were also calculated. Chi-squared or Fisher’s exact tests were used to compare
proportions. In parallel, subgroup analysis of only the RT-PCR data was conducted.
Associations between SARS-CoV-2 infection and sociodemographic, clinical, and laboratory
variables were evaluated. The level of significance was set at 0.05 for all tests. Statistical
analysis was performed using SPSS version 20.0. Imbalanced variables (diabetes and
ethnicity) were adjusted between the SARS-CoV-2 positive and negative groups using
propensity score matching with SAS 9.4.

The study was approved by the institutional review board of the Hospital Federal dos
Servidores do Estado (CAAE# 13139720.5.0000.5252, April 2020).

3. Results

From 13 April to 17 June 2020, 128 women were admitted to the HFSE maternity
center. Of these 128 women, 13 were excluded: 8 did not agree to participate and 5 women
did not have swabs collected. The 115 eligible women were included in the study and
had nasopharyngeal swabs for SARS-CoV-2 and plasma collected for serology. See the
flowchart for the inclusion and exclusion characteristics of the study population (Figure 1).

Among the 115 women investigated, 28.7% were diagnosed with SARS-CoV-2 infec-
tion (33/115). Of the 33 positives, 16 were positive by IgG only, 7 were positive both by IgG
and RT-PCR, 6 were positive only by RT-PCR, and 4 were positive by IgG and inconclusive
by RT-PCR (Figure 1). In total, 80 tested negative both by RT-PCR and serology, and 2 had
inconclusive RT-PCR and negative serology. Those with RT-PCR inconclusive and negative
serology or indeterminate serology and negative RT-PCR were classified as negative.

The sociodemographic (Table 1), clinical characteristics and laboratory findings (Table 2),
and the maternal and obstetric outcomes (Table 3) are presented below. Both COVID-19
positive and negative pregnant women had similar demographic characteristics (Table 1).
The only imbalanced variables were the number of household contacts and diabetes. SARS-
CoV-2 positive mothers had an average of 4 household contacts while negative mothers
had 3.5 (standardized difference: 0.29). Diabetes was more or less frequent in the SARS-
CoV-2 positive women (13.4%) than the SARS-CoV-2 negative ones (25%) (standardized
difference: 0.28).
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Pregnant women admitted to
maternity center
April = June 2020 (n = 128)

Not eligible and excluded (n = 13)
e Declined participation {n = 8)
e Swabs not collected (n=5)

A 4

Eligible (n = 115)
Y A 4
Positive RT-PCR or 1gG (n = 33) Negative or inconclusive (n = 82)
e Only IgG positive (n = 16) * RT-PCR and IgG both negative (n = 80)
RT-PCR and 1gG both positive (n = 7) * RT-PCR inconclusive and IgG negative (n = 2)

L]
e Only RT-PCR positive (n = 6)
e Positive IgG and inconclusive RT-PCR(n = 4)

Figure 1. Flowchart of the inclusion and exclusion characteristics of the study population.

Table 1. Baseline demographic and clinical characteristics in a cohort of pregnant women screened for SARS-CoV-2 infection
at a prenatal care reference center in Rio de Janeiro, March—June 2020.

COVID-19
Variabl i
anables All Pregnant Women Positive Negative Stanardued
Difference
Demographics
Ethnicity (n = 114) (number, %)
White 33 (28.9%) 11 (34.4%) 22 (26.8%) 0.165
Non-white 81 (71.1%) 21 (65.6%) 60 (73.2%)
Age at entry (y) (n = 114) (median, IQR) 29 (25-35.2) 28 (24-35) 30 (25-36) 0.005
Number of household contacts (n = 108)
(median, IQR) 4 (3-5) 4 (3-6) 3.5(3-5) 0.26
Diabetes (gestational or type II) (1 = 105)
(number, %)
Yes 23 (21.9%) 4 (13.8%) 19 (25.0%) —0.286
No 82 (78.1%) 24 (86.2%) 57 (75.0%)
Vascular Hypertension (1 = 115)
(number, %)
Yes 46 (40%) 13 (39.4%) 33 (40.2%) —0.016
No 69 (60%) 20 (60.6%) 50 (59.8%)
Obesity (n = 115) (number, %)
Yes 70 (60.9%) 21 (63.6%) 49 (59.8%) 0.078
No 45 (39.1%) 12 (36.4%) 33 (40.2%)
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Table 1. Cont.

COVID-19
Variabl i
anables All Pregnant Women Positive Negative Stafldard1zed
Difference
Living with HIV (n = 115) (number, %)
Yes 25 (21.7%) 8 (24.2%) 17 (20.7%) 0.084
No 90 (78.3%) 25 (75.8%) 65 (79.3%)
Tobacco Use during gestation (1 = 112)
(number, %)
Yes 6 (5.4%) 1(3.1%) 5 (6.3%) —0.15
No 106 (94.6%) 31 (96.9%) 75 (93.8%)
Mlicit Drug Use during gestation (n = 112)
(number, %)
Yes 2 (1.8%) 1(3.1%) 1(1.2%)
No 110 (98.2%) 31 (96.9%) 79 (98.8%) 0.13
Alcohol use during gestation (1 = 111)
(number, %)
Yes 5 (4.5%) 1(3.1%) 4 (5.1%) -0.1
No 106 (95.5%) 31 (96.9%) 75 (94.9%)
Table 2. Maternal signs and symptoms.
COVID-19
Variables . B .
All Pregnant Women Positive Negative Statistical Test p-Value
. All pregnant women Positive Negative p-Value
Signs and Symptoms (n=115) (n=33) (n=82) Fisher’s Exact Test
Fever 9 (7.8%) 6 (18.2%) 3 (3.7%) 0.016
Chills 2 (1. 7%) 1(3.0%) 1(1.2%) 0.493
Headache 16 (13.9%) 5 (15.2%) 11 (13.4%) 0.774
Dry cough 8 (7.0%) 4 (12.1%) 4 (4.9%) 0.163
Sore throat 5 (4.3%) 3 (9.1%) 2 (2.4%) 0.141
Runny nose 6 (5. 2%) 2 (6.1%) 4 (4.9%) 1
Anosmia 7 (6.1%) 6 (18.2%) 1(1.2%) <0.01
Ageusia 7 (6.1%) 7 (21.2%) 0 (0%) <0.01
Persistent pain in the chest 2 (1.7%) 2 (6.1%) 0 (0%) 0.081
Dyspnea 7 (6.1%) 5 (15.2%) 2 (2.4%) 0.020
Myalgia 5 (4.3%) 4 (12.1%) 1(1.2%) 0.023
Fatigue 3 (2.6%) 3(9.1%) 0 (0%) 0.022
Vomiting/ nausea 6 (5.2%) 3 (9.1%) 3 (3.7%) 0.352
Diarrhea 4 (3.5%) 2 (6.1%) 2 (2.4%) 0.577

There were 14 participants who were positive by RT-PCR or serology and presented
with at least one symptom. The most common clinical presentation was ageusia (7/14),
anosmia (6/14), fever (6/14), headache (5/14), dyspnea (5/14), and myalgia (4/14) (Table 2).

The principal maternal comorbid conditions among the participants of the study were
obesity 60.9% (70/115), vascular hypertension 40.0% (46/115), HIV 21.7% (25/115), diabetes
(gestational diabetes 14.3% (15/105) and type II diabetes 7.0% (8/115)), smoking/tobacco
use 5.4% (6/112), alcohol use 4.5% (5/111), use of illicit drugs 1.8% (2/112), rheumatological
0.9% (1/115), and hematological diseases 5.2% (6/115).

We also conducted a separate analysis comparing obstetric outcomes of SARS-CoV-2
RT-PCR positive women to those who were RT-PCR negative, without considering the
IgG antibodies. Of 13 women who tested positive for SARS-CoV-2 by RT-PCR, four were
asymptomatic when sampled. In a univariate model, gestational age at birth was lower
for infants born to mothers who had a SARS-CoV-2 infection based on RT-PCR (p = 0.005).
In particular, the average gestational age at delivery was 36 weeks for COVID-positive
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mothers and 38 weeks in negative mothers. All of the 26% of pregnant women with
SARS-CoV-2 had preterm deliveries (Table 3). After we performed propensity matching,
gestational age at delivery was significantly higher in the group of PCR-positive mothers
(p =0.027).

Table 3. Obstetrical and neonatal outcomes.

Variables

COVID-19

All Pregnant Women Positive Negative

Statistical Test p-Value

Obstetrical
characteristics and
outcomes

Preeclampsia
(n =105)
(number, %)
Yes
No

Fisher’s Exact Test 0.227
15 (14.3%) 2 (6.9%) 13 (17.1%)
90 (85.7%) 27 (93.1%) 63 (82.9%)

Gestational age at
delivery (weeks)
(n =99) (median,

IQR)

38 (37-39) 38 (35.7-39) 38 (37-39) Mann-Whitney 0.249

Mode of Delivery
(n=102)
(number,%)
Vaginal
C-section

Pearson

Chi-Square 0.956

66 (64.7%) 18 (64.3%) 48 (64.9%)
36 (35.3%) 10 (35.7%) 26 (35.1%)

Neonatal
Outcomes (n = 102)

Birth weight (g)
(n =100)
(number, %)
<2500
>2500

Fisher’s Exact Test 0.505
12 (12.0%) 2 (7.4%) 10 (13.7%)
88 (88.0%) 25 (92.6%) 63 (86.3%)

Preterm delivery
(n=99)
(number, %)

17 (17.2%) 7 (26.9%) 10 (13.7%) Fisher’s Exact Test 0.139

Of the reasons for admission to the maternity center 103 (89.6%) were for delivery,
12 (10.4%) were due to clinical conditions and obstetrical complaints. Among those who
delivered during the study, there were 66 vaginal and 36 cesarean births. The principal ma-
ternal complications are shown in Table 1, and three pregnant women required admission
to the intensive care unit due to oxygen desaturation. There were no maternal deaths.

There was only one case of a malformation, holoprosencephaly, in a mother who
was seropositive for SARS-CoV-2. All the pregnant women living with HIV participating
in the study were using combined antiretroviral therapy (cART). Among these women,
the median CD4+ T cell count was 619 cells/mm?3. All of them (71% (17/24)) had an
undetectable HIV-1 viral load. Concerning neonatal outcomes, there were two cases of fetal
demise. One was to an obese woman with SARS-CoV-2 positive serology and negative
RT-PCR. The other was to a mother living with HIV, who was RT-PCR inconclusive and
had positive serology for SARS-CoV-2. Only the placenta of the woman who was living
with HIV was tested and was determined to be RT-PCR-positive for SARS-CoV-2.

4. Discussion

The proportion of SARS-CoV-2 in this study population of pregnant women with co-
morbid conditions at a reference center for high risk gestation was 28.7%. This is higher than
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the proportion reported in previous studies of pregnant women, which have ranged from
0.56% to 15.4%, and a recent meta-analysis reported a similar range of 7% to 13% [7,14-20].
This proportion may depend on a variety of factors including the local attack rate, the risk
profile of the population investigated and the type of screening assay [21-24].

The clinical manifestations of COVID-19 in pregnant women in this cohort were largely
similar to those of non-pregnant adults in settings with high incidence of SARS-CoV-2
infection, as has been noted in a number of other studies and international guidelines [5,21].
In symptomatic pregnant women, the frequency of fever was similar to that of a multicentric
study [25], but lower than in a large CDC registry [26]. This may be explained by the fact
that the population of this study were being admitted to our hospital for obstetric and
clinical reasons. Three pregnant women were admitted due to signs and symptoms related
to COVID-19, all of whom were RT-PCR positive.

Among the principal comorbid conditions in this population were obesity, vascular
hypertension, and living with HIV. Obesity has been recognized as one the most important
risk factors for severe COVID-19 [27,28]. While in this cohort, obesity was the most frequent
comorbid condition, it was not a significant risk factor for SARS-CoV-2 infection.

With respect to neonatal outcomes, in this study the rate of preterm birth among
pregnant women with SARS-CoV-2 infection based on PCR tests was 26%, which is higher
than the overall rate of preterm birth in Brazil of 11.5% [29]. Concerning malformations,
as holoprosencephaly is far more common among diabetic mothers and arises early in
gestation, we do not consider it likely that the malformation was associated with maternal
SARS-CoV-2 infection. As the sample size of our study was limited, the extent to which
these findings can be generalized is unknown. Furthermore, as the site is a reference
center for high-risk pregnancies, it is not surprising that preterm births and malformations
occurred during the study. It should be noted that a robust review study found no evidence
of teratogenicity of SARS-CoV-2 [30].

Coagulation disorders are a concern during pregnancy and can be exacerbated by
COVID-19 infection and obesity. However, none of the patients in the cohort experi-
enced complications related to coagulation, perhaps because in this unit, they received
antithrombotic prophylaxis as the standard of care for this subpopulation.

There have been few studies of the effects of co-infection of HIV and SARS-CoV-2
in pregnant women. One such study was conducted in South Africa and found that of
six pregnant women who were positive for COVID-19 and died, three were living with
HIV [31]. In our study, fully 25 (22%) of the study participants were women living with
HIV. As the study site is a reference center for HIV in pregnancy, one of the principal
comorbidities was HIV. This institution is also a center for prevention of perinatal HIV
transmission where testing for HIV is universal during prenatal care and at delivery and
cART is the standard of care. Another study in South Africa reported that living with
HIV worsened the severity of COVID-19; however, like our study, a number of others
have found no evidence of worse clinical outcomes [32-35]. This population has a higher
prevalence of HIV than other populations of pregnant women in which COVID-19 has
been investigated, have taken cART as the standard of care with good adherence, had
suppressed viral load and high CD4 cell counts. This could partially explain why the
severity of COVID-19 among the participants was minimal in our setting.

Universal screening of pregnant women for COVID-19 has been extensively imple-
mented in high income countries experiencing the pandemic. It is widely accepted that in
these settings such screening is worthwhile as it can detect asymptomatic cases of COVID-
19 [14,36,37]. While in LMICs affected by the COVID-19 pandemic with limited resources,
putting universal screening of pregnant women in place will be more difficult. In our view,
effort should be made to implement such programs as they can have a positive impact on
public health.

Among the strengths of this study is that it was conducted in a maternity for patients
with comorbidities and substantial prevalence of HIV, and underscores the importance
of establishing governmental policies for pregnant women in LMICs, as has already been
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implemented in high income countries. These include universal screening, precautionary
measures and the rollout of a vaccine program for pregnant women.

Among the limitations of the study was that the follow-up after discharge was limited.
In addition, serologic tests for SARS-CoV-2 have a number of limitations, such as false-
negative results due to improper timing for collecting a sample for testing or cross-reaction
with other Coronaviruses. Additionally, the study did not screen for IgM antibodies.

In conclusion, this study showed high proportion of SARS-CoV-2 infection among
pregnant women. This underscores the importance of antenatal care during the pandemic
to implement universal SARS-CoV-2 screening, precautionary measures and the rollout of
vaccination programs [5,11,38] for pregnant women.
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Abstract: Pregnant women who are infected with SARS-CoV-2 are at an increased risk of adverse

perinatal outcomes. With this study, we aimed to better understand the relationship between

maternal infection and perinatal outcomes, especially preterm births, and the underlying medical

and interventionist factors. This was a prospective observational study carried out in 78 centers

(Spanish Obstetric Emergency Group) with a cohort of 1347 SARS-CoV-2 PCR-positive pregnant

women registered consecutively between 26 February and 5 November 2020, and a concurrent

sample of PCR-negative mothers. The patients” information was collected from their medical records,

and the association of SARS-CoV-2 and perinatal outcomes was evaluated by univariable and
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multivariate analyses. The data from 1347 SARS-CoV-2-positive pregnancies were compared with
those from 1607 SARS-CoV-2-negative pregnancies. Differences were observed between both groups
in premature rupture of membranes (15.5% vs. 11.1%, p < 0.001); venous thrombotic events (1.5% vs.
0.2%, p < 0.001); and severe pre-eclampsia incidence (40.6 vs. 15.6%, p = 0.001), which could have been
overestimated in the infected cohort due to the shared analytical signs between this hypertensive
disorder and COVID-19. In addition, more preterm deliveries were observed in infected patients
(11.1% vs. 5.8%, p < 0.001) mainly due to an increase in iatrogenic preterm births. The prematurity
in SARS-CoV-2-affected pregnancies results from a predisposition to end the pregnancy because of
maternal disease (pneumonia and pre-eclampsia, with or without COVID-19 symptoms).

Keywords: SARS-CoV-2; coronavirus; COVID-19; pregnancy; delivery; perinatal outcomes; prema-
ture birth; maternal complications

1. Introduction

With more than 126,000,000 confirmed cases, the SARS-COV-2 pandemic is a life-
threatening health problem, especially in high-risk individuals [1].

Due to the physiological changes of pregnancy, pregnant women are more vulnerable
to respiratory infections [2] and for this reason, pregnancy should be considered a high-risk
condition during the COVID-19 pandemic.

We currently know that pregnant women are at an increased risk of developing more
severe COVID-19 symptoms compared to the general population, but also may suffer
increased adverse perinatal outcomes [3]. Compared to non-infected pregnant women,
SARS-CoV-2-positive pregnant women have increased odds of maternal death, of needing
admission to the intensive care unit (ICU), and of preterm birth, leading to more neonatal
intensive care unit admissions [4,5]. How obstetric intervention may influence the clinical
course of the disease in these patients has also been described [6].

The Spanish Obstetric Emergency Group (SOEG), which has one of the largest series
of SARS-CoV-2-infected pregnant women in the world, has contributed to the previous
findings. With the present study, which includes a complete cohort of infected patients and
a concurrent sample of non-infected patients and encompasses the first two high-incidence
waves of SARS-CoV-2 (1 March to 5 May 2020, and 14 July to 5 November 2020) [7], we aim
to better understand the relationship between maternal infection and perinatal outcomes,
with a focus on preterm birth and the underlying medical and interventionist factors.

2. Materials and Methods

This was a multicenter prospective study of a cohort of SARS-CoV-2-infected pregnant
women registered consecutively by the SOEG in 78 hospitals (Supplementary Materials
Table S1) [8]. All procedures were approved by the Drug Research and Clinical Research
Ethics Committee of Puerta de Hierro University Hospital (Madrid, Spain) on 23 March
2020 (protocol registration number, 55/20). Each collaborating center subsequently ob-
tained protocol approval locally (ethics committees of the participant hospitals listed in the
Supplementary Materials Table S1). The registry protocol is available on ClinicalTrials.gov,
identifier: NCT04558996. Upon recruitment, mothers consented to participate in the study
by either signing a document when possible, or by giving permission verbally, which was
recorded in the patient’s chart in the electronic clinical recording system. Ethics committees
approved the possibility of verbal consent during the first three months of the pandemic
given the contagiousness of the disease and the lack of personal protection equipment.
Afterwards, written consent (using the patient consent form) was collected from every
patient who had previously given permission verbally.

A specific database was designed for recording information regarding SARS-CoV-2
infection in pregnancy, and the lead researcher for each center entered the data after
delivery. We developed an analysis plan using recommended contemporaneous methods
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and followed existing STROBE guidelines for cohort studies (Supplementary Materials
Table S2) [9].

During the period of the study, from 26 February to 5 November 2020, we selected
all SARS-CoV-2-positive obstetric patients detected by testing suspicious cases that came
into hospital due to compatible COVID-19 symptoms and by universal screening for a
SARS-CoV-2 infection at admission to the delivery ward (starting on 1 April 2020). A
SARS-CoV-2 infection was diagnosed by a positive double-sampling polymerase chain
reaction (PCR) from nasopharyngeal swabs. The patients of the cohort were classified as
asymptomatic and symptomatic, with the latter stratified into three groups: mild—-moderate
symptoms (cough, anosmia, fatigue/discomfort, fever, dyspnea, etc.), pneumonia, and com-
plicated pneumonia/shock (with ICU admission and /or mechanical ventilation and/or
septic shock).

Non-infected patients were those defined as having a negative PCR at admission to
delivery, and with no symptoms pre- or postpartum. In order to have a representative
non-infected comparison group, each center provided between one and two PCR-negative
asymptomatic pregnancies per infected mother by providing either a standardized ran-
domization table or by selecting negative pregnancies that delivered immediately before or
after each infected mother. This method was deployed to adjust for center conditions and
management at the time of delivery, and to decrease the risk of selection bias.

Information regarding the demographic characteristics of each pregnant woman, co-
morbidities, and previous and current obstetric history was extracted from the clinical
and verbal history of the patient. Subsequently, age and race were categorized following
the classifications used by the CDC (Centers for Disease Control and Prevention) [10].
For perinatal events, we recorded gestational age at delivery, the onset of labor and the
type of delivery, preterm delivery (below 37 weeks), premature rupture of membranes
(PROM), preterm premature rupture of membranes (PPROM), ICU admission, obstetrical
complications (pre-eclampsia, hemorrhagic and thrombotic events), stillbirth, and maternal
mortality. Neonatal data included a five-minute Apgar score, umbilical artery pH, birth
weight, neonatal intensive care unit (NICU) admission, and neonatal mortality. Definitions
of clinical and obstetric conditions followed international criteria [11-13]. Preterm deliv-
eries were classified as spontaneous (including those resulting from a PPROM), induced
labor/C-section due to PPROM, and iatrogenic (due to maternal or fetal reasons). Patients
were followed until six weeks postpartum. Neonatal events were recorded until 14 days
postpartum.

The numerical variables of maternal age, gestational age at delivery, gestational age at
PPROM, days in ICU, and birth weight of newborns were tested for normal distribution
using the Kolmogorov—-Smirnov test. Descriptive data of the infected cohort and the
non-infected comparison group are presented as median (interquartile range, IQR) for
the numerical variables (mentioned above), or number (percentage) for the categorical
variables (the remaining ones). p-values of the univariable analysis (comparison between
infected and non-infected) were obtained by Mann-Whitney’s U test for the numerical
variables and by the Pearson’s chi-squared test or the Fisher’s exact test for the categorical
variables. Statistical tests were two-sided and were performed with SPSS V.20 (IBM Inc.,
Chicago, IL, USA); a p-value below 0.05 was considered statistically significant.

In order to elucidate the reasons underlying iatrogenic delivery (no PPROM) among
SARS-CoV-2-infected singleton preterm deliveries, the influence of COVID-19 mild-
moderate symptoms, pneumonia (including complicated pneumonia), pre-eclampsia (mod-
erate and severe) and their interactions were analyzed with multivariable logistic regression
modeling, deriving the adjusted odds ratio (aOR) with a 95% confidence interval (95% CI)
of these factors. These variables were selected after verifying their statistical association
with iatrogenic delivery among the SARS-CoV-2-infected singleton preterms. Modeling
was performed after excluding pregnancies with missing data. The regression analysis
was carried out using the Ime4 package in R, version 3.4 (RCoreTeam, 2017) [14]. The
multivariable logistic regression model created was as follows:

Iatrogenic delivery(a) = COVID symptoms(b) + pre — eclampsia(c) + interaction of both (1)
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(a) 2 categories: non-iatrogenic delivery (reference category) and iatrogenic delivery
among SARS-CoV-2-infected singleton preterms; (b) 3 categories: asymptomatic (reference
category), mild—-moderate symptoms, and pneumonia; (c) 2 categories: absence of pre-
eclampsia (reference category) and presence of moderate/severe pre-eclampsia.

3. Results
3.1. Main Results
3.1.1. General Data

e During the study period, 2954 patients were recorded in the 78 participating hospitals
and analyzed: 1347 pregnant women in the infected cohort and 1607 in the non-
infected comparison group (Figure 1).

e Of the 1347 positive pregnancies, 51.1% (1 = 688) were asymptomatic at delivery while
48.9% (n = 659) showed symptoms.

e Among symptomatic patients, 70.9% (467 /659) showed mild—-moderate symptoms,
25.2% (166/659) pneumonia and 3.9% (26/659) complicated pneumonia/shock (with
ICU admission and/or mechanical ventilation and/or septic shock).

. 26th February 2020
78 Hospitals 1st case

l Recruitment start

Deliveries from 26th February to Sth November 2020

|
I
|
|
I
|
I
PCR testing of suspicious cases Consecutive universal PCR screening for SARS-CoV-2 infection :
(compatible COVID-19 symptoms) at admission in delivery ward |
|
I
|
I
SARS-CoV-2 POSITIVE pregnant women Concurrent sample of 1
n= 1347 SARS-CoV-2 NEGATIVE pregnant women* :
n= 1607 |
I
|
I
Asymptomatic Mild-moderate symptoms Pneumonia Complicated pneumonia/shock :
n= 688 n=467 n=166 n=26 1
|
I
5th November 2020 ¥
*Sub ple of the sc gative cohort from all 78 hospitals that had PCR positive mothers, deliveries before and/or after that of the positive case S

Figure 1. Flow chart of the study data.

3.1.2. Baseline and Pregnancy Characteristics

e  The infected cohort showed a significantly higher proportion of Latin American and
Black ethnicities (p < 0.001) compared to the non-infected group (Table 1).

e  Maternal age distribution differed between the infected cohort and the non-infected
group (p < 0.001), being more skewed to the extremes among infected patients (higher
proportion of patients under 24 and above 35 years old).
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Table 1. Demographic characteristics, comorbidities, and current obstetric history of the study participants (n = 2954).

Infected Cohort

Non-Infected

Number Group p-Value
1347 1607
Maternal Characteristics
Maternal age (years; median/IQR) 33 (28-37) 33 (29-36) 0.739
Age Range 18-24 183/1336 (13.7) 165/1585 (10.4)
25-34 633/1336 (47.4) 850/1585 (53.6) 0.001 *
35-49 520/1336 (38.9) 570/1585 (36.0)
Ethnicity White European 785/1344 (58.4) 1243/1599 (77.7)
Latino American 374/1344 (27.8) 155/1599 (9.7)
Black non-Hispanic 35/1344 (2.6) 21/1599 (1.3) <0.001 *
Asian non-Hispanic 40/1344 (3.0) 41/1599 (2.6)
Arab 110/1344 (8.2) 139/1599 (8.7)
Nulliparous 516/1333 (38.7) 644 /1596 (40.4) 0.366
Smoking ? 131/1290 (10.2) 193/1505 (12.8) 0.028 *
Maternal Comorbidities
Obesity (BMI > 30 kg/m?) 245/1306 (18.8) 249/1515 (16.4) 0.105
Cardiovascular Baseline heart disease P 15/1316 (1.1) 11/1528 (0.7) 0.241
comorbidities Pre-pregnancy HBP 19/1304 (1.5) 17/1514 (1.1) 0.431
Pulmonary Chronic pulmonary disease 3/1316 (0.2) 2/1532 (0.1) 0.667
biditi (not asthma)
comorbidities Asthma 52/1312 (4.0) 52/1528 (3.4) 0.428
Chronic hematologic
. 21/1312 (1.6 10/1526 (0.7 0.016 *
Hematologic disease / (16 / ©7)
comorbidities Thrombophilia 25/1310 (1.9) 22/1532 (1.4) 0.325
Antiphospholipid 7/1308 (0.5) 8/1524 (0.5) 0.970
syndrome
Chronic kidney disease 5/1313 (0.4) 5/1528 (0.3) 1.000
Chronic liver disease 11/1319 (0.8) 8/1536 (0.5) 0.305
Rheumatic disease 11/1314 (0.8) 16/1524 (1.0%) 0.560
Diabetes mellitus 26 (1.9) 28 (1.7) 0.704
Depressive syndrome 15/1302 (1.2) 17/1516 (1.1) 0.939
Current Obstetric History
Multiple pregnancies 25 (1.9) 34 (2.1) 0.615
Threatened abortion 41/1275 (3.2) 43/1,545 (2.8) 0.501
High-risk chromosomal abnormality screening 31/1288 (2.4) 37/1544 (2.4) 0.986
High-risk pre-eclampsia screening 69/1149 (6.0) 68/1438 (4.7) 0.150
Positive ultrasound prematurity screening 16/1132 (1.4) 30/1411 (2.1) 0.180
Gestational diabetes 97/1309 (7.4) 136/1584 (8.6) 0.247
Intrauterine growth restriction 48/1290 (3.7) 44 /1566 (2.8) 0.170
Pregnancy-induced hypertension © 50 (3.7) 55 (3.4) 0.672

Data are shown as n (% of total with data), except where otherwise indicated. BMI: body mass index; HBP: high blood pressure;
* statistically significant differences; ® current smoker and ex-smoker; ® including congenital heart disease, not hypertension; ¢ hypertension

+ pre-eclampsia.
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3.1.3. Maternal and Neonatal Outcomes

In the SARS-CoV-2-infected cohort, gestational age at delivery was significantly lower
(p <0.001) and the onset of labor was less spontaneous (p < 0.001) compared to non-
infected pregnancies (Table 2). In addition, C-section rate was higher in infected
patients (27.7% vs. 20.4% non-infected, p < 0.001).

A higher rate of premature rupture of membranes was observed in the SARS-CoV-2
cohort, both when we analyzed globally (PROM: 15.5% vs. 11.1%, p < 0.001) and in
those less than 37 weeks (PPROM: 2.8% vs. 1.4%, p = 0.012).

More preterm deliveries (<37 weeks of gestational age) were observed in the SARS-
CoV-2-infected cohort (11.1% vs. 5.8%; OR 2.00, 95% CI 1.53-2.62; p < 0.001) mainly
due to an increase in iatrogenic preterm births, that is, due to medical reasons different
from PPROM, as nearly half of preterm births among positive pregnancies were
iatrogenic (47.7% vs. 21.3% of preterm births among non-infected; OR 3.37, 95% CI
1.87-6.05; p < 0.001).

Infected women were more frequently admitted to the ICU before and/or after deliv-
ery (2.7% vs. 0.1% non-infected, p < 0.001).

Women infected with SARS-CoV-2 who developed pre-eclampsia met the criteria for
severe pre-eclampsia significantly more than those who were not infected (40.6% vs.
15.6%; OR 3.69, 95% CI 1.62-8.39; p < 0.001), while in the latter, the percentage of
moderate pre-eclampsia is higher.

Higher rates of venous thrombotic events (pulmonary embolism (p = 0.003) and
disseminated intravascular coagulation (p = 0.043)) were observed among infected
pregnant women.

No differences were noted between the infected cohort and the non-infected group
regarding hemorrhagic events.

There were two deaths recorded in the SARS-CoV-2-infected cohort versus none in
the non-infected group.

Higher rates of stillbirths as well as of NICU admissions were observed in the SARS-
CoV-2-infected cohort; lower birth weight of newborns from infected mothers was
also observed (Table 2).

Table 2. Maternal and neonatal outcomes of the study participants (1 = 2954).

Infected Cohort Non-Infected Group

Number p-Value
1347 1607
PERINATAL OUTCOMES
Gestational age at delivery (weeks + days; median/IQR) 39+3(38+240+3) 39+5(38+640+4) <0.001*
Programmed 142 (10.5) 85 (5.3)
Onset of labor C-section <0.001 *
nse Spontaneous 699 (51.9) 1000 (62.2) :
Induced 506 (37.6) 522 (32.5)
Cesarean 373 (27.7) 328 (20.4)
Type of delivery Vaginal 832 (61.8) 1044 (65.0) <0.001 *
Operative vaginal 142 (10.5) 235 (14.6)
PROM 209 (15.5) 179 (11.1) <0.001 *
PPROM 37 (2.8) 23 (1.4) 0.012 %
Gestational age at PPROM (weeks + days; median/IQR) 35+0(33+6-35+6) 35+1(34+6-36+23) 0.308
<28 weeks 10 (0.7) 7 (0.4)
. . 28 to <32 weeks 21 (1.6) 8 (0.5)
Gestational age range at delivery 32 to <37 weeks 118 (8.8) 79 (4.9) <0.001 *
>37 weeks 1198 (88.9) 1513 (94.2)
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Table 2. Cont.

Infected Cohort

Non-Infected Group

Number p-Value
1347 1607
Preterm deliveries (<37 weeks of gestational age) 149 (11.1) 94 (5.8) <0.001 *
Spontaneous delivery (including PPROM) 58/149 (38.9) 62/94 (66.0)
Induced /C-section due to PPROM 20/149 (13.4) 12/94 (12.8) <0.001 *
Tatrogenic delivery (no PPROM) 71/149 (47.7) 20/94 (21.3)
Causes of preterm iatrogenic delivery:
COVID-19 mild—-moderate symptoms 15/71 (21.1) 0/20 (0.0)
Pneumonia ? (alone) 27/71 (38.0) 0/20 (0.0)
Pre-eclampsia ? (alone) 5¢/71(7.0) 6/20 (30.0)
COVID-19 mild-moderate symptoms + pre-eclampsia b 7/71(9.9) 0/20 (0.0)
Pneumonia ? + pre-eclampsia b 7/71(9.9) 0/20 (0.0)
Other 10/71 (14.1) 14/20 (70.0)
Admitted in ICU ¢ 36 (2.7) 2(0.1) <0.001 *
Days in ICU (median/IQR) 12 (8.5-17) 3(3-3) 0.128
Hemorrhagic events 70 (5.2) 89 (5.5) 0.682
Abruptio placentae 12 (0.9) 7 (0.4) 0.123
Postpartum hemorrhage 61 (4.5) 86 (5.4) 0.306
Pre-eclampsia 69 (5.1) 64 (4.0) 0.137
Severe pre-eclampsia 28/69 (40.6) 10/64 (15.6) 0.001 *
Admitted in ICU @ 10/28 0/10
Invasive ventilation 4/28 0/10
Moderate pre-eclampsia 41/69 (59.4) 54/64 (84.4) 0.001 *
Thrombotic events 7 (0.5) 2(0.1) 0.089
Deep venous thrombosis 10 (0.7) 1(0.1) 0.003 *
Pulmonary embolism 4(0.3) 0 (0.0) 0.043 *
Disseminated intravascular coagulation
Stillbirth 10 (0.7) 3(0.2) 0.023 *
MATERNAL MORTALITY 2(0.1) 0(0.0) 0.208
NEONATAL DATA
Apgar 5 score <7 20/1335 (1.5) 21/1597 (1.3) 0.674
Umbilical artery pH < 7.10 40/1081 (3.7) 46/1248 (3.7) 0.985
Birth weight (grams; median/IQR) 3240 (2890-3550) 3290 (2970-3600) 0.001
Admitted in NICU 137 (10.2) 39 (2.4) <0.001 *
Neonatal mortality 6 (0.4) 2 (0.1) 0.153

Data are shown as 71 (% of total with data), except where otherwise indicated; * statistically significant differences; PROM: premature
rupture of membranes; PPROM: preterm premature rupture of membranes; ICU: intensive care unit; NICU: neonatal intensive care unit;
2 both pneumonia and complicated pneumonia/shock; ? both moderate and severe pre-eclampsia; ¢ asymptomatic patients; 9 before

and/or after delivery.

3.1.4. Reasons for latrogenic Delivery among SARS-CoV-2-Infected Singleton
Preterm Deliveries

Among the SARS-CoV-2-infected pregnancies, there was a total of 149 preterm deliv-
eries of which 138 were singletons. The multivariable logistic regression modeling results
showed that the following conditions significantly increased the risk of interventionism
in preterm deliveries among these patients: pneumonia (aOR 10.83, 95% CI 3.82-34.15;
p <0.001), pre-eclampsia (aOR 9.38, 95% CI 1.69-74.76; p = 0.016), and pre-eclampsia with
COVID-19 mild—moderate symptoms (aOR 15.00, 95% CI 1.90-316.47; p = 0.022).

4. Discussion

In this multicenter prospective study, we investigated the association between SARS-
CoV-2 infections and obstetric and neonatal outcomes. We found out that pregnant women
with a SARS-CoV-2 infection had more premature rupture of membranes, more preterm
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births and, therefore, their neonates had more NICU admissions, compared to the pregnant
women who were not infected [5,15]. The higher risk of premature rupture of membranes
(overall as well as preterm) observed in the infected cohort can be explained by the fact
that infections in pregnancy may be associated with this condition by various mechanisms,
such as the activation of inflammation [16].

When the reasons for preterm births were analyzed in depth, it was observed that the
proportion of preterm births resulting from PPROM (both spontaneous and induced/C-
section due to this outcome) did not significantly differ between infected (37/149, 24.8%)
and non-infected (23/94, 24.5%) mothers (p = 0.949). However, it was the medical interven-
tion due to maternal disease that explained the decision to prematurely end the pregnancy;
obstetrical interventionism in order to improve the mothers” health conditions was the main
factor for the increased rate of preterm deliveries among the SARS-CoV-2-positive women.
It was observed that, not the fact of being infected, but the development of pneumonia
or pre-eclampsia (with or without COVID-19 symptoms) was the cause of the increased
iatrogenic prematurity in SARS-CoV-2-infected pregnancies.

Our findings are in line with those previously reported by a study carried out in
asymptomatic pregnant women, where an increased risk of PROM was observed among
SARS-CoV-2-infected patients when compared to non-infected patients, while this was not
the case for preterm delivery [5]. This difference in preterm delivery risk between their
study and our study, as explained above, is because preterm delivery is associated with
maternal disease manifested in symptomatic patients. This confirms the hypothesis that
many obstetric outcomes are related to maternal COVID-19 symptomatology.

The risk of pre-eclampsia was similar for infected and non-infected patients; however,
those infected mothers who developed these disorders ended up with severe pre-eclampsia,
rather than moderate cases as in the non-infected group. In this association between
a SARS-CoV-2 infection and severe pre-eclampsia, a synergistic effect of both factors
should not be ruled out [17,18]. However, it must be noted that a severe pre-eclampsia
diagnosis is based on hypertensive and biochemical alterations (such as increased lactate-
dehydrogenase, thrombocytopenia, and elevated liver enzymes) that can be mixed up with
the ones observed in COVID-19 in the general population, apart from the inflammatory
status present in both conditions (COVID-19 and pre-eclampsia). Therefore, we must
bear in mind that there could be an overestimation of cases of severe pre-eclampsia in
the infected cohort since the analytical signs of COVID-19 could have been interpreted as
alterations due to pre-eclampsia instead.

No differences were noted between the infected cohort and the non-infected compar-
ison group regarding obstetric hemorrhagic events, while a higher incidence of venous
thrombotic events was noted in our SARS-CoV-2-infected pregnancies (1.5%, compared to
0.2% in non-infected), which can be explained by the hemostatic and thromboembolic com-
plications reported in COVID-19 [19]. Even so, the extended heparin prophylaxis policy,
which was established in April 2020, may have decreased the expected venous thromboem-
bolism and pulmonary embolism rates in infected patients [20,21]. On the other hand,
disseminated intravascular coagulation cases corresponded to the SARS-CoV-2-infected
cohort, and this was the underlying cause of a maternal death.

As a limitation of this study, it should be highlighted that symptomatic patients
are over-represented in our study population since not all participating hospitals had
a universal antenatal screening program for SARS-CoV-2 infections (so only identified
symptomatic cases by passive surveillance), or implemented the program later.

Moreover, the data point to an increased risk of iatrogenic preterm delivery in SARS-
CoV-2-infected mothers who developed pneumonia together with pre-eclampsia, but the
small number of patients who met these criteria may have penalized the power of analysis.
Another limitation of our study is the absence of an in-depth analysis of the biochemical
results of the patients who developed pre-eclampsia.

Among the strengths of our study is the large cohort of SARS-CoV-2-positive deliveries
(1347 from 78 centers across Spain). In addition, the SARS-CoV-2-negative comparison
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group was selected from the same centers where the infected mothers delivered and within
the same timeframe in order to have similar conditions, thereby minimizing selection
and performance biases. We acknowledge as a limitation the absence of the complete
screened cohort. However, the concurrent method applied for the selection of a non-
infected group (subsample of the screen-negative cohort from all 78 hospitals that had
PCR-positive mothers) allowed for a comparison unaffected by the differences in time of
exposure and outcome assessment. Therefore, we believe our findings are trustworthy, and
the multicenter nature of the study adds to its generalizability.

5. Conclusions

Pregnant SARS-CoV-2-infected patients are a population at risk of suffering preterm
births, mainly due to iatrogenic deliveries in women with pneumonia and/or pre-eclampsia.
Venous thromboembolism and disseminated intravascular coagulation were more frequent
in SARS-CoV-2-infected pregnancies.

There is an urgent need for an in-depth analysis of the influence of SARS-CoV-2
infection on the development of pre-eclampsia, and of the risk factors for ICU admittance
of pregnant women infected with SARS-CoV-2.
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Abstract: Background: In healthy pregnancies, components of the Renin-Angiotensin system (RAS)
are present in the placental villi and contribute to invasion, migration, and angiogenesis. At the same
time, soluble fms-like tyrosine kinase 1 (sFlt-1) production is induced after binding of ANG-II to
its receptor (AT-1R) in response to hypoxia. As RAS plays an essential role in the pathogenesis of
COVID-19, we hypothesized that angiogenic marker (sFlt-1) and RAS components (ANG-II and ACE-
2) may be related to adverse outcomes in pregnant women with COVID-19; Methods: Prospective
cohort study. Primary outcome was severe pneumonia. Secondary outcomes were ICU admission,
intubation, sepsis, and death. Spearman’s Rho test was used to analyze the correlation between
sFlt-1 and ANG-II levels. The sFlt-1/ ANG-II ratio was determined and the association with each
adverse outcome was explored by logistic regression analysis and the prediction was assessed using
receiver-operating-curve (ROC); Results: Among 80 pregnant women with COVID-19, the sFlt-
1/ANG-II ratio was associated with an increased probability of severe pneumonia (odds ratio [OR]:
1.31; p = 0.003), ICU admission (OR: 1.05; p = 0.007); intubation (OR: 1.09; p = 0.008); sepsis (OR: 1.04;
p = 0.008); and death (OR: 1.04; p = 0.018); Conclusion: sFlt-1/ANG-II ratio is a good predictor of
adverse events such as pneumonia, ICU admission, intubation, sepsis, and death in pregnant women
with COVID-19.

Keywords: COVID-19; maternal death; angiotensin-II; sFlt-1

1. Introduction

SARS-CoV-2 infection and its symptomatic disease (COVID-19) are nowadays one
of the leading causes of death worldwide. Different studies have shown that pregnant
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women with COVID-19 are at increased risk of serious illness, such as pneumonia (relative
risk [RR]: 1.97; 95% CI: 1.82-2.13) and death (RR: 1.68; 95% CI: 1.36-2.08), than matched
reproductive-age non-pregnant women [1,2].

The Renin-Angiotensin system (RAS) is now known to play an essential role in the
pathogenesis of COVID-19 [3]. Typically, renin cleaves angiotensinogen into Angiotensin-I
(ANG-1), ANG-I (physiologically inactive) is converted into Angiotensin-II (ANG-II) by
the Angiotensin-Converting Enzyme-1 (ACE-1), and ANG-II is transformed into ANG
1-7 by Angiotensin-Converting Enzyme-2 (ACE-2), regulating the cardiovascular and
renal function [4]. In target tissues (alveolar epithelial cells, intestinal epithelial cells,
and endothelial cells), SARS-CoV-2 spike (S) protein binds to ACE-2, causing a reduction
of the ACE-2 receptor in the membrane, potentially impairing ANG-II balance [5,6].

In healthy pregnancies, RAS components are present in the placental villi and con-
tribute to placental invasion, migration, and angiogenesis [7]. Furthermore, RAS compo-
nents help promote placental circulation and blood flow, facilitating fetal oxygenation [8].
Expression of ACE-2 and TMPRSS2 decreases in late gestation [9]. This downregulation of
RAS is associated with adverse maternal-perinatal outcomes, particularly pre-eclampsia
and fetal growth restriction [10]. To date, there are no original studies in pregnant women
with COVID-19 reporting blood concentrations of ACE-2 and ANG-II, two molecules that
are potentially involved in the pathogenesis of severe disease in COVID-19 [11,12].

On the other hand, soluble fms-like tyrosine kinase 1 (sFlt-1) is a protein related
to placental hypoxia, endothelial damage, sepsis, and acute lung injury (15) [13]. sFlt-1
production is induced when ANG-II binds to its receptor (AT1) as a response to hypoxia [14].
It is known that sFlt-1 causes endothelial dysfunction, sensitizing the endothelial cells to the
effect of ANG-II in the whole endothelium and placenta [15]. In critically ill non-pregnant
COVID-19 patients, there is an upregulation of sFlt-1, suggesting that this protein might
play a role in the COVID-19-associated systemic endothelial dysfunction [16,17].

We hypothesized that the primary endothelial dysfunction component characterized
by an imbalance between sFlt-1 as an angiogenic marker and RAS components (ANG-II
and ACE-2) may be related to adverse outcomes in pregnant women with COVID-19.

Therefore, this study aims to investigate the association between serum concentrations
of sFlt-1 and RAS components to adverse outcomes in pregnant women with COVID-19.

2. Materials and Methods
2.1. Study Design and Participants

We conducted a prospective cohort study at the National Institute of Perinatology
“Isidro Espinosa de los Reyes” and the General Hospital of Mexico “Dr. Eduardo Liceaga”,
both third reference hospitals in Mexico City. Inclusion criteria were all pregnant women
who arrived at the emergency department with respiratory symptoms and a positive
RTgPCR for SARS-CoV-2 between December 2020 and July 2021. The study protocol was
prospectively approved by the Ethics and Research Committee of the National Institute of
Perinatology (2020-1-32). All enrolled women provided written informed consent.

2.2. Data Collection

The following data were collected from the medical records: age, gestational age,
pregestational body mass index (pBMI [kg/m?]), chronic hypertension, pre-gestational
diabetes, mean arterial pressure (MAP), pneumonia, sepsis, acute renal failure, organ dys-
function, ICU admission, intubation, and mortality. The following pregnancy outcomes
were recorded: preeclampsia (defined according to The American College of Obstetri-
cians and Gynecologists) [18], preterm birth (birth < 37 weeks’ gestation), birth weight,
Apgar score at the 1st and 5th min, neonatal asphyxia, respiratory distress syndrome
(RDS), neonatal sepsis, the requirement of neonatal intensive care unit (NICU) admission,
and neonatal death. Blood samples were obtained at hospital admission, and the following
laboratory results were recorded: leukocytes, neutrophils, lymphocytes, hemoglobin, hema-
tocrit, platelets, glucose, creatinine, uric acid, aspartate aminotransferase (AST), alanine
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aminotransferase (ALT), direct bilirubin, indirect bilirubin, triglycerides, cholesterol, D-
dimer, fibrinogen, partial thromboplastin time (PTT), prothrombin time (PT), C-reactive
protein (C-RP), and procalcitonin. These parameters are routinely tested in pregnant
women with COVID-19.

2.3. Plasma Measurements of ACE-2, ANG-I1I, and sFlt-1

Upon admission, an additional blood sample was obtained specifically for research
purposes. The blood sample was centrifuged for 10 min at 1000x g. Plasma was sepa-
rated, aliquoted, and stored at —70 °C until analysis. ELISA commercial kits were used to
measure ACE-2 (Aviscera Bioscience, Santa Clara, CA. USA. cat SK00707-01) and ANG-II
(Enzo Life Sciences, Farmingdale, NY. USA. cat ADI-900-204) according to the manufac-
turer’s instructions and analyzed in a Synergy HT plate reader (BioTek, Winooski, VT, USA).
PIGF (Elecsys PIGF, Roche®) and sFlt-1 (Elecsys sFlt-1, Roche®) levels were measured by
electrochemiluminescence using an automated analyzer cobas-e411 (Roche Diagnostics®,
CH) according to the manufacturer’s instructions.

2.4. Outcome

The primary outcome was pregnant women with severe pneumonia. Secondary out-
comes were ICU admission, intubation, viral sepsis, and maternal death as a direct result of
SARS-CoV-2 infection. Severe pneumonia was defined according to the American Thoracic
Society criteria, which include either one major criterion (septic shock with need for vaso-
pressors, or respiratory failure requiring mechanical ventilation) or three or more minor
criteria (respiratory rate > 30 breaths/min; PaO, /FIO, ratio < 250; multilobar infiltrates;
confusion/disorientation; uremia [blood urea nitrogen level > 20 mg/dL]; leukopenia
[white blood cell count < 4000 cells/uL]; thrombocytopenia [platelet count < 100,000/ uL];
hypothermia [core temperature < 36 °C]; hypotension requiring aggressive fluid resuscita-
tion) [19,20]. ICU admission was decided according to the Quick Sequential Organ Failure
Assessment (QSOFA) score, where a score of >2 points would require ICU admission [21].
Viral sepsis was defined according to the Sepsis-3 International Consensus [22] associated
with SARS-CoV-2 infection [23].

2.5. Statistical Analysis

Descriptive and inferential statistics were used. Quantitative variables were reported
as the median and interquartile range (IQR), while qualitative data were reported as num-
bers and percentages. Differences between variables among COVID-19-severity were
compared using the Mann-Whitney U test or X? test. We performed a correlation between
all biochemical parameters to explore possible candidates for multiple logistic regression.
All significant candidates were explored in an adjusted logistic regression to establish inde-
pendent predictors for adverse outcomes. To explore a possible endothelial dysfunction,
we performed sFlt-1/PIGF and sFlt-1/ ANG-II ratios. Forward and backward stepwise
logistic regression analyses were performed to assess the association between independent
variables and primary and secondary outcomes including all possible candidates in the
correlation analysis. The adjusted model’s performance after logistic regression was eval-
uated by receiver-operating-curve (ROC) analysis to estimate the area under the curve.
p-values < 0.05 were considered statistically significant. (StataCorp. 2020. Stata Statistical
Software: Release 17. College Station, TX, USA: StataCorp LLC.).

3. Results
3.1. Description of the Cohort and Characteristics of the Study Population

A total of 80 pregnant women with SARS-CoV-2 infection were included for the
analysis. Twenty-five (31.25%) had severe COVID-19 disease and 55 were classified as
non-severe. There were two (2.5%) maternal deaths. Baseline characteristics were similar
between groups (Table 1).
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There were no significant differences in the rate of preeclampsia between severe and
non-severe COVID-19. Among the 25 severe cases, 24 (96%) were delivered by Cesarean
section, 6 (24%) had neonatal asphyxia, 10 (40%) had RDS, and 11 (44%) required NICU
admission, including 7 (28%) neonatal deaths (Table S1).

Table 1. Clinical characteristics of the study population.

Non-Severe COVID-19 Severe COVID-19

Characteristic "= 55 n =05 p-Value
Maternal age (years) 29.05 (24.94-33.5) 30.56 (28.40-33.73 0.185
Gestational age at diagnosis 33.4 (28.0-38.1) 32.0 (27.2-36.1) 0.557
(weeks)
pBMI (kg/m?) 29.72 (25.0-33.8) 28.2 (23.4-33.5) 0.739
MAP (mmHg) 87.7 (82.7-95.0) 86.0 (80.0-89.7) 0.301
Smoking 1(1.82%) 0 0.497
Chronic hypertension 3 (5.45%) 1 (4.00%) 0.782
Pre-gestational diabetes 3 (5.45%) 0 0.234
Asthma 1(1.82%) 0 0.497
Chronic renal disease 4 (7.27%) 1 (4.00%) 0.575
Sp02% 94.5 (92.5-96.0) 92.5 (78-97.5) 0.713
Preeclampsia (clinical diagnosis) 11 (20.75%) 5 (20.0%) 0.939
True preeclampsia
(Suspected preeclampsia + 6 (10.9%) 2 (8.0%) 0.118
anormal sFlt-1/PIGF ratio)
Threatened preterm labor 2 (3.77%) 1 (4.00%) 0.961
Fetal growth restriction 4 (7.55%) 5 (20.0%) 0.108
Stillbirth 0 1 (4.00%) 0.143
Pneumonia 0 25 (100%) <0.0001
ICU admission 0 11 (44.0%) <0.0001
Intubation 0 7 (31.82%) <0.0001
Viral sepsis 0 3 (12.0%) 0.009
Multiple organ dysfunction 0 3 (12.0%) 0.009
Maternal death 0 2 (8.00%) 0.034

pBML: pregestational body mass index; MAP: Mean arterial pressure; SpO2: Oxygen saturation. Mann-Whitney-U
test for continuous variables expressed as median and interquartile range; X or Fisher’s test for categorical
variables expressed as number and percentage.

Women with severe pneumonia had higher levels of AST, direct bilirubin, C-RP, sFlt-1,

procalcitonin, sFlt-1/PIGF ratio, and sFlt-1/ ANG-II ratio. The severe group had lower
levels of lymphocytes, total cholesterol, and ANG-II (Table 2).
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Table 2. Biochemical characteristics of the included population.

Non-Severe COVID-19

Severe COVID-19

Characteristic "= 55 =25 p-Value
Leukocytes (x10/L) 8.15 (7.2-10.1) 8.5(7.1-13.5) 0.339
Neutrophils (x10/L) 6.40 (5.30-7.60) 7.1 (5.6-12.6) 0.093
Lymphocytes (x10/L) 1.30 (1.0-1.5) 1.0 (0.6-1.4) 0.071
Hemoglobin (g/dL) 12.4 (11.3-13.9) 11.9 (11-12.7) 0.086
Hematocrit % 37.6 (34.0-41.6) 35.7 (32.6-38.7) 0.245
Platelets (x10%/L) 212 (184-270) 227 (170-271) 0.975
Glucose (mg/dL) 78.0 (73-85) 84 (72-120) 0.260
Creatinine (mg/dL) 0.55 (0.49-0.64) 0.54 (0.46-0.67) 0.624
Uric acid (mg/dL) 44 (3.8-5.8) 3.9 (3.4-5.0) 0.285
AST (U/L) 20.5 (17-28) 26 (21-36) 0.042
ALT (U/L) 17.5 (12-25) 23 (17-40) 0.082
LDH (U/L) 173 (146-212) 197 (152-295) 0.112
Direct bilirubin (mg/dL) 0.10 (0.06-0.14) 0.19 (0.07-0.42) 0.029
Indirect bilirubin(mg/dL) 0.32 (0.25-0.43) 0.34 (0.28-0.48) 0.464
Triglycerides (mg/dL) 263 (203-313) 265 (210-312) 0.885
Total cholesterol (mg/dL) 197 (172-235) 154 (118-217) 0.017
D-dimer (ng/mL) 1549 (1242-2981) 1438 (1248-2511) 0.302
Fibrinogen (mg/dL) 526 (481-591) 570 (428-611) 0.521
PTT (seconds) 26.2 (24.8-29.2) 26.9 (24.8-28.9) 0.949
PT (seconds) 10.8 (10.55-11.4) 10.3 (9.9-11) 0.398
C-RP (mg/L) 21.1 (6.45-81.7) 61.15 (16.5-188) 0.014
Procalcitonin (ng/mL) 0.05 (0.03-0.13) 0.2 (0.07-0.53) 0.0006
PIGF (pg/mL) 150.1 (56-215.6) 114.3 (32.29-212.3) 0.186
sFlt-1 (pg/mL) 1424 (1054-2099) 6119 (2099-7900) 0.0001
ACE-2 (pg/mL) 8754 (6040-27480) 7904 (5928-14216) 0.324
ANGHII (pg/mL) 1479 (915.3-7873) 404.3 (180.8-471) 0.0001
sFlt1 /PIGF ratio 11.21 (5.43-26.38) 53.72 (31.87-126.12) 0.0001
sFlt-1/ ANG-II ratio 0.92 (0.25-2.03) 14.27 (4.47-42.46) 0.0001

AST: Aspartate aminotransferase; ALT: Alanine aminotransferase; LDH: Lactate dehydrogenase; PTT: Partial
thromboplastin time; PT: prothrombin time; C-RP: C-reactive protein; PIGF: Placental growth factor; sFlt-1: Soluble
fms-like tyrosine kinase-1; ACE-2: Angiotensin-converting enzyme-2; ANG-II: Angiotensin-II. Mann-Whitney-U
test for continuous variables expressed as median and interquartile range.

3.2. Correlation between sFIt-1 and ANG-II

Spearman ‘s Rho test was used to identify the relationship of sFlt-1 and ANG-II,
and a significant correlation was found among severe pneumonia (r = —0.453; p < 0.001)
(Figure 1).
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Figure 1. Relationship of sFlt-1 and ANG-II. A significant negative correlation was identified, between
lower plasma concentrations of ANG-II, and very high plasma concentrations of sFlt-1.

3.3. Association with the Primary and Secondary Outcomes

There was a significant association between severe pneumonia in women with SARS-
CoV-2 infection and sFlt-1/ ANG-II ratio (OR: 1.31; 95% CI: 1.09-1.56; p = 0.003) (Table 3).
Among secondary outcomes, sFlt-1/ ANG-II ratio was associated with ICU admission
(OR: 1.05; 95% CI: 1.01-1.09; p = 0.007); intubation (OR: 1.09; 95% CI: 1.02-1.16; p = 0.008);
viral sepsis (OR: 1.04; 95% CI: 1.01-1.08; p = 0.008); and maternal death (OR: 1.04; 95% CI:
1.00-1.07; p = 0.018) (Table S2).

Table 3. Association between biochemical markers and severe COVID-19.

Biochemical Marker OR 95% CI p-Value
AST (U/L) 1.00 0.99-1.00 0.636
Direct bilirubin (mg/dL) 15.69 0.81-303.44 0.069
Total cholesterol (mg/dL) 0.99 0.98-1.00 0.064
C-RP (mg/L) 1.01 1.00-1.02 0.025
Procalcitonin (ng/mL) 1.12 0.67-1.88 0.651
sFltl (pg/mL) 1.01 1.00-1.01 <0.0001
ANG-II (pg/mL) 0.99 0.98-0.99 0.001
sFlt1/PIGF 1.02 1.00-1.03 0.002
sFlt-1/ANG-II 1.31 1.09-1.56 0.003

C-RP: C-reactive protein; sFlt-1: Soluble fms-like tyrosine kinase-1; ANG-II: Angiotensin-II; PIGF: Placental
growth factor; OR: Odds ratio; CI: Confidence interval.

3.4. sFIt-1/ANG-II Ratio for the Prediction of Adverse Outcomes in COVID-19

The AUC of sFlt-1/ ANG-II ratio for the prediction of severe pneumonia by COVID-19
was 0.9608 (95% CI: 0.807-0.981). The detection rates for severe pneumonia at 5% and 10%
false-positive-rate were 52% and 88%, respectively (Figure 2). The best cut-off value of the
sFlt-1/ ANG-II ratio was 3.06 showing a sensitivity (Se) of 96% and specificity (Sp) of 88.6%
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for severe pneumonia. The Se and Sp were 100% and 71.6% for ICU admission and 100%
and 70.5% for intubation, respectively (Table 4).

cl
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Figure 2. Area under the receiver-operating-curve (ROC) of sFlt1-1/ ANG-II ratio for the prediction
of severe pneumonia by COVID-19. ROC 0.9608. The detection rate (true-positive rate [TPR]) for
severe pneumonia, at (A) 5% and (B) 10% false-positive rate (FPR) were 52% and 88%, respectively.

Table 4. Performance of sFlt-1/ANG-II ratio > 3.06 for the prediction of adverse maternal outcomes.

Outcome Se Sp Positive LR Negative LR
(95% CI) 95% CI 95% CI (95% CI)

Severe pedmonia 0.96 0.886 8.48 0.045
p (0.88-1.0) (0.80-0.972) (3.97-18) (0.01-0.31)

U admission 1.0 0.716 3.52 0.01
(1.0-1.0) (0.443-0.789) (2.26-4.95) (0.01-0.88)

Intubation 1.0 0.705 34 0.01
(1.0-1.0) (0.567-0.784) (1.93-4.20) (0.01-1.54)

Viral sensis 1.0 0.64 2.77 0.01
p (1.0-1.0) (0.531-0.748) (1.50-3.89) (0.01-2.63)

1.0 0.631 2.71 0.01
Maternal death (1.0-1.0) (0.523-0.74) (1.26-4.04) (0.01-3.34)

sFlt-1: Soluble fms-like tyrosine kinase-1; ANG-II: Angiotensin-II; ICU: Intensive care unit; Se: sensitivity;
Sp: specificity; LR: Likelihood ratio; CI: Confidence interval.

3.5. Hypothetical Molecular Mechanisms Contributing to the Pathogenesis of Severe COVID-19 in
Pregnant Women

In pregnant women with severe pneumonia by COVID-19, plasma levels of ANG-II
are reduced, and plasma levels of sFlt-1 are increased, compared to those with non-severe
disease. This leads to an imbalance in the sFlt-1/ANG-II ratio. Although the molecular
mechanisms involved in the production of ANG-II and sFlt-1 were not explored in our
work, current evidence allows us to propose a hypothetical pathway on how SARS-CoV-2
infection in the placenta affects the RAS signaling pathway contributing to the pathogenesis
of severe COVID-19 in pregnant women (Figure 3).
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Endothelial dysfunction in COVID-19

4. ANGI ANzG I 1. SANG-II | t sFit-1
:0: . g
”’Y..??T.'..... *. ?.’ .?"".? .
o $6884404814444444 9% 44 0“ o&“&o“ Sndfﬁttz'hal
ACE- ATAR gl
Ed
*A =0 5
’ =IP3
® . IP3R
c o .
Ca?* X .
’ ~
4 -t
7Flt—1

Spike protein @ g

ROS ol -i@x

Figure 3. Hypothetical molecular mechanisms contributing to the pathogenesis of severe COVID-19 in pregnant women.
Spike protein of SARS-CoV-2 virus binds to trophoblastic cells expressing ACE-2, (1) blocking the conversion of ANG-II
into ANG 1-7 [3]. (2) Accumulation of ANG-II on the cell surface enhances its binding to the AT-1 receptor (AT-1R),
promoting downstream signaling, followed by rapid endocytosis of the ANG-II/AT-1R complex [24]. (3) By avoiding
the endosome/lysosome degradation, the excess of ANG-II is accumulated in endothelial cells [25]. (4) ANG-II binds
to mitochondrial AT-1R [26], inducing cellular senescence with positive regulation of reactive oxygen species (ROS) [27].
(5) Over-activation of AT-1R on the cell membrane leads to increased PKC and calcineurin activity [25]. (6) Transcription
factors NF-kB and NFAT are activated and translocated to the nucleus, leading to an increase in gene expression and release
of Flt-1 [25]. (7) Flt-1 alternative splicing generates sFlt-1 isoform [25]. (8) The excess of sFlt-1 protein is released into the
circulation causing endothelial dysfunction.

4. Discussion
4.1. Main Findings

A high ratio of sFlt-1/ANG-II was associated with a 1.31-fold increase in severe
pneumonia and higher odds of ICU admission, viral sepsis, and maternal death. So,

this ratio can be considered as a high-performance prognostic marker in pregnant women
with COVID-19.

4.2. Comparison with Existing Literature

Studies in non-pregnant individuals have reported higher serum levels of sFlt-1 in
patients with pneumonia due to COVID-19 compared to non-COVID-19-pneumonia [28].
Negro and colleagues have reported higher levels of sFlt-1 among deceased compared to
COVID-19 survivors [29]. This report has demonstrated higher sFlt-1 levels in pregnant
women with COVID-19 severe pneumonia. Other studies have reported lower plasma ACE-
2 levels in non-survivors than in critically ill patients that have survived COVID-19 [30],
however, our study has failed to demonstrate a difference in this parameter between those
with critical illness and non-critical illness. We have found lower plasma levels of ANG-II
in pregnant women with severe pneumonia by COVID-19. Lower ANG-II levels have
been found in previous studies among people with acute respiratory distress syndrome
not related to SARS-CoV-2. Studies in non-pregnant participants with severe COVID-19
have shown lower serum levels of ANG-II among deceased patients when compared to
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survivors [30]. A possible explanation of the ANG-II downregulation could be a defect in
the endothelial-bound ACE activity due to endothelial injury [31].

We have shown that the sFlt-1/ANG-II ratio could be a potential predictor of adverse
events such as severe pneumonia, ICU admission, intubation, viral sepsis, and death
among pregnant women who tested positive for SARS-CoV-2 infection. This ratio should
be tested in a larger cohort to prove its utility before its clinical use.

In relation to preeclampsia, no significant differences in the incidence among patients
with severe and non-severe COVID-19 have been observed; this finding is contradictory to
previous studies in which higher rates of preeclampsia have been demonstrated in cases of
severe COVID-19 [32-34].

4.3. Strengths and Limitations

The strength of our study is the number of adverse events that allowed us to make
statistical inferences for outcomes such as severe pneumonia. Furthermore, the baseline
clinical characteristics between groups were similar, which decreases the probability of
selection bias.

The limitations are, despite being a cohort, the analysis was carried out cross-sectionally,
which does not allow us to infer the causal relationship between the sFlt-1/ ANG-II ratio
and adverse outcomes, and the ORs could be overestimated. Although the sFlt-1/ ANG-II
ratio has a positive predictive value for predicting the severity of COVID-19 in the short
term, the results need clinical validation in a new cohort.

4.4. Clinical Interpretation

In this study, a negative correlation has been found between the plasma concentrations
of ANG-II and sFlt-1. A high sFlt-1/ANG-II ratio is associated with several adverse
outcomes related to COVID-19, such as severe pneumonia, ICU admission, intubation,
viral sepsis, and death. The sFlt-1/ANG-II ratio may allow the development of predictive
models for the identification of high-risk pregnant women in need of intensive surveillance
and aggressive supportive treatment upon admission to the hospital, thus preventing
clinical deterioration.

5. Conclusions

sFlt-1/ ANG-II ratio is a promising predictor for adverse outcomes such as pneumonia,
ICU admission, intubation, viral sepsis, and death in pregnant women with COVID-
19. However, further research in a larger prospective cohort is needed to validate the
association and accuracy of the sFlt-1/ ANG-II ratio for the prediction of adverse events
among pregnant women with COVID-19.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/v13101906/5s1, Table S1: Pregnancy outcome of the study population, Table S2: Association
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Dear Editor

We read with interest the work by Espino-y-Sosa and colleagues [1], who recently
reported that the Soluble Fms-like Tyrosine Kinase-1/Angiotensin-II (sFlt-1/ ANG-II) ratio
could be a good predictor of adverse outcomes, including pneumonia, intensive care
unit (ICU) admission, intubation, viral sepsis, and death, among pregnant women with
COVID-19.

COVID-19 is a respiratory infection characterized by signs and symptoms associated
with the dysfunction of the renin-angiotensin system (RAS). RAS activation leads to the
formation of ANG II, a powerful vasoconstrictor and promotor of inflammation, fibrosis,
and coagulation [2]; it also induces the release of sFlt-1 in case of hypoxia [3]. sFlt-1 is
the soluble receptor of placental growth factor (PIGF), a potent angiogenic factor, and it
antagonizes PIGF’s activity in the circulation, thus creating an anti-angiogenic state and
ensuing endothelial dysfunction (ED) [4].

SARS-CoV-2 invades the respiratory mucosa of the host via the Angiotensin-Converting
Enzyme 2 (ACE2) receptor. ACE2 is an important element of RAS [5], and catalyzes ANG
II into angiotensin 1-7 (ANG 1-7), a vasodilator with the opposite function of ANG IL
Use of the ACE2 receptor for viral entry leads to the downregulation of its synthesis, with
the subsequent amplification of ANG II actions and, in turn, vasospasm, inflammation,
microvascular thrombosis, and organ damage. In line with these observations, a linear
association between serum ANG II levels and viral load and lung damage in COVID-19
patients has been reported [6].

Preeclampsia (PE), a pregnancy-specific hypertensive disorder with multisystem
involvement, is characterized by increased sensitivity to ANG Il and ED, with high sFlt-1
and low PIGF values. Currently, the sFlt1/PIGF ratio is used as a clinical biomarker for the
early detection and prognosis of PE [7].

Considering the common RAS-mediated underlying etiopathogenesis, we initially
investigated the sFlt1/PIGF ratio in non-pregnant patients with COVID-19 pneumonia. We
originally identified the presence of an angiogenic imbalance in COVID-19 patients, similar
to that identified in PE women [8]. Precisely, levels of sFlt-1 were significantly higher
in COVID-19-related pneumonia cases compared to those with pneumonia due to other
causes and to healthy controls. PIGF values were not significantly affected by COVID-19,
but the sFlt1/PIGF ratio was substantially higher in COVID-19-positive compared with
COVID-19-negative pneumonia. Subsequently, other authors confirmed the increased
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sFlt-1 values in severe COVID-19 and identified sFlt-1 as a biomarker to predict survival
and thrombotic accidents in COVID-19 patients [9].

The role of angiogenic markers in pregnancies complicated by SARS-CoV-2 infection
is still unclear, possibly because of the interference of the placenta, the major extrarenal
RAS site during pregnancy [10].

We then proceeded to assess the sFlt1/PIGF ratio in pregnant women with SARS-
CoV-2 infection. Assessment of this ratio could be helpful in guiding the management of
these patients and improving the understanding of the pathophysiology of SARS-CoV-2
infection in pregnancy. In fact, an increased incidence of PE among COVID-19 mothers
has been reported, although such association is still incompletely elucidated [11,12]. In
addition, a study showed that a PE-like syndrome can be induced by severe COVID-19
during pregnancy [13].

Precisely, we conducted a retrospective analysis of positive SARS-CoV-2 pregnant
women admitted to our center from April 2020 to October 2021. SARS-CoV-2 infection was
diagnosed by RT-PCR assay on nasopharyngeal swabs. Serum dosage of sFlt-1 and PIGF
(Cobas €801 analyzer Roche platform, Roche Diagnostics) was performed at the time of
diagnosis of SARS-CoV-2 infection, before the beginning of any therapy. Patients already on
therapy (enoxaparin sodium, steroids, or hydroxychloroquine) as well as patients without
a chest X-ray performed at the time of hospital admission were excluded. The study
population included 57 pregnant women, who were divided into two groups (Table 1):
women with signs and symptoms of COVID-19 at hospital presentation (1 = 20, 35%)
and asymptomatic women (n = 37, 65%). sFlt-1/PIGF ratio was stratified using cut-off
values clinically utilized for PE prediction (low risk < 38, high risk > 85 if before 34 weeks’
gestation or > 110 if after 34 weeks’ gestation) [14].

Asymptomatic women were identified at a surveillance swab required before hospital
admission for obstetric reasons in 86% of cases (n = 32). The mean gestational age at
diagnosis of SARS-CoV-2 infection was 37°/7 weeks in asymptomatic women and 320/7
weeks in symptomatic women (p = 0.089). Of note, 4 (11%) asymptomatic women had
radiological evidence of pneumonia compared to 16 (80%) in the symptomatic group. In
Espino-y-Sosa’s work [1], none of the pregnant women with non-severe COVID-19 had
pneumonia; it is not clear whether patients underwent radiological examination upon
hospital admission.

Among our 20 COVID-19 symptomatic cases, 7 (35%) required high-dependency/intensive
care with 3 of them undergoing endotracheal intubation. Continuous positive airway
pressure was applied in five cases (25%). Eight (40%) women delivered by cesarean
section but only in two cases (10%) for respiratory failure. The mean gestational age at
delivery was 38%/7 weeks with a mean latency time between symptom onset and delivery
of 48 £ 44 days. All women received therapy with enoxaparin sodium, 14 (70%) were
given steroids, and 2 (10%) hydroxychloroquine (first pandemic wave). Of note, there
were no stillbirths, or maternal or neonatal deaths, among these symptomatic patients;
additionally, no cases of PE, fetal growth restriction, or small for gestational age neonates
were diagnosed. Espino-y-Sosa et al. reported worse maternal and neonatal outcomes
compared with our results.

Additionally, differently from Espino-y-Sosa et al., we identified higher sFlt-1 levels in
asymptomatic patients compared to symptomatic patients (4899 4= 4357 vs. 3187 + 2426 pg/mL,
p = 0.005). sFlt-1/PIGF ratio at admission was <38 in 18 of the 20 symptomatic women
compared to 22 (59%) of the asymptomatic patients (mean gestational age at admission
321/7 weeks versus 38%7 weeks) (p = 0.018). In turn, rates of patients with sFlt-1/PIGF
ratio at admission > 85/110 were similar between symptomatic and asymptomatic group
(n=0versusn =4,11%; p = 0.286).

This difference in the increase in sFlt-1 between our data and those reported by Espino-
y-Sosa and colleagues may be due to the higher gestational age at hospital admission of
our asymptomatic patients. An additional explanation might be the delayed hospital
access of Espino-y-Sosa’s severe COVID-19 patients, leading to increased sFlt-1 levels due
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to prolonged exposure to hypoxia [3]. In our study, the mean number of days between
symptom onset and hospital admission was five. Furthermore, we performed the assay of
sFlt-1 and PIGF on serum according to the instructions of Roche Diagnostics; in Espino-
y-Sosa’s work, it is unclear whether sFlt-1 and PIGF tests were performed on plasma or
serum and whether these women received pre-hospital treatment that may have affected
the markers analyzed.

No significant differences in the incidence of PE were identified between severe
and non-severe COVID-19 patients in Espino-y-Sosa’s work, as well as in our cohort. A
recent sub-analysis from the INTERCOVID study population showed that COVID-19
during pregnancy is independently associated with PE. Interestingly, this association is
not modified by COVID-19 severity [15]. sFlt-1/PIGF ratio results among SARS-CoV-2-
infected asymptomatic women are of particular interest. If the increase in sFlt-1 levels we
observed is the consequence of viral infection, and not just of the higher gestational age
at its evaluation, then the identification of asymptomatically infected pregnant women
might be important since they may benefit from more intensive antenatal surveillance
of fetal growth and blood pressure due to a potential increased risk of developing PE.
Furthermore, the data from this study provide further reason to push pregnant women
to be vaccinated, given the possible obstetric complications in the case of asymptomatic
SARS-CoV-2 infection. In conclusion, our data suggest that SARS-CoV-2 infection during
pregnancy could influence the angiogenic profile, but likely with a different effect according
to the type of viral infection (symptomatic versus asymptomatic). Further research in a
larger prospective cohort is needed.

Table 1. Population characteristics comparing positive SARS-CoV-2 pregnant women with signs and symptoms of COVID-

19 at admission to asymptomatic women.

SARS-CoV-2 Pregnant Women All Asymptomatic Symptomatic
n=57 37 (65) 20 35) p Value

Anamnestic Characteristics
Age (years) 33£5 33£5 33+4 0.667
Italian 30 (53) 20 (54) 10 (50) 0.788
Nulliparous 23 (40) 14 (38) 6 (30) 0.772
Obesity (BMI > 30 kg/m?) 12 (21) 7 (19) 5(25) 0.736
Diabetes/Gestational diabetes mellitus 15 (26) 10 (27) 5(25) 0.580
Chronic hypertension 2 (4) 2 (5) 0 0.536
SARS-CoV-2 infection
GA at positive swab (weeks.days 4 weeks) 355+ 6 37.5+5 32£6 0.089
Respiratory symptoms at admission 16 (28) 0 16 (80) 0.0001
Pneumonia on chest x-ray 20 (35) 4(11) 16 (80) 0.0001
High dependency unit admission 6 (11) 0 6 (30) 0.001
ICU admission 3(5) 0 3(15) 0.039
Oxygen supplementation 14 (25) 0 14 (70) 0.0001
Continuous positive airway pressure (CPAP) 5(9) 0 5 (25) 0.004
Intubation 3(5) 0 3(15) 0.039
Maternal/fetal /neonatal death 0 0 0 NA
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Table 1. Cont.

SARS-CoV-2 Pregnant Women All Asymptomatic Symptomatic
Variables n=>57 37 (65) 20 (35) p Value

Angiogenic factors

GA at blood test (weeks.days + weeks) 362+ 6 383 +4 321+6 0.208
Latency timeCOVID-19 symptoms—blood test (days) 14 +24 27 + 34 5+4 0.038
sFlt-1 (pg/mL) 4948 + 3988 4899 + 4357 3187 £ 2426 0.005
PIGF (pg/mL) 237 £ 178 178 £ 104 346 + 232 0.099
sFlt1/PIGF ratio 38 + 50 50 + 58 17 £ 23 0.099
sFlt1 /PIGF < 38 40 (70) 22 (59) 18 (90) 0.018
sFlIt1/PIGF > 85/110 (if before/after 34 weeks) 4(7) 4(11) 0 0.286
Pregnancy

Hypertensive disorders of pregnancy/post-partum 5(9) 4(11) 1(5) 0.647
Fetal growth restriction 3(5) 3(8) 0 0.545
Premature birth < 37 weeks 4(7) 0 4 (20) 0.012
Small for gestational age newborn 6 (11) 6 (16) 0 0.081

Data presented as mean = standard deviation or 2 (%). GA: gestational age. Fetal growth restriction: Delphi consensus methodology [16].
Small for gestational age newborn: birthweight below the 10th percentile (INeS charts) [17].
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Abstract: Cardiomyocyte injury and troponin T elevation has been reported within COVID-19
patients and are associated with a worse prognosis. Limited data report this association among
COVID-19 pregnant patients. Objective: We aimed to analyze the association between troponin
T levels in severe COVID-19 pregnant women and risk of viral sepsis, intensive care unit (ICU)
admission, or maternal death. Methods: We performed a prospective cohort of all obstetrics emer-
gency admissions from a Mexican National Institute. All pregnant women diagnosed by reverse
transcription-polymerase chain reaction (RT-qPCR) for SARS-CoV-2 infection between October 2020
and May 2021 were included. Clinical data were collected, and routine blood samples were obtained
at hospital admission. Seric troponin T was measured at admission. Results: From 87 included
patients, 31 (35.63%) had severe COVID-19 pneumonia, and 6 (6.89%) maternal deaths. ROC showed
a significant relationship between troponin T and maternal death (AUC 0.979, CI 0.500-1.000). At a
cutoff point of 7 ng/mL the detection rate for severe pneumonia was 83.3% (95%CI: 0.500-0.100)
at 10% false-positive rate. Conclusion: COVID-19 pregnant women with elevated levels of troponin T
present a higher risk of death and severe pneumonia.

Keywords: COVID-19; maternal death; troponin T

1. Introduction

COVID-19 is currently the leading cause of maternal death in Mexico; during 2021,
it was responsible for 46% of maternal deaths, double the maternal mortality ratio compared
with the pre-pandemic stage (31.1 vs. 54.5 per 100 thousand births) [1]. Pregnant women are
more susceptible to severe pneumonia and death due to physiological changes of pregnancy
and systemic inflammation induced by the SARS-CoV2 infection [2—4]. In addition, the high
prevalence of comorbidities such as obesity, diabetes, hypertension, and chronic kidney
disease are major risk factors for death in pregnant women with COVID-19 [5].
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One of the main characteristics of COVID-19 is its capacity to evolve into a severe
disease affecting multiple organs, including the endothelium and the heart [6]. Myocar-
diocyte damage due to SARS-CoV-2 is frequent and has been described in up to 8-20% of
infected patients, particularly in severe forms of the disease [7]. It has also been described
that patients infected with SARS-CoV-2 may develop cardiac injury with long-time conse-
quences that may even require cardiac rehabilitation, leading to cardiac dysfunction and
arrhythmias [8]. Several mechanisms could explain how SARS-CoV-2 infection affects the
myocardium and how a clinical heart disease may be expected from severe COVID-19 [8].
SARS-CoV-2 can directly injure myocardial cells by inducing a cytokine rush resulting in
myocardial oxygen (supply/demand). This mechanism has been described as a common
way of myocardial injury in other diseases related to inflammatory response syndrome [7].
This hypothesis is supported by increased serum cardiac enzymes such as troponin I,
troponin T, and bNP, which are logical markers of a worse prognosis in COVID-19 [9,10].

There are scarce reports on the association between cardiac enzymes (troponin I,
troponin T, and bNP) with severe pneumonia, viral sepsis, ICU admission, and death in
pregnant women. We hypothesized that cardiac enzymes may be elevated in pregnant
women with COVID-19, compared with those without COVID-19, and that they could also
be associated with severe clinical outcomes among women with COVID-19. Thus, this
study aimed to evaluate the association between troponin T and the risk of severe adverse
maternal outcomes in pregnant women with COVID-19.

2. Materials and Methods
2.1. Study Design and Participants

We conducted a prospective cohort study in the National Institute of Perinatology
“Isidro Espinosa de los Reyes” and General Hospital of Mexico “Dr. Eduardo Liceaga”,
in Mexico City. All symptomatic pregnant women with positive SARS-CoV-2 tests were
included between December 2020 and September 2021. The Ethics and Research Internal
Review Board of the National Institute of Perinatology approved the protocol (2020-1-32).
All enrolled women signed informed consent.

2.2. Data Collection

The criterion for performing PCR was the identification of suggestive symptoms in the
evaluation of emergency services, and blood samples were taken upon admission without
taking into account the days of evolution of the symptoms. Medical data such as age,
gestational age, pregestational body mass index (pBMI (kg/m?)), the status of chronic
hypertension, pre-gestational diabetes, chronic renal disease, mean arterial pressure (MAP),
oxygen saturation (SpO2), preeclampsia, threatened preterm labor, fetal growth restriction,
stillbirth, pneumonia, viral sepsis, and mortality were collected from medical records. Ruti-
nary blood samples were obtained at hospital admission. Troponin T and D-dimer serum
levels were measured by an automated analyzer (Cobas-t511, Roche®, Mexico City, Mex-
ico), whereas C-reactive protein serum levels were measured using an automated analyzer
(Cobas-501, Roche®, Mexico City, Mexico) according to the manufacturer’s instructions.

2.3. Outcome

The primary outcome was maternal death as a direct cause of COVID-19. Secondary
outcomes were severe pneumonia, the requirement of ICU admission, and viral sepsis.

Severe pneumonia was defined according to the American Thoracic Society criteria,
which include either one major criterion (septic shock with the need for vasopressors
or respiratory failure requiring mechanical ventilation) or three or more minor criteria
(respiratory rate > 30 breaths/min; PaO, /FIO, ratio < 250; multilobar infiltrates; confu-
sion/disorientation; uremia (blood urea nitrogen level > 20 mg/dL); leukopenia (white
blood cell count < 4000 cells/uL); thrombocytopenia (platelet count < 100,000/ uL); hy-
pothermia (core temperature < 36 °C); hypotension requiring aggressive fluid resuscita-
tion) [11,12]. ICU admission was decided according to the Quick Sequential Organ Failure
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Assessment (qSOFA) score, where a score > 2 points would require ICU admission [13].
Viral sepsis is defined as life-threatening organ dysfunction caused by a dysregulated host
response to infection, following the Third International Consensus Definitions for Sepsis
and Septic Shock (Sepsis-3), organ dysfunction can be identified as an acute change in total
SOFA score >2 points consequent to the confirmed SARS-CoV-2 infection [14].

2.4. Statistical Analysis

Descriptive and inferential statistics were used. Quantitative variables were reported
as the median and interquartile range (IQR), while qualitative data were reported as
numbers and percentages. Among patients with pneumonia, differences between variables
were compared with maternal death using the Mann-Whitney U test or X? test. Forward
and backward stepwise logistic regression analyses were performed to assess the association
between independent variables and the primary and secondary outcomes. After logistic
regression, the adjusted model’s performance was evaluated by receiver-operating curve
(ROC) analysis estimating the area under the curve (AUC). A p-value < 0.05 was considered
significant. (StataCorp, 2020, Stata Statistical Software: Release 17; StataCorp LLC., College
Station, TX, USA).

3. Results
3.1. Description of the Cohort

A total of 115 pregnant women with suspected SARS-CoV-2 infection were included
in the original cohort. In total, 28 were excluded because although they were COVID
positive, they did not warrant hospital admission or additional biochemical evaluation,
as they were asymptomatic. Consequently, 87 symptomatic pregnant women with SARS-
CoV-2 infection were included in the statistical analysis: of those, 31 (35.63%) had severe
COVID-19 pneumonia, including 6 (6.89%) maternal deaths.

3.2. Comparison of Women with Severe and Non-Severe Pneumonia by COVID-19

In baseline characteristics, there were some differences between women with severe
and non-severe pneumonia by COVID-19. Women with severe pneumonia had lower
median gestational age at hospital admission (30.3 vs. 35.3; p = 0.002) and lower oxygen
saturation (O2Sat%) (91.1 vs. 95.6; p = 0.005) than those with non-severe pneumonia.
Women with severe pneumonia had significantly higher troponin T serum levels and
other hematological and biochemical parameters than non-severe pneumonia. There was
no significant correlation between the results of D-dimer with severity. Compared with
non-severe pneumonia, those patients with severe pneumonia had a higher frequency of
fetal growth restriction, stillbirth, ICU admission, viral sepsis, multiple organ dysfunction,
and maternal death (Table 1).

3.3. Clinical and Biochemical Profile of Deceased Patients and Survivors

Among 31 pregnant women with severe pneumonia by COVID-19, there were six
maternal deaths. Compared with survivors, the patients who died exhibit higher frequency
of smoking habit, stillbirth (33.3% vs. 4%; p = 0.029), ICU admission (100% vs. 50%;
p = 0.025), and viral sepsis (66.6% vs. 8%; p = 0.001). Additionally, they had higher levels of
troponin T (p = 0.001) (70.45 vs. 92.25.; p = 0.009) and myoglobin (Table 1).

3.4. Association of Troponin and Maternal Outcome

Compared with non-severe COVID-19 (1.2 ng/mL), the median of troponin T serum
levels in patients required ICU admission (5.7 ng/mL), with viral sepsis (12.3 ng/mL)
and deceased (17.8 ng/mL) were significantly higher (Figure 1).
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Table 1. Clinical characteristics of the included population.

COVID-19
Characteristics Non-Severe Pneumonia Severe Pneumonia
n =56 n=31 p-Value
Maternal age 30.46 (26.38-33.47) 31.19 (26.38-35.55) 0.361
GeStg.ﬁ"“al age at 35.3 (30-39.1) 30.3 (25.1-33.3) 0.002
iagnosis
pBMI (kg/m?) 31.42 (26.7-34.25) 26.83 (25.39-33.05) 0.135
MAP (mmHg) 85.5 (80.16-92) 87.66 (80-95.33) 0.657
Smoking 0(0%) 2 (6.45%) 0.054
Chronic hypertension 2 (3.57%) 1(3.33%) 0.954
Preﬁ‘:‘;t::ei‘s’“al 3 (5.36%) 0(0%) 0.190
Chronic kidney 2 (3.57%) 0(0%) 0.287
disease
SpO2% 95.6 (93-96.4) 91.1 (79.4-95.4) 0.005
Leukocytes (x10/L) 8.15 (7-10) 9.8 (7.8-13.5) 0.017
Neutrophils (x10/L) 6.35 (5.3-7.4) 8.8 (6.9-13) 0.0003
Glucose (mg/dL) 77.5 (73-85) 87 (75-116) 0.006
Troponin T (ng/mL) 1.2 (0.3-2.05) 2.7 (1.3-7.1) 0.0001
Myoglobin 17.8 (13.4-27.1) 29.3 (19.2-48) 0.010
D-dimer (ng/mL) 1916 (1262-2953) 1425 (1184-4083) 0.532
C-RP 16.25 (7.04-60.6) 110.5 (63.8-200) 0.0001
AST (U/L) 19 (15-32) 31 (24-49) 0.0001
ALT (U/L) 16 (11-28) 26 (18-40) 0.003
LDH (U/L) 173 (140-201) 249 (192-375) 0.0001
Direct bilirubin 0.1 (0.07-0.18) 0.22 (0.13-0.38) 0.001
Indirect bilirubin 0.32 (0.24-0.44) 0.42 (0.31-0.49) 0.075
Cholesterol 206.5 (171-240) 155 (128-187) 0.0003
Procalcitonin 0.05 (0.03-0.13) 0.39 (0.18-0.68) 0.0001
Preeclampsia (clinical 9 (16.36%) 8 (25.81%) 0.291
diagnosis)
Threatened preterm 3 (5.56%) 3 (9.68%) 0.475
labor
Fetal growth 4 (7.41%) 7 (23.33%) 0.038
restriction
Stillbirth 0(0%) 3 (9.68%) 0.020
ICU admission 0(0%) 18 (60%) <0.0001
Viral sepsis 0(0%) 6 (19.35%) 0.001
M&‘ylzfilrfc‘t’ff;“ 0(0%) 4(12.9%) 0.006
Maternal death 0(0%) 6 (19.35%) 0.001

pBMI: pre-gestational body mass index; MAP: mean arterial pressure; MoM: multiples of the median; SpO2:
oxygen saturation; Mann-Whitney U test for continuous variables is expressed as median and interquartile range;

X2 or Fisher’s test for categorical variables is expressed as number and percentage.
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Figure 1. Troponin T levels in severe COVID-19 pregnant women with adverse outcomes. Non-severe
n =56 (1.2 ng/mL (0.3-2.05 ng/mL)); ICU admission n = 18 (5.7 ng/mL (1.25-14.9 ng/mL)); viral
sepsis n = 6 (12.3 ng/mL (5.7-17.5 ng/mL)); maternal death n = 6 (17.8 ng/mL (12.3-33.6 ng/mL)).

In ROC analysis, (n = 87) the troponin T predicted maternal death (AUC 0.833, CI
0.500-1.000). At a 10% false-positive rate, a cutoff point of 7 ng/mL predicted maternal
death with a sensibility of 83.3% (Figure 2), which means that troponin T had an excellent
predictive value for maternal death in the pregnant population with PCR positive for
SARS-CoV-2 who presented symptomatically to the emergency department. This adequate
balance between sensitivity and specificity for the analyzed outcomes motivated us to
explore its predictive performance.
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Figure 2. Area under the receiver-operating curve (ROC) of troponin T for the prediction of maternal
death by COVID-19. Detection rate for maternal death at a 10% false-positive rate was 83.3%
(95%CI:0.500-0.100).
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Through a multinomial logistic regression, we further analyzed the relationship of
elevated troponin T with maternal outcomes. A troponin T value higher than 7 ng/mL
was significantly related to severe pneumonia (OR 1.51, C195% 1.15-1.98, p < 0.003), viral
sepsis (OR 1.12, CI95% 1.008-1.254, p = 0.035), ICU admission (OR 1.17, CI95% 1.054-1.311,
p = 0.004), and maternal death (OR 1.42, CI95% 1.13-1.784, p = 0.003) (Table 2).

Table 2. COVID-19 complications associated with elevated troponin.

OR 95%CI p-Value aOR 95%CI p-Value
Severe 152 1.156-1.991 0.003 1.51 1.151-1.983 0.003
pneumonia
Viral sepsis 1.08 1.003-1.169 0.039 1.12 1.008-1.254 0.035
ICU
L. 1.17 1.037-1.319 0.01 1.17 1.054-1.311 0.004
admission
Maternal
1.27 1.084-1.498 0.003 1.42 1.13-1.784 0.003
death

OR: odds ratio; aOR: adjusted odds ratio with BMI; ICU: intensive care unit.

4. Discussion
4.1. Main Findings

The principal findings of this study are that higher levels of troponin in pregnant
women with severe pneumonia by COVID-19 are associated with a 1.17-fold increase in ICU
admission, a 1.12-fold increase in viral sepsis, and a 1.42-fold increase in maternal death.

4.2. Comparison with Existing Literature

Cardiac troponins are used in clinical practice to study cardiac damage in acute
coronary syndrome (ACS), septic shock, and more recently, in SARS-CoV-2 infection [15,16].
Elevated troponin levels are frequently found in patients with COVID-19 as a result of
viral myocarditis, cytokine-driven myocardial damage, microangiopathy, and unmasked
coronary artery disease [17].

Ruiz Mercedes et al. reported the elevation of serum troponins resulting from myocar-
dial injury and left ventricular dysfunction in a case series of 15 pregnant women diagnosed
with COVID-19, with a 13.3% mortality rate [18]. However, they did not study the rela-
tionship of troponin T with adverse maternal outcomes. Cortes-Telles et al. conducted a
cohort of 200 Mexican patients where troponin T elevation was associated with an OR for
mortality of 6.3 (CI195% 3.30-12.05) p < 0.001 [19]. Thus, our results in pregnant women
with severe pneumonia reinforce the utility of troponin T as a prognostic marker related to
death in pregnant women testing positive for COVID-19. In addition, levels higher than
7 ng/mL are related to the risk of sepsis, severe pneumonia, and admission to ICU.

Our results are supported by observations in non-pregnant critical COVID-19 patients
for whom cardiac biomarkers (troponin I, troponin T, creatine kinase-MB, and myoglobin)
predict poor prognosis [20].

Cardiomyocytes infection by SARS-CoV2 occurs through ACE 2 receptors, which are
highly expressed in these cells. Under normal circumstances, ACE2 activity confers cardio-
vascular protection [21], because its peptidase activity cleaves angiotensin II (Ang II) into
angiotensin 1-7 (Ang 1-7) [22,23]. As a result of infection, ACE2 activity decreases because
it binds to SARS-CoV-2, and the complex is internalized to the cell. [24] In consequence,
ACE activity is increased, producing an elevation of Ang II serum levels, which promotes
cardiac damage/injury through vasoconstriction [21].

In those diagnosed with COVID-19, Ang Il serum levels are lower in deceased patients,
compared with surviving patients [25]. A hypothetical mechanism leading to this relative
decrease in Ang II levels in non-surviving patients is through a greater binding of Ang
II to cell surface AT1 (AT1a) receptors, which induces downstream signaling responses,
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followed by quicker endocytosis of the Ang II/AT1. Excess cytoplasmic Ang II induces
overproduction of mitochondrial reactive oxygen species (ROS) [26].

Oxidative damage of cardiomyocytes causes an alteration to the membrane integrity
leaking cardiac troponin T. It also seems that COVID-19 reduces blood flow to coronary
arteries resulting in myocardial damage. SARS-CoV-2 may lead to severe endothelial
inflammation, leading to atherosclerotic plaque instability and rupture [27]. Aside from
vasoconstriction and hypercoagulable state, all these mechanisms contribute to myocardial
damage [28].

4.3. Strengths and Limitations

Some limitations should be reported. Firstly, due to the span of the study, the sample
was relatively small; therefore, analysis of a larger patient’s sample will be needed for
external validation and replication in other populations. In addition, some other specific
myocardial damage biomarkers such as troponin I and pro-BNP could not be measured,
and therefore, an improved approach that includes the analysis of these cardiac enzymes is
suggested in future research.

4.4. Clinical Interpretation

Decision-making can benefit from the evaluation of functional and/or structural
cardiovascular damage through monitoring and surveillance with electrocardiography and
echocardiography, screening of inflammatory and cardiac biomarkers, mainly troponin T,
and inflammatory markers of the acute phase of the disease such as water balance, together
with SOFA, APACHE, MEWT, MEOWS scores at hospital admission of all pregnant women
with COVID-19.

From the fetal point of view, carditis is one of the components of multiple organ failure
due to SARS-CoV-2, (which causes inflammation of the myocardium with troponin release)
that leads to heart failure and arrhythmias, decreasing cardiac output, which affects the
uteroplacental flow, and it would have repercussions on the efficiency of the exchange
membrane; this causal relationship has not been studied. This supports fetal surveillance
during the critical period of COVID-19 with an emphasis on characterizing the area of
exchange and redistribution of fetal vascular flows.

5. Conclusions

Elevated levels of troponin T among pregnant women with COVID-19 present a higher
risk of death. Therefore, myocardial biomarkers should be evaluated in pregnant patients
with COVID-19 that require hospital admission for risk stratification purposes.

Author Contributions: Conceptualization, S.E.yS., ].T.-T., RJ].M.-P. and ].M.S.-P,; methodology, ].T.-
T., GE.-G. and J.M.S.-P; formal analysis, ].T.-T., G.E.-G., S.EyS., ] AH.-P, R]J.M.-P. and J.M.S.-
P; investigation, ].A.H.-P, PM.-R,, A.C.-S., A.Z-M., D.H.L.-D., M.C.-B.,, M.A.N.-T. and N.P.B.-N;
resources, ].T.-T. and G.E.-G.; writing—original draft preparation, PM.-R., A.C.-S., A.Z.-M. and V.M.-
J.; writing—review and editing, ].T.-T., G.E.-G., S.EyS., ] A H.-P, R].M.-P,, LR.-Z., VM.-]., JR.V.-B.
and ].M.S.-P; visualization, S.E.yS., ].T.-T., ] M.S.-P,, R].M.-P. and G.E.-G; supervision ].T.-T., ] M.S.-P.
and S.E.yS.; project administration, M.C.-B., ].T.-T. and G.E.-G.; funding acquisition, ].T.-T. and G.E.-G.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Instituto Nacional de Perinatologia (grant 2020-1-32).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board of Instituto Nacional de
Perinatologia. (Register Number 2020-1-32, date of approval 16 December 2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy.

103



Viruses 2022, 14, 271

Acknowledgments: This work would not have been possible without the effort of the healthcare
workers in the COVID areas (epidemiology, nursery, obstetrics and gynecology, researchers, residents,
interns, attendings, postgraduate students, medical students, and the molecular diagnosis teams)
in the Instituto Nacional de Perinatologia, and Hospital General de Mexico “Eduardo Liceaga”.

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

References

1. Observatorio de Mortalidad Materna de México. Paperpile. Available online: https:/ /paperpile.com/app/p/10cf28{7-a201-0
bdd-891b-a4f1cff572eb (accessed on 19 November 2021).

2. Martinez-Portilla, R.J.; Sotiriadis, A.; Chatzakis, C.; Torres-Torres, J.; Espino Y Sosa, S.; Sandoval-Mandujano, K.; Castro-Bernabe,
D.A.; Medina-Jimenez, V.; Monarrez-Martin, J.C.; Figueras, F; et al. Pregnant women with SARS-CoV -2 infection are at higher
risk of death and pneumonia: Propensity score matched analysis of a nationwide prospective cohort (COV19MXx). Ultrasound
Obstet. Gynecol. 2021, 57, 224-231. [CrossRef]

3. Zambrano, L.D.; Ellington, S.; Strid, P.; Galang, R.R.; Oduyebo, T.; Tong, V.T.; Woodworth, K.R.; Nahabedian, ].F.; Azziz-
Baumgartner, E.; Gilboa, S.M.; et al. Update: Characteristics of Symptomatic Women of Reproductive Age with Laboratory-
Confirmed SARS-CoV-2 Infection by Pregnancy Status—United States, January 22—-October 3, 2020. MMWR. Morb. Mortal.
WEkly. Rep. 2020, 69, 1641-1647. [CrossRef]

4. Wang, Z.; Wang, Z.; Xiong, G. Clinical characteristics and laboratory results of pregnant women with COVID-19 in Wuhan, China.
Int. J. Gynecol. Obstet. 2020, 150, 312-317. [CrossRef]

5. La Pefia, ].E.-D.; Rascén-Pacheco, R.A.; Ascencio-Montiel, I.D.].; Gonzalez-Figueroa, E.; Fernandez-Garate, ].E.; Medina-Gémez,
O.S.; Borja-Bustamante, P; Santillan-Oropeza, J.A.; Borja-Aburto, V.H. Hypertension, Diabetes and Obesity, Major Risk Factors for
Death in Patients with COVID-19 in Mexico. Arch. Med Res. 2021, 52, 443-449. [CrossRef]

6.  Flaumenhaft, R.; Enjyoji, K.; A Schmaier, A. Vasculopathy in COVID-19. Blood 2022. [CrossRef] [PubMed]

7. Lippi, G.; Plebani, M. Laboratory abnormalities in patients with COVID-2019 infection. Clin. Chem. Lab. Med. 2020, 58, 1131-1134.
[CrossRef] [PubMed]

8. Yuan, H,; Liu, J.; Gao, Z.; Hu, F. Clinical Features and Outcomes of Acute Kidney Injury in Patients Infected with COVID-19 in
Xiangyang, China. Blood Purif. 2020, 50, 513-519. [CrossRef] [PubMed]

9. Piccioni, A.; Brigida, M.; Loria, V.; Zanza, C.; Longhitano, Y.; Zaccaria, R.; Racco, S.; Gasbarrini, A.; Ojetti, V.; Franceschi, F.; et al.
Role of troponin in COVID-19 pandemic: A review of literature. Eur. Rev. Med. Pharmacol. Sci. 2020, 24, 10293-10300. [PubMed]

10. Guo, T; Fan, Y;; Chen, M.; Wu, X,; Zhang, L.; He, T.; Wang, H.; Wan, J.; Wang, X; Lu, Z. Cardiovascular Implications of Fatal
Outcomes of Patients With Coronavirus Disease 2019 (COVID-19). JAMA Cardiol. 2020, 5, 811-818. [CrossRef] [PubMed]

11. Moberg, A. Diagnosing Pneumonia in Primary Care: Aspects of the Value of Clinical and Laboratory Findings and the Use of Chest X-Ray;
Link6ping University: Linkoping, Sweden, 2020.

12.  Poon, L.C.; Yang, H.; Kapur, A.; Melamed, N.; Dao, B.; Divakar, H.; McIntyre, H.D.; Kihara, A.B.; Ayres-De-Campos, D.;
Ferrazzi, E.M.; et al. Global interim guidance on coronavirus disease 2019 (COVID-19) during pregnancy and puerperium from
FIGO and allied partners: Information for healthcare professionals. Int. ]. Gynecol. Obstet. 2020, 149, 273-286. [CrossRef]
[PubMed]

13. Jiang, ].; Yang, J.; Mei, J.; Jin, Y.; Lu, Y. Head-to-head comparison of gSOFA and SIRS criteria in predicting the mortality of infected
patients in the emergency department: A meta-analysis. Scand. J. Trauma Resusc. Emerg. Med. 2018, 26, 1-11. [CrossRef] [PubMed]

14.  Murphy, S.R.; Cockrell, K. Regulation of soluble fms-like tyrosine kinase-1 production in response to placental ischemia/hypoxia:
Role of angiotensin II. Physiol. Rep. 2015, 3, €12310. [CrossRef]

15. Li, H; Liu, L.; Zhang, D.; Xu, J.; Dai, H.; Tang, N.; Su, X.; Cao, B. SARS-CoV-2 and viral sepsis: Observations and hypotheses.
Lancet 2020, 395, 1517-1520. [CrossRef]

16. Maeder, M.; Fehr, T.; Rickli, H.; Ammann, P. Sepsis-Associated Myocardial Dysfunction. Chest 2006, 129, 1349-1366. [CrossRef]

17.  Tersalvi, G.; Vicenzi, M.; Calabretta, D.; Biasco, L.; Pedrazzini, G.; Winterton, D. Elevated Troponin in Patients with Coronavirus
Disease 2019: Possible Mechanisms. J. Card. Fail. 2020, 26, 470-475. [CrossRef] [PubMed]

18. Mercedes, B.R.; Serwat, A.; Naffaa, L.; Ramirez, N.; Khalid, E; Steward, S.B.; Feliz, O.G.C.; Kassab, M.B.; Karout, L. New-onset
myocardial injury in pregnant patients with coronavirus disease 2019: A case series of 15 patients. Am. J. Obstet. Gynecol. 2021,
224, 387.e1-387.€9. [CrossRef]

19. Cortés-Tellés, A.; Lopez-Romero, S.; Mancilla-Ceballos, R.; Ortiz-Farias, D.L.; Nufiez-Caamal, N.; Figueroa-Hurtado, E. Risk
Factors for Mortality in Hospitalized Patients with COVID-19: An Overview in a Mexican Population. Tuberc. Respir. Dis. 2020,
83, S46-554. [CrossRef]

20. An, W;Kang, J.-S.; Wang, Q.; Kim, T.-E. Cardiac biomarkers and COVID-19: A systematic review and meta-analysis. J. Infect.
Public Heal. 2021, 14, 1191-1197. [CrossRef]

21. Kalra, R.S.; Tomar, D.; Meena, A.S.; Kandimalla, R. SARS-CoV-2, ACE2, and Hydroxychloroquine: Cardiovascular Complications,
Therapeutics, and Clinical Readouts in the Current Settings. Pathogens 2020, 9, 546. [CrossRef] [PubMed]

22.  Eleuteri, D.; Montini, L.; Cutuli, S.L.; Rossi, C.; Alcaro, F.; Antonelli, M. Renin-angiotensin system dysregulation in critically ill

patients with acute respiratory distress syndrome due to COVID-19: A preliminary report. Crit. Care 2021, 25, 1-3. [CrossRef]

104



Viruses 2022, 14, 271

23.

24.

25.

26.

27.

28.

Santos, R.A.S.; Sampaio, W.O.; Alzamora, A.C.; Motta-Santos, D.; Alenina, N.; Bader, M.; Campagnole-Santos, M.].
The ACE2/Angiotensin-(1-7)/MAS Axis of the Renin-Angiotensin System: Focus on Angiotensin-(1-7). Physiol. Rev. 2018, 98,
505-553. [CrossRef] [PubMed]

Zhang, H.; Penninger, ].M.; Li, Y.; Zhong, N.; Slutsky, A.S. Angiotensin-converting enzyme 2 (ACE2) as a SARS-CoV-2 receptor:
Molecular mechanisms and potential therapeutic target. Intensive Care Med. 2020, 46, 586-590. [CrossRef] [PubMed]
Espino-Y-Sosa, S.; Martinez-Portilla, R.J.; Torres-Torres, J.; Solis-Paredes, ].M.; Estrada-Gutierrez, G.; Hernandez-Pacheco, J.A;
Espejel-Nufez, A.; Mateu-Rogell, P; Juarez-Reyes, A.; Lopez-Ceh, EE.; et al. Novel Ratio Soluble Fms-like Tyrosine Kinase-
1/Angiotensin-II (sFlt-1/ANG-II) in Pregnant Women Is Associated with Critical Illness in COVID-19. Viruses 2021, 13, 1906.
[CrossRef] [PubMed]

Li, X.C.; Zhou, X.; Zhuo, J.L. Evidence for a Physiological Mitochondrial Angiotensin II System in the Kidney Proximal Tubules.
Hypertens. 2020, 76, 121-132. [CrossRef]

Yang, C.; Liu, F; Liu, W.; Cao, G.; Liu, J.; Huang, S.; Zhu, M.; Tu, C.; Wang, J.; Xiong, B. Myocardial injury and risk factors for
mortality in patients with COVID-19 pneumonia. Int. J. Cardiol. 2021, 326, 230-236. [CrossRef]

Ogungbe, O.; Kumbe, B.; Fadodun, O.; Latha, T.; Meyer, D.; Asala, A.; Davidson, PM.; Himmelfarb, C.R.D.; Post, W.S,;
Commodore-Mensah, Y. Subclinical myocardial injury, coagulopathy, and inflammation in COVID-19: A meta-analysis of 41,013
hospitalized patients. Int. |. Cardiol. Heart Vasc. 2022, 100950. [CrossRef]

105






viruses

Case Report

Decreased Fetal Movements: A Sign of Placental SARS-CoV-2
Infection with Perinatal Brain Injury

Guillaume Favre 11

, Sara Mazzetti 2*, Carole Gengler %, Claire Bertelli 4, Juliane Schneider 5,

Bernard Laubscher 2%, Romina Capoccia 7, Fatemeh Pakniyat 7, Inés Ben Jazia 7, Béatrice Eggel-Hort 8,

Laurence de Leval 3, Léo Pomar 1°®, Gilbert Greub #1190, David Baud '**

Citation: Favre, G.; Mazzetti, S.;
Gengler, C.; Bertelli, C.; Schneider, J.;
Laubscher, B.; Capoccia, R.; Pakniyat,
F.; Ben Jazia, I; Eggel-Hort, B.; et al.
Decreased Fetal Movements: A Sign
of Placental SARS-CoV-2 Infection
with Perinatal Brain Injury. Viruses
2021, 13, 2517. https:/ /doi.org/
10.3390/v13122517

Academic Editor: Remi N. Charrel

Received: 24 November 2021
Accepted: 10 December 2021
Published: 15 December 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Eric Giannoni >t

Materno-Fetal and Obstetrics Research Unit, Department Woman-Mother-Child, Lausanne University
Hospital, University of Lausanne, 1011 Lausanne, Switzerland; guillaume.favre@chuv.ch (G.E.);
leo.pomar@chuv.ch (L.P.)

Clinic of Pediatrics, Department Mother-Woman-Child, Lausanne University Hospital,

University of Lausanne, 1011 Lausanne, Switzerland; sara.mazzetti@chuv.ch (5.M.);
Bernard.Laubscher@chuv.ch (B.L.)

Department of Laboratory Medicine and Pathology, Institute of Pathology, Lausanne University Hospital,
University of Lausanne, 1011 Lausanne, Switzerland; carole.gengler@chuv.ch (C.G.);
Laurence.DeLeval@chuv.ch (L.d.L.)

Institute of Microbiology, Lausanne University Hospital, University of Lausanne, 1011 Lausanne, Switzerland;
Claire.Bertelli@chuv.ch (C.B.); Gilbert.Greub@chuv.ch (G.G.)

Clinic of Neonatology, Department Mother-Woman-Child, Lausanne University Hospital,

University of Lausanne, 1011 Lausanne, Switzerland; juliane.schneider@chuv.ch (J.S.);
eric.giannoni@chuv.ch (E.G.)

Department of Pediatrics, Réseau Hospitalier Neuchatelois, 2000 Neuchatel, Switzerland

Department of Obstetrics and Gynecology, Réseau Hospitalier Neuchatelois, 2000 Neuchatel, Switzerland;
romina.capoccia-brugger@rhne.ch (R.C.); Fatemeh.Pakniyat@chuv.ch (E.P.); ines.ben-jazia@rhne.ch (L.B.].)
Department of Obstetrics and Gynecology, Hopital du Valais—Centre Hospitalier du Valais Romand—Site de
Sion, 1951 Sion, Switzerland; Beatrice. Eggel-Hort@hopitalvs.ch

Midwifery Department, School of Health Sciences (HESAV), University of Applied Sciences and Arts Western
Switzerland, 1011 Lausanne, Switzerland

Infectious Diseases Service, Department of Internal Medicine, Lausanne University Hospital,

University of Lausanne, 1011 Lausanne, Switzerland

*  Correspondence: david.baud@chuv.ch; Tel.: +41-79-556-13-51

t  These authors contributed equally to this work.

Abstract: Neonatal COVID-19 is rare and mainly results from postnatal transmission. Severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), however, can infect the placenta and compro-
mise its function. We present two cases of decreased fetal movements and abnormal fetal heart
rhythm 5 days after mild maternal COVID-19, requiring emergency caesarean section at 29 + 3 and
32 + 1 weeks of gestation, and leading to brain injury. Placental examination revealed extensive and
multifocal chronic intervillositis, with intense cytoplasmic positivity for SARS-CoV-2 spike antibody
and SARS-CoV-2 detection by RT-qPCR. Vertical transmission was confirmed in one case, and both
neonates developed extensive cystic peri-ventricular leukomalacia.

Keywords: SARS-CoV-2; COVID-19; perinatal; placental; brain injury; fetal movements; neurosonog-
raphy; MRI

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is causing a major
and devastating pandemic, with pregnant women representing a group at increased risk
of severe coronavirus disease 2019 (COVID-19) [1-4], as with other infectious disease [5].
Nevertheless, neonates are relatively spared, with the majority of infants from COVID-19-
affected pregnant women exhibiting a favorable short-term outcome [6,7]. SARS-CoV-2,
however, can infect the placenta and compromise its function, leading to fetal distress,
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intrauterine death, or perinatal asphyxia [6,8-11]. Case reports have described severe
neonatal disease in infants from COVID-19-affected mothers, with respiratory failure
and/or brain damage [8-10,12]. These findings, however, could not be unambiguously
attributed to SARS-CoV-2 infection, due to the absence of documentation of vertical trans-
mission and the presence of comorbidities, in particular prematurity. Vertical transmission
is proven when the following criteria from the World Health Organization (WHO) are met:
evidence of maternal SARS-CoV-2 infection during pregnancy, in utero fetal SARS-CoV-2
exposure, and SARS-CoV-2 persistence or immune response in the neonate [13].

Here, we present two women who developed mild COVID-19 confirmed by nasopha-
ryngeal PCR during their third trimester of pregnancy. Both presented with decreased fetal
movements five days after the onset of symptoms requiring an emergency caesarean section
(C-section). The two cases of confirmed and strongly suspected congenital SARS-CoV-2
infection were associated with brain damage in neonates.

2. Methods
2.1. Patients” Consent and Ethical Approval

We obtained institutional review board approval and written informed consent from
both patients.

2.2. Sample Collection and Microbiological Investigation

Within minutes of placental extraction by C-section, the fetal surface of the placenta
was disinfected and incised with a sterile scalpel, and 2 swabs and biopsies were ob-
tained as previously described [14]. For the first case, we collected cord blood in the
sterile surgical field immediately after clamping the umbilical cord, and collected neonatal
endotracheal secretions using a sterile procedure. RNA was extracted using a MagNA-
Pure 96 instrument (Roche, Basel, Switzerland), and quantitative SARS-CoV-2 reverse
transcriptase—polymerase chain reaction (RT-qPCR) was performed using an automated
platform [15,16] on samples from mothers, placentas, and infants. Quantification was per-
formed using calibrated positive plasmid controls and a calibrated SARS-CoV-2 cell culture
supernatant [16]. No amniotic fluid samples were collected for SARS-CoV-2 screening.

2.3. Placental Examination and In Situ SARS-CoV-2 Detection

Placentas were fixed in 4% buffered formalin. Sampling was performed as previ-
ously described [17]. After hematoxylin and eosin staining of paraffin-embedded tis-
sues, we stained samples for immunohistochemical studies with CD68-PGM1, ACE2, and
SARS-CoV-2 spike antibodies. We performed in situ detection of SARS-CoV-2 mRNA by
RNAScope technology on 4 pm sections from selected formalin-fixed, paraffin-embedded
(FFPE) tissue blocks. SARS-CoV-2 detection and quantification by RT-qPCR was performed
for both cases, starting from total RNA extracted from 10 um thick sections of placental
FFPE tissue blocks containing foci of chronic intervillositis.

2.4. SARS-CoV-2 Genome Sequencing

The CleanPlex SARS-CoV-2 Panel (Paragon Genomics, Hayward, CA, USA) were
used according to the manufacturer’s protocol to amplify the SARS-CoV-2 genome from
the RNA used for RT-qPCR, as detailed previously [18]. Tiled amplicon libraries were
analyzed using a Fragment Analyzer (standard sensitivity NGS, AATI) and quantified
with a Qubit Standard Sensitivity NGS dsDNA kit (Invitrogen, Waltham, MA, USA) before
sequencing on an Illumina MiSeq (San Diego, CA, USA). We analyzed sequence reads
using GENCOV (https:/ /github.com/metagenlab/GENCOV /releases/tag /1.0, accessed
on 1 December 2021), a modified version of CoVpipe (https:/ /gitlab.com/RKIBioinforma
ticsPipelines/ncov_minipipe, accessed on 1 December 2021). SARS-CoV-2 lineages were
assigned with pangolin [19].
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3. Case Description
3.1. Case 1

A primiparous 34-year-old previously healthy pregnant woman presented to a re-
gional hospital at 28 + 4 weeks of gestation with chills, fever, myalgia, ageusia, and anosmia.
She tested positive for SARS-CoV-2. As the obstetrical examination was unremarkable,
she was discharged home the same day, and symptoms resolved rapidly. Five days later,
she presented again for reduced fetal movements, confirmed by ultrasound, which moti-
vated transfer to a tertiary center after a first dose of Betamethasone, 12 mg, for fetal lung
maturation. Urine and blood tests were normal, with the exception of thrombocytopenia
at 63 G/L (first trimester platelet count was in the normal range) and elevated D-dimers
(14,860 ng/mL). Due to non-reassuring fetal heart rate (FHR) (Figure S1 in the Supple-
mentary Materials), absence of fetal movements, and abnormal fetal Doppler (inversed
cerebroplacental ratio) suggestive of fetal distress, an emergency C-section without trial of
labor and intact amniotic membranes was performed at 29 + 1 weeks’ gestation.

3.2. Case 2

A 29-year-old primigravida with gestational diabetes on diet presented to a regional
hospital with fever and flu-like symptoms at 31 + 0 weeks’ gestation. She tested positive
for SARS-CoV-2 two days after the onset of symptoms and quarantined at home. Five
days later, she presented with decreased fetal movements. As the obstetrical examination
was unremarkable, the patient was discharged home. Three days later, she was admitted,
complaining of absent fetal movements. Abnormal FHR pattern led to an emergency
C-section. Basic laboratory tests were within the normal range.

4. Results
4.1. Maternal Outcomes

Both mothers recovered well after delivery. Case 1 had persistent anosmia and ageusia,
and her platelet count and D-dimers normalized spontaneously. Both were discharged
home at 5 days after C-section.

4.2. Placenta Analysis

The weight of the two placentas were normal (50-70th percentile) for gestational
age. Gross examination of cross sections showed massive transplacental changes with
trabeculae and lattice-like deposition of fibrin, affecting more than 80% of the total placental
volume (Figure S2 in the Supplementary Materials). Extensive and multifocal chronic inter-
villositis, characterized by clusters of CD68-positive histiocytes, filled up the intervillous
space (Figure 1). Chorionic villi were largely spared from the inflammatory process. The
histiocytic intervillous infiltrate was associated with peri-villous fibrin deposition and
extensive placental infarction. Intervillous inflammation closely encircled the chorionic
villi, and their trophoblastic cells showed a membranous staining for ACE2, as well as
an intense cytoplasmic positivity for SARS-CoV-2 spike antibody in both cases. Areas of
villi not expressing the SARS-CoV-2 spike protein were not surrounded by CD68-positive
histiocytes. SARS-CoV-2 was detected in areas of chronic intervillositis by RT-qPCR in
FFPE tissue blocks of both cases. Quantification of viral E gene was 277 copies per reaction
for case 1 and 289 copies per reaction for case 2, in the presence of adequate internal MSTN
controls. In situ hybridization for SARS-CoV-2 spike protein mRNA visualized the presence
of the virus in villous trophoblastic cells in the foci of chronic intervillositis, mirroring the
immunohistochemical pattern of expression of SARS-CoV-2 spike antibody (Figure 1).
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Figure 1. Placental examination—case 1. (A) Foci of chronic intervillositis with massive peri-villous
fibrin deposition and early placental infarction (hematoxylin and eosin, original magnification x4).
(B) Strong cytoplasmic positivity of villous trophoblastic cells with SARS-CoV-2 spike antibody
co-localized with the foci of chronic intervillous inflammation (hematoxylin and eosin, original
magnification x4). The following antibodies were used: CD68-PGM1 (Dako Monoclonal Mouse Anti-
Human CD68, Clone PG-M1, dilution 1/200), ACE2 (Atlas antibodies, clone CL4035, dilution 1/1000),
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and SARS-CoV-2 spike antibody (Sino Biological, SARS-CoV Spike S1 Subunit Antibody, Rabbit PAb,
Antigen Affinity Purified, dilution 1/250). (C) Diffuse and strong membranous ACE2 expression
of cytotrophoblastic cells (original magnification x10). (D) In situ hybridization for SARS-CoV-
2 spike protein mRNA by RNA scope. In situ detection of SARS-CoV-2 mRNA was performed
on 4pum sections from selected formalin-fixed, paraffin-embedded (FFPE) tissue blocks. Actively
transcribed SARS-CoV-2 was detected by RNAScope technology (ACDBio, Newark, CA, USA) using
a probe specific for the SARS-CoV-2 S protein (2.5VS Probe-V-nCoV2019-S, ACDBio), as previously
reported [19]. SARS-CoV-2 detection and quantification by RT-qPCR was performed for both cases,
starting from total RNA extracted from 10 pm thick sections of placental FFPE tissue blocks containing
foci of chronic intervillositis, using a Cobas z480 instrument (Roche Diagnostics, Basel, Switzerland);
one-step RT-qgPCR LightCycler® Multiplex RNA Virus Master Mix (Roche Diagnostics); and the
following primers: LightMix® Modular SARS, Wuhan CoV E-gene, and LightMix® Modular MSTN
extraction control (Roche Diagnostics), as previously reported. The limit of detection (LoD) for E
gene was 7 copies per reaction, as previously determined in our laboratory by Probit regression
analysis [20].

4.3. Neonatal Outcomes
43.1. Case 1

A 1370 g (50-75th percentile) female neonate was born at 29 + 3 weeks of gestation
with APGAR scores of 4, 8, and 8 at 1, 5, and 10 min, respectively. She developed respiratory
distress due to hyaline membrane disease, was intubated 30 min after birth, and received a
dose surfactant intratracheally. A complete blood count performed at birth was within the
normal range, and blood cultures remained negative (Table 1). She was mechanically venti-
lated for 13 h and then extubated to nasal continuous positive airway pressure (nCPAP).
Umbilical cord blood collected at birth was positive for SARS-CoV-2 (2000 copies/mL). Tra-
cheal secretions collected 11 h after birth were positive for SARS-CoV-2 (1300 copies/mL).
Following extubation, additional SARS-CoV-2 PCR tests were negative.

Table 1. Case 1: neonatal, maternal, and placental microbiology.

Before Birth Birth H11 H36 H48 DOL 4 DOL7

Newborn

Cord blood PCR

- POSITIVE ! - - - - -

Tracheal secretion PCR

- - POSITIVE 2 - - - -

Nasopharyngeal swab PCR

- - - Negative - - -

Serum PCR

- - Negative - Negative - Negative

Serology IgG

- - - Negative - - -

Serology IgM

- - - Negative - - -

Blood culture

- Negative - - - - -

Mother

Nasopharyngeal swab PCR

POSITIVE - - - - - -

Serology IgG

- - - - - POSITIVE 3 -

Placenta

Placenta swab PCR IgM

- POSITIVE 4 - - - - -

SARS-CoV-2 identification

- POSITIVE ° - - - - -

DOL: day of life; ! 2.0 x 10® copies/mL; 2 1.3 x 103 copies/mL; ® 99.6 (ratio), negative if <4; * 2.8 x 107 /mL; °> RNAscope ISH assay.

Head ultrasound (HUS) performed on postnatal day 3 identified a right grade II
intraventricular hemorrhage and a focal unilateral periventricular hemorrhagic infarction,
which evolved to a right frontal porencephalic cyst, progressive ventricular dilatation,
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and heterogeneous echogenicities throughout the white matter (Figure 2). Bilateral fronto-
parieto-occipital cystic peri-ventricular leukomalacia (cPVL) was observed on postnatal day
25. Brain magnetic resonance imaging (MRI) performed on postnatal day 56 (37 + 1 weeks’
postmenstrual age) confirmed extensive bilateral fronto-parieto-occipital cPVL, ependymal
hemorrhage sequelae, and moderate ventriculomegaly (Figure 2). At discharge home
(postnatal day 75), the infant continued to have an abnormal neurological examination
with axial and lower limb hypertonia.

Figure 2. CASE 1: Postnatal brain imaging of the neonates. (A) Postnatal day 11 head ultrasound (HUS) coronal view

showing a right-sided grade II intraventricular hemorrhage and a focal unilateral periventricular hemorrhagic infarction.

Postnatal day 24 HUS with sagittal (B) and coronal (C) views showing extensive periventricular fronto-parieto-occipital

cystic lesions. (D) Brain magnetic resonance imaging (MRI) on postnatal day 56 (37 + 1 weeks postmenstrual age) with

sagittal T1-weighted, (E) axial T2-weighted, and (F) coronal T2-FLAIR (fluid-attenuated inversion recovery) images

confirming severe periventricular cystic leukomalacia, sequelae of germinal hemorrhage, and moderate ventriculomegaly.

4.3.2. Case 2

A female neonate was delivered at 32 + 1 week’s gestation, weighing 1800 g (50th percentile).
APGAR scores were 2, 4, and 5 at 1, 5, and 10 min, respectively. Umbilical cord arterial pH
was 6.69. Due to absence of respiratory efforts and bradycardia, the neonate required bag
and mask ventilation and chest compressions during the first 5 min after birth. She was
then intubated and started on invasive ventilation. Due to hyaline membrane disease, the
neonate received intratracheal surfactant. Blood gas showed severe lactic acidosis. She was
transferred to a tertiary care neonatal intensive care unit. Laboratory findings are reported
in Table S1 in the Supplementary Materials.

The neonate fulfilled criteria for perinatal asphyxia with grade II acute hypoxic-
ischemic encephalopathy, according to Sarnat score. She developed multiorgan failure,
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requiring catecholamine treatment, fresh frozen plasma, and platelet transfusions. Persis-
tent pulmonary hypertension was confirmed by echocardiography and required treatment
with inhaled nitric oxide for 24 h. She was extubated to nCPAP on postnatal day 4. Intra-
venous antibiotics, started the day of birth, were stopped after 72 h, as blood cultures were
negative. Nasopharyngeal swabs collected at 16 and 76 h following birth and cerebro-spinal
fluid collected on postnatal day 5 were negative for SARS-CoV-2 (Table 2).

Table 2. Case 2: neonatal, maternal, and placental microbiology.

Before Birth Birth H5 Hi1e6 DOL 3 DOL 4 DOL 5

Newborn

Nasopharyngeal swab PCR

- - - Negative Negative - -

Blood culture

- - Negative - - Negative Negative

Cerebrospinal fluid PCR

- - - - - - Negative

Mother

Nasopharyngeal swab PCR

POSITIVE - - - - - -

Placenta

Placental swab PCR

- POSITIVE ! - - - - -

SARS-CoV-2 identification

- POSITIVE 2 - - - - -

DOL: day of life; 13.0 x 10°/mL; 2 RNAscope ISH assay.

At 18 h of life, she presented with status epilepticus lasting 3 h that resolved after
3 intravenous doses of midazolam. Recurring electrographic seizures on postnatal day 3
prompted a loading dose of phenobarbitone. The electroencephalogram showed a severely
suppressed pattern.

HUS performed on postnatal days 1, 2, and 3 showed a right-sided germinal matrix
hemorrhage, cerebral edema, and hyperechogenicity in the fronto-parietal white matter.
Brain MRI on postnatal day 7 revealed multiple intraventricular and parenchymal hemor-
rhages and severe anoxic lesions affecting the white matter and basal ganglia (Figure 3).
Hemorrhagic lesions were compatible with asphyxia, coagulopathy, thrombocytopenia, and
thrombosis of the straight sinus. She was discharged home on postnatal day 41 (38 weeks
postmenstrual age), at which time she continued to have an abnormal neurological examina-
tion with limb hypertonia. A repeat brain MRI on postnatal day 55 displayed parenchymal
hemorrhagic sequelae, widespread bilateral cPVL, and a non-occlusive thrombus in the
straight sinus (Figure 3).

4.4. SARS-CoV-2 Sequencing

Genome sequences obtained from nasopharyngeal swabs (case 1 and 2) and a fragment
of the placenta (case 2) were attributed to the PANGO lineage B.1.221, a European lineage
with increasing prevalence among sequences available in public databases from September
2020 to March 2021, concomitant with the second wave. Genome sequences from both
cases only differed by one synonymous mutation. The consensus genome sequences of all
three samples are available in GISAID with accession numbers EPI_ISL_2359178 for case 1,
and EPI_ISL._2367310 and EPI_ISL_2367312 for case 2.
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Figure 3. CASE 2: Postnatal brain imaging of the neonates. Postnatal day 7 MRI with (A) coronal, (B) axial T2-weighted, and
(C) axial diffusion-weighted images showing germinal, intraventricular, and multiple parenchymal hemorrhages, as well as
severe anoxic lesions affecting the white matter bilaterally predominantly in parieto-occipital regions and the basal ganglia.
(D) Postnatal day 55 (40 weeks postmenstrual age) MRI with sagittal T1-weighted, (E) axial, (F) and coronal T2-weighted
images showing transformation of the anoxic lesions to bilateral cystic periventricular leukomalacia, predominantly in
parieto-occipital lobes and sequelae of germinal matrix and fronto-parietal white matter hemorrhage.

5. Discussion

Both cases illustrate severe neurological injury following a clinical history of decreased
fetal movements five days after mild maternal COVID-19. Pregnant women and healthcare
providers should be aware that even with non-severe forms of the disease, reduced fetal
movements is a sign of potential placental and fetal involvement and should prompt an
urgent obstetrical evaluation of fetal well-being.

According to the WHO definition [13], the first case meets criteria for transplacental
transmission of SARS-CoV-2. The virus was detected by PCR in the mother—placenta—
newborn triad. Vertical transmission through the placenta was supported by direct identifi-
cation of SARS-CoV-2 on the fetal side of the placenta by in situ techniques (immunohis-
tochemistry, RNA-Scope) corresponding to SARS-CoV-2-induced placental intervillositis.
Negative maternal and neonatal SARS-CoV-2 IgG and IgM in case 1 does not rule out an
infection in the newborn, as seroconversion can occur within the first 30 days after onset
of symptoms [21,22]. The second case remains a suspected vertical transmission. Despite
a positive maternal nasopharyngeal PCR and placental detection of the virus, neonatal
nasopharyngeal swabs remained negative for SARS-CoV-2, which could be explained by
the potential instability of viral RNA [23] or by a rapid viral clearance by the neonate,
which occurred in less than two days in the first case. This raises the interesting possibility
that preterm newborns can mount an effective immune response against SARS-CoV-2. It is
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also possible that, despite widespread SARS-CoV-2 placental infection, the virus did not
reach the fetus in the second case.

Schwartz et al. [24] identified chronic intervillositis in placentas from SARS-CoV-2-
infected maternal-fetal dyads. The inflammatory pattern of chronic intervillositis strongly
suggests placental invasion by SARS-CoV-2 and represents a possible mechanism by which
the virus can breach the maternal—fetal interface. The identification by in situ techniques of
viral particles in the villous trophoblastic cells highly expressing ACE2 may explain the
predominance of inflammation in the intervillous space, which differs from chronic villitis
caused by other viral agents. Our cases underline the potential for placental infection
by SARS-CoV-2 and demonstrate its ability to cause fulminant placental parenchymal
destruction, leading to fetal distress within days of mild maternal disease [8-11,25].

Both preterm neonates developed extensive cPVL. Due to progress in perinatal care,
cPVL has become extremely rare [26]. The pathogenesis of cPVL is multifactorial, involving
ischemia, inflammation with or without infection, oxidative stress, and excitotoxicity [27].
Given the extent and the type of brain damage observed in our patients, we consider that
SARS-CoV-2 is likely to have directly or indirectly caused cPVL. Placental dysfunction
occurred in both cases, and led to perinatal asphyxia, hypoxic-ischemic encephalopathy,
and severe hypoglycemia in the second case. Yet, these complications do not fully explain
the nature and the severity of the brain injury. In adults and children, neurological manifes-
tations have been reported during SARS-CoV-2 infection [28-30]. However, viral RNA was
detected in the cerebrospinal fluid in a minority of adult patients with neurologic symp-
toms. In our study, a lumbar puncture performed in case 2 showed no evidence of central
nervous system invasion by the virus. Other potential mechanisms for brain injury have
been suggested, including systemic inflammation, immune-mediated damage, vasculitis,
and thromboembolic events [31]. Our cases do not meet criteria for fetal inflammatory
response syndrome [32], and we cannot determine whether vasculitis or thromboembolic
events could have contributed to perinatal brain injury.

With a measured rate of 22.8 mutations per year [33], one mutation is expected every
two transmissions. The single base difference between both cases suggests a short contact
chain, although no epidemiological link could be identified (the two women lived 200 km
apart). The limited number of cases does not allow testing for associations between
mutations and severity of neonatal disease. It is striking, however, that the same B1.1.221
lineage was involved in both cases presenting with severe neonatal brain injury.

6. Conclusions

SARS-CoV-2 can cause severe placental damage and acute fetal distress within days of
mild maternal infectious symptoms, leading to extensive cerebral lesions in the infants. The
only clinical symptom was maternal perception of decreased fetal movements. Pregnant
patients and healthcare professionals should be aware of rare but possibly severe outcomes
related to SARS-CoV-2 infection in pregnancy. Information on severe outcomes is the basis
of an effective and secure healthcare system, as demonstrated in previous viral crises [34].
Serial HUS should be performed to detect neonatal white matter damage when placental
COVID-19 is confirmed. More research is needed to understand the long-term impact of
COVID-19 on the developing brain, as well as to confirm whether one of the mutations
present in the viral lineage B.1.221 is specifically associated with brain injury or whether
this may occur with other variants.

Supplementary Materials: The following are available online at https://www.mdpi.com/article

/10.3390/v13122517/s1, Figure S1: CASE 1—fetal heart rhythm (FHR) monitoring at admission.
Figure S2: CASE 1—placental gross examination. Table S1: Neonatal laboratory values at birth.
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Abstract: The effects of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) infection
in women on the gestation course and the health of the fetus, particularly in the first and second
trimesters, remain very poorly explored. This report describes a case in which the normal develop-
ment of pregnancy was complicated immediately after the patient had experienced Coronavirus
disease 2019 (COVID-19) at the 21st week of gestation. Specific conditions included critical blood
flow in the fetal umbilical artery, fetal growth restriction (1st percentile), right ventricular hyper-
trophy, hydropericardium, echo-characteristics of hypoxic-ischemic brain injury (leukomalacia in
periventricular area) and intraventricular hemorrhage at the 25th week of gestation. Premature male
neonate delivered at the 26th week of gestation died after 1 day 18 h due to asystole. The results of
independent polymerase chain reaction (PCR), mass spectrometry and immunohistochemistry analy-
ses of placenta tissue, umbilical cord blood and child blood jointly indicated vertical transmission of
SARS-CoV-2 from mother to the fetus, which we conclude to be the major cause for the development
of maternal vascular malperfusion in the studied case.

Keywords: pregnancy; vertical transmission; fetal growth restriction; COVID-19; coronavirus; SARS-
CoV-2

1. Introduction

Pregnancy is characterized by physiological immunosuppression with predisposition
to respiratory viral infections [1]. In previous years, the severe acute respiratory syndrome
coronavirus (SARS-CoV) and the Middle East respiratory syndrome (MERS) coronavirus in-
creased the rate of hospitalization in an intensive care unit and lethal outcomes in pregnant
women [2]. The effects of SARS-CoV-2 on maternal and perinatal outcomes remain poorly
understood due to the limited research of clinical manifestations and laboratory findings
in pregnant women with Coronavirus disease 2019 (COVID-19) [3,4]. Thus, there is as
yet no consensus regarding the probability and implications of the vertical transplacental
transmission of SARS-CoV-2 [5-7]. Several findings indicate the possibility of vertical
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SARS-CoV-2 transmission. First, angiotensin-converting enzyme 2 (ACE2) (the main cellu-
lar receptor binding virus) was found to be expressed in the placenta, ovary, uterus and
vagina [8]. Second, clinical studies in China revealed immunoglobulin M (IgM) antibodies
in neonates from mothers with positive SARS-CoV-2 tests [9,10]. Third, IgM antibodies,
representing the acute phase of viral infection, are sufficiently large in size to pass from
the mother’s blood through the placenta. Finally, viral RNA and protein were found in
the placenta [11-14]. The vast majority of SARS-CoV-2 clinical cases of pregnant women
have been studied in the third trimester of pregnancy. The systematic review by Alexander
M. Kotlyar et al. indicated that vertical transmission of SARS-CoV-2 infection in the third
trimester is possible but rare (probability around 2-3.7%) and it is not associated with severe
neonatal pathology [15]. Out of 936 neonates from mothers with COVID-19, 27 neonates
were detected SARS-CoV-2 positive by the polymerase chain reaction (PCR) test with a
nasopharyngeal swab. The results of SARS-CoV-2 viral RNA testing were positive for 1 out
of 34 neonatal cord blood samples (2.9%), 2 out of 26 placenta samples (7.7%), 0 out of
51 amniotic fluid samples (0%), 0 out of 17 urine samples (0%), and 3 out of 31 fecal or rectal
swab samples (9.7%). The results of serology analysis of the neonates based on the presence
of immunoglobulin M were positive for 3 out of 82 samples (3.7%) [15]. However, very
little remains known about maternal and neonatal outcomes due to SARS-CoV-2 infection
in the first trimester and, particularly, the second trimester of pregnancy [11,12,15]. Unlike
the first and the third trimesters, the second trimester is associated with notable attenuation
of the mother’s immune activity [1]. To the best of our knowledge, only two case reports
of second trimester SARS-CoV-2 newborn testing have been published until now [11,12].
In the first case, viral mMRNA was found in the placenta and umbilical cord blood of a
child born after 22 weeks of gestation [11]. Electron microscopy confirmed the presence of
viral capsids on the fetal side of placenta. In the second case, all newborn samples were
SARS-CoV-2 negative, except the fetal side of placenta [12]. In both cases, the child did not
survive. Acute inflammation in placental tissue was considered to be the main cause of the
adverse pregnancy outcome. Further studies are necessary to characterize the effect and
potential risks of SARS-CoV-2 infection in the second trimester for fetus development.

Here we report the case of a second trimester pregnancy complicated by SARS-CoV-2
infection at the 21st week of gestation. The complications included fetal growth restriction
(1st percentile), right ventricular hypertrophy, hydropericardium, echo-characteristics of
hypoxic-ischemic brain injury (leukomalacia in periventricular area) and intraventricular
hemorrhage at the 25th week of gestation. The thorough examination of this clinical case
indicates the association between SARS-CoV-2 and maternal vascular malperfusion and
unambiguously demonstrates vertical SARS-CoV-2 transmission from mother to the fetus
associated with severe neonatal pathology.

2. Materials and Methods
Sample Collection and Preparation

All procedures for the collection, transport and preparation of the samples were
carried out according to the restrictions and protocols of SR 1.3.3118-13 «Safety procedures
for work with microorganisms of the I-II groups of pathogenicity (hazard)». Mothers’
nasopharyngeal swabs and blood, umbilical cord blood, amniotic fluid and the sample
of placenta were obtained right before and during C-section. Newborn nasopharyngeal
samples were obtained within 3 h after birth. Nasopharyngeal swabs were placed in
transport media. Nasopharyngeal specimens were stored at +4 °C and analyzed within
24 h. Blood samples were placed in a tube with EDTA, aliquoted in 100 uL and stored at
—20 °C. A sample of placental tissue was obtained from the chorionic side. Autopsy tissue
samples of lung, brain, intestine, liver and sample of placental tissues were frozen and
stored at —20 °C.

For PCR analysis, tissue samples were thawed and homogenized in 500 uL of RNAase-
DNAase-free water. Aliquots of blood and 100 pL of tissue homogenates were pretreated
with 400 L QIAzol Lysis Reagent (Kiagen GmbH, Germany). Virus RNA was extracted
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from 100 uL nasopharyngeal samples and 200 uL purified homogenates with kit PREP-NA
(DNA-Technology LLC, Russia) and eluted in 50 pL.

For proteomic analysis (high-performance liquid chromatography with tandem mass
spectrometry, HPLC-MS/MS), frozen tissue (100 mg) was homogenized using a glass-glass
tissue grinder in lysis buffer (4% SDS, 150 mM TRIS-HCl, 10 mM DTT, protease inhibitors
cocktail). Homogenate was heated at 95 °C for 10 min, sonicated three times for 2 min and
centrifuged at 10,000 g, +4 °C for 10 min. The supernatant was collected (SDS extract).
The pellet was extracted with urea buffer (8 M urea, 50 mM TRIS-HCI) for 30 min at
room temperature with constant stirring, centrifuged at 10,000 g, +4 °C. Supernatant
was collected (urea extract). The protein concentration was determined by BCA assay.
Aliquots of each extract containing 100 ng of total protein were mixed with 8 M urea in
0.1 M Tris-HCl, pH 8.5 in the ultrafiltration unit and were then processed by the filter aided
sample preparation (FASP) using Microcon 30 k centrifugal ultrafiltration units according
to the previous literature [16].

3. Pathomorphology and Ommunohistochemistry Examination

Macro and microscopic examination of placenta was performed in accordance with
the principles adopted by the Amsterdam placental workshop group consensus [17]. The
placenta was weighed without extraplacental membranes and umbilical cord. Tissue
fragments (ca. 0.5 cm wide) were excised through all parts of the placenta. The fragments
were fixed in 10% neutral formalin and embedded in paraffin. Paraffin sections were
stained with hematoxylin and eosin for microscopic examination.

The immunohistochemical study included reactions with polyclonal rabbit antibodies
against the S1 subunit of the spike protein (SARS-CoV-2 Spike antibody, GTX135356,
GeneTex, USA) and against the nucleocapsid protein (SARS-CoV-2 Nucleocapsid, GTX
135357, GeneTex, USA) with working dilution ratio of 1:500. Immunostaining reactions
were carried out on a Ventana Benchmark XT automatic immunostainer with an ultraVIEW
Universal DAB imaging system (Roche, USA). For positive and negative controls, sections
from SARS-CoV-2 Spike FFPE 293T cell pellet block (GTX435640 GeneTex, USA) and SARS-
CoV-2 Nucleocapsid FFPE 293T cell pellet block (GTX435641) were used, as recommended
by the antibody manufacturer. The second negative control was done using paraffin
sections of tissue from the placenta of a patient without SARS-CoV-2.

For the microscopic analysis of histo- and immunohistochemical reactions and photo
documentation we used a light microscope NIKON ECLIPS 80i (Nikon, Japan), morphom-
etry program NIS-Elements AR 5.11 and digital color camera DS-Fil (Nikon).

4. PCR Analysis

SARS-CoV-2/SARS-CoV Multiplex REAL-TIME-PCR (RT-PCR) detection kit (DNA-
Technology LLC, Russia) targeting the N gene and the E gene (specific for SARS-CoV-2)
the conserved region of the E gene (common for a group of coronaviruses like SARS-CoV,
including SARS-CoV and SARS-CoV-2) was used following the manufacturer’s protocol.
The assay includes an internal positive control to identify possible RT-PCR inhibition and
to confirm the integrity of the reagents of the kit. Thermal cycling was performed at 35 °C
for 20 min for reverse transcription, followed by: (1) 95 °C for 5 min, (2) 5 cycles of 94 °C
for10's, (3) 64 °C for 10's, (4) 42 cycles of 94 °C for 5s, (5) 64 °C for 10's, (6) 80 °C for 5 s
with a thermocycler RealTime system DTprime 4X1 (DNA-Technology LLC, Russia). Any
value of the threshold cycle was interpreted as positive for SARS-CoV-2 RNA. Samples
were tested twice, starting with RNA isolation.

5. Proteomic Analysis of Tissue (HPLC-MS/MS)

The tryptic peptides were analyzed in triplicate on a nano-HPLC Dionex Ultimate
3000 system (Thermo Fisher Scientific, USA) coupled to a TIMS TOF Pro (Bruker Daltonics,
USA) mass-spectrometer. The sample volume was 2 pL per injection. HPLC separation
was carried out using a packed emitter column (C18, 25 cm x 75 pm 1.6 um) (Ion Optics,
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Parkville, Australia) by gradient elution. Mobile phase A was 0.1% formic acid in water;
mobile phase B was 0.1% formic acid in acetonitrile. LC separation was achieved at a flow
of 400 nL./min using a 40 min gradient from 4% to 90% of phase B.

Mass spectrometry measurements were carried out using the Parallel Accumula-
tion Serial Fragmentation (PASEF™) acquisition method. The electrospray ionization
(ESI) source settings were the following: 4500 V capillary voltage, 500 V endplate offset,
3.0 L/min of dry gas at temperature of 180 °C. The measurements were carried out in
the m/z range from 100 to 1700 Th. The range of ion mobilities included values from
0.60-1.60 Vs/cm? (1/k0). The total cycle time was set at 1.16 s and the number of PASEF
MS/MS scans was set to 10. For low sample amounts, the total cycle time was set to 1.88 s.

6. Protein Identification

The obtained data were analyzed using PEAKS Studio 8.5 and MaxQuant version
1.6.7.0 using the following parameters—parent mass error tolerance—20 ppm; fragment
mass error tolerance—0.03 Da. Due to the mild denaturation conditions, the absence of
reduction and alkylation steps in one of the sample preparation approaches and short
hydrolysis time, up to 3 missed cleavages were allowed. However, only the peptides
with both trypsin-specific ends were considered for identification purposes. Oxidation of
methionine and carbamidomethylation of cysteine residues were set as possible variable
modifications. Up to 3 variable modifications per peptide were allowed. The search was
carried out using the Swissprot SARS-CoV-2 database with the human one set as the
contamination database. FDR thresholds for all stages were set to 0.01 (1%) or lower.

7. Results

A healthy 27-year-old primipara at the 21st week of gestation was diagnosed with a
moderate form of SARS-CoV-2 infection. Clinical symptoms included hyperthermia up to
39 °C, cough, anosmia, ageusia and decrease in oxygen saturation (SpO,) to 92%. According
to computed tomography (CT) data bilateral polysegmental pneumonia was detected
(15% of lung tissue damage). The patient was administered antibiotics (cephalosporin),
low molecular weight heparin, antiviral drugs (lopinavir-ritonavir) and dexamethasone.
Oxygen therapy was initiated on day 10. Therapy with low molecular weight heparins was
continued until delivery. According to the screening test at 12 weeks three days, nuchal
translucency was 1.8 mm, crown-rump length was 59 mm. According to the ultrasound
scan at the 19th week of gestation, the fetus size was consistent with gestational age.
Amniotic fluid index was normal.

At the 23rd week of gestation when a pregnant woman was already COVID-19 nega-
tive and had no clinical signs of disease, the ultrasound scan detected fetal growth restric-
tion (3rd percentile), oligohydramnios (AFI was 2.6), intraventricular hemorrhage, changes
in the diffusion of lung parenchyma, hydrothorax, relative cardiomegaly, hyperechogenic
bowel. The Doppler scan showed absent diastolic flow in the umbilical artery.

Starting from the 23rd week of gestation, the fetus was regularly monitored. According
to the Doppler scan at the 25th week of gestation the impaired feto-placental circulation
was observed—fetal umbilical artery Doppler pulsatility index was 1.9, absent end-diastolic
flow, middle cerebral artery pulsatility index was 1.3, peak systolic velocity was 40 cm/s,
decreased cerebroplacental ratio was 0.68, a-wave in ductus venosus was positive. The
uteroplacental circulation was normal. The ultrasound scan showed fetal growth restriction
(1st percentile), right ventricular hypertrophy, hydropericardium, decrease in global heart
contractility (Figure 1). According to neurosonography, echo-characteristics of hypoxic-
ischemic brain injury (leukomalacia in periventricular area), intraventricular hemorrhage
(blood clots in lateral ventricles) and partial agenesis of the corpus callosum were found.

The main clinical parameters of the pregnant woman when admitting to the hospital
are presented in Table 1. Urine test showed absence of protein in urine. All parameters in
biochemical blood analysis were normal. Markers of angiogenic/antiangiogenic factors
PIGF (placental growth factor) 17.08 pg/mL, sFlt-1 (soluble fms-like tyrosine kinase-1)
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1846 pg/mL, sFlt-1/P1GF 166.63 demonstrate placental disorders. Screening showed the
presence of SARS-CoV-2 antibodies IgG (ELISA kit S-2382 «DS-EIA-ANTI-SARS-CoV-2-G»)
with positivity index 13.0. IgM antibodies against cytomegalovirus, herpes simplex virus 1
and 2, Epstein-Barr virus were not detected.
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Figure 1. Ultrasound fetal heart scans at the 25th week of gestation: (A) intraventricular hemorrhage; (B) myocardial hypertrophy.

Table 1. Main laboratory parameters of the pregnant woman.

Parameter, Units Value Range
Leukocytes x 10° /L 1.41 3.53-42.8
Erythrocytes x 1012/L 3.64 2.79-5.26
Haemoglobin g/L 116 75-160
Haematocrit level L/L 0.34 0.34-0.45
Platelets x 10°/L 333 91-1058
Lymphocytes % 2.7 5-62
CRP mg 1.28 0.08-229
Fibrinogen g/L 3.59 2.02-9.04
Activated partial thromboplastin time s 28.2 20-38
PR sec 11.3 10.2-20.8
Thrombin time s 21.1 11-16
D-dimer ng/L 1253 25-34,280

At the 26th week of gestation characteristics of blood flow centralization were detected.
We recorded fetal umbilical artery pulsatility index 1.42, positive end-diastolic flow, middle
cerebral artery pulsatility index 0.96, peak systolic velocity 46.3 cm/s, cerebroplacental
ratio 0.67 (decreased), reverse blood flow in ductus venosus. Ultrasound scan indicated
fetal growth restriction (0.1 percentile) and anhydramnios.

Cesarean section was performed at the 26th week of gestation. Premature male neonate
was delivered with the birth weight 397 g and length 27 cm. Apgar score at the 1st min and
the 5th min was 5 and 7, accordingly. Delayed cord clamping was performed. The neonate
was transferred to the neonatal intensive unit (NICU). Neonate examination revealed the
congenital pneumonia, disseminated intravascular coagulation, antenatal intraventricular
hemorrhage grade 3 on the right side at the stage of cyst formation, congenital anemia
and cardiomegaly. The neonate was small for gestational age. Antibodies IgG against
SARS-CoV-2 were detected with positivity index 6.3. According to microbiological culture
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of feces, blood, throat and rhinopharynx did not demonstrate any growth. Asystole was
the cause of neonate death after 1 day 18 h 21 min.

According to morphological examination, the size of the placenta was 12 x 9.5 x 1.5 cm,
the weight of the placenta was 114 g after separation of the umbilical cord and membranes
(less than 10%). On the fetal and maternal surfaces and the incision, extensive areas of old in-
farct were determined, occupying 1/2-2/3 of the area Supplementary Materials Figure S1A,B.
Microscopic examination of the placenta showed numerous old infarcts and large areas of
villi surrounded by fibrin (Figure 2). Plethora and hemolysis were revealed in the vessels
of terminal and intermedjiate villi. Small areas of hemorrhage and lymphocytic-monocytic
infiltration were found in the decidual tissue. In some areas, neutrophilic leukocytes were
determined. In the decidual tissue of the extraplacental membranes, multiple lymphocytic-
monocytic infiltrates were observed (Figure 2). The umbilical cord was normal, without
signs of inflammation. Immunohistochemical analysis showed strong positive cytoplas-
mic expression of SARS-Cov-2 Nucleocapsid and SARS-CoV-2 Spike (S1 subunit) in the
cytotrophoblast and syncytiotrophoblast (Figure 3).

Figure 2. Microscopic changes in the placenta: (A)—infarct, X200; (B)—massive deposits of perivillous fibrin, x200;
(C)—pronounced plethora of villous vessels, x200; (D,E)—lymphocytic-macrophage infiltrate in the decidual tissue of the
placenta and extraplacental membranes, x200; x100. Stained with hematoxylin and eosin.

The corpse of the neonate weighed 470 g (normal weight 739 £ 181 g) and was 27 cm
long (normal length 32.2 + 2.4 cm). The meninges were smooth and shiny. The brain
weighed 75 g (normal weight 105 £ 21 g). Brain examination revealed hemorrhage in the
lateral ventricles, subependymal hemorrhages up to 0.3 cm in bilateral intraventricular
hemorrhage of the 3rd grade with areas of periventricular leukomalacia and hemorrhages
in the thalamus Supplementary Materials Figures S1C,D and S2C.

Thymus weighed 0.24 g (normal weight 2 + 1.1 g), with microscopic signs of acci-
dental involution. Punctate hemorrhages were observed on the visceral pleura. The right
lung was 7.27 g, the left lung was 5.8 g. The total lung weight was 19.07 g (normal weight
20.6 & 6.3 g). The lungs were reddish on the cut. Microscopy analysis revealed canalicular-
stage structure, areas of atelectasis, extensive fields of intra-alveolar hemorrhages and the
presence of hyaline membranes along the walls of the alveoli (Supplementary Materials
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Figure S2A,B). The heart was of a cone-shape, size 2.4 x 2 x 1.4 cm, weight 2.77 g (normal
weight 5.2 + 1.3 g). Small punctate hemorrhages were revealed on the epicardium. The
valves were formed correctly. The oval window was open with a diameter of 0.3 cm.
The thickness of the myocardium of the left and right ventricles was 0.3 cm. Microbio-
logical examination of tissue samples of the lung, liver and blood and intestine revealed

no microorganisms.
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Figure 3. Inmunohistochemical changes in the placenta due to the positive immunohistochemical reaction with antibodies
against severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) (Coronavirus disease 2019 (COVID-19)) Nucleocap-
sid (A-D) and against SARS-CoV-2 (COVID-19) Spike (S1 subunit) (E-H): (A,E)—in the trophoblast of villi, x200; (B,F)—in
the trophoblast of the villi in the infarction area, x200; (C,G)—in decidual tissue, x200; (D)—SARS-Cov-2(COVID-19)
Nucleocapsid FFPE 293T cell pellet Block, x200; (H—SARS-CoV-2 (COVID-19) Spike FFPE 293T cell pellet block, x200.

RT-PCR on the placenta and umbilical cord blood was positive for three SARS-CoV-2
and SARS-CoV-like genes (Supplementary Materials Figure S3).

Over 1000 proteins were identified in the COVID-19 patient placenta sample, among
which the PODTC9 | NCAP-SARS2 Nucleoprotein of SARS-CoV-2 was detected (Figure 4).
Nucleocapsid N protein was reliably detected and identified in the COVID-19 patient placenta
sample via two unique peptides (Supplementary Materials Table S1 and Figure S4).
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LPQGTTLPKG FYAEGSRGGS QASSRSSSRS RNSSRNSTPG SSRGTSPARM AGNGGDAALA LLLLDRLNQL ESKMSGKGQQ
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321 GMEVTPSGTW LTYTGAIKLD DKDPNFKDQV ILLNKHIDAY KTFPPTEPKK DKKKKADETQ ALPQRQKKQQ TVTLLPAADL
401 DDFSKQLQQS MSSADSTQA

Figure 4. Sequence coverage of the PODTC9 INCAP-SARS2 Nucleoprotein from SARS CoV-2 in the placenta sample from

COVID-19 patient.

8. Discussion

Opverall, our experience includes 42 SARS-COV-2 positive pregnant women who deliv-
ered in the National Medical Research Center for Obstetrics, Gynecology and Perinatology
in the period from April to July 2020 [18]. All newborns were SARS-CoV-2 negative ac-
cording to the results of PCR analysis of the placenta, amniotic fluid, umbilical cord blood,
nasopharyngeal and rectal swabs [18]. However, according to the earlier results by Auriti
et al., some newborns become SARS-CoV-2 positive on the 5th day, which suggests the pos-
sibility of horizontal transmission of the virus [19]. Our experience also includes 62 women
who were SARS-COV-2 positive at different stages of pregnancy but recovered by the time
of labor. All newborns were SARS-CoV-2 negative according to the PCR analysis. This indi-
cated the absence of transplacental transmission of the virus from mother to the fetus and
the teratogenic effect of the virus to the fetus, in agreement with previous studies [20,21].
Previously reported adverse outcomes of the SARS-CoV-2 infection included an increase in
the rate of preterm birth and hospitalization of newborns in the NICU [22].

Most studies have found no evidence of vertical transmission of SARS-CoV-2 from an
infected mother to the fetus or newborn [5-7,23]. However, mostly the infection in the 3rd
trimester has been studied until now. Data on the possibility of vertical transmission and
the effects of SARS-CoV-19 on the fetus in the 1st and 2nd trimesters remain very limited.

Vivanti et al. were the first to describe a case of delivery at the 35th week of gestation in
a woman with the symptoms of SARS-CoV-2 infection, positive PCR result in the placenta,
amniotic fluid and in the bronchoalveolar secretions of the newborn. The authors also
diagnosed the signs of damage of the white matter of the brain [24]. Also, several reports
indicate the association between SARS-CoV-2 infection and the levels of certain molecular
receptors, such as angiotensin-converting enzyme 2 (ACE-2). Thus, the levels of angiotensin
II and ACE-2 in the placental tissue have been recently reported to increase with the
gestational age and indicate the risk of the placental damage in the third trimester [25,26].

Unlike earlier studies, our report describes a case of the second trimester COVID-
19 associated with SARS-CoV-2 transmission to the placenta and to the fetus in utero.
In this case, our patient had no previous risk factors of severe neonatal pathology, the
pregnancy developed normally, as confirmed by the screening tests in the first and the
second trimesters. However, two weeks after having experienced SARS-CoV-2 infection,
the ultrasound scan detected fetal growth restriction (3rd percentile), oligohydramnios
(AFI-2.6), intraventricular hemorrhage, changes in the diffusion of lung parenchyma,
hydrothorax, relative cardiomegaly, hyperechogenic bowel. The Doppler scan showed
absent umbilical artery flow.

Apart from the SARS-CoV-2 infection, there were no other possible reasons and for
the development of such severe placental insufficiency in this woman. Within 4 weeks
of dynamic observation, the fetal-placental blood flow deteriorated to critical levels, and
therefore a surgical delivery was performed. So it can be proposed that in this case the
SARS-CoV-2 infection was the independent risk factor for placental insufficiency and severe
neonatal pathology.
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The changes revealed in the placenta are consistent with the literature data on the
development of maternal vascular malperfusion in SARS-CoV-2 positive women [27,28].
Taglauer et al. and Facchetti et al. observed the increased perivillous fibrin in 46.7% and
26.7% of cases, respectively, and placental infarctions in 33.3% and 40% cases, respec-
tively [29,30]. Therefore, we consider SARS-CoV-2 infection to be the major reason for the
development of the placental damage in our study. This conclusion is supported by the
results of PCR and mass spectrometry indicating the presence of SARS-CoV-2 in placental
tissue and umbilical cord blood. Furthermore, the results of our immunohistochemical
analysis show the obvious positive cytoplasmic expression of SARS-CoV-2 Nucleocapsid
and SARS-CoV-2 Spike (S1 subunit) in the cytotrophoblast and syncytiotrophoblast, which
is a strong indication for the vertical transmission of infection from mother to fetus [24].
This conclusion is further confirmed by the positive results of RT-PCR of the placenta and
umbilical cord blood for three SARS-CoV-2 and SARS-CoV-like genes.

Several earlier case reports have shown the presence of SARS-CoV-2 viral RNA and
protein in the placenta and virions found within the syncytiotrophoblast [11-14]. Few
studies have found antibodies against immunoglobulin M (IgM) in neonates born from
SARS-CoV-2 positive mothers [9,10]. This raises concerns regarding the possibility of
intrauterine transmission, as IgM cannot penetrate the placenta.

Also, the developing lesions of the placenta commonly lead to severe disorders of the
placenta and are associated with poor obstetrical outcomes such as fetal growth restriction
and fetal death [31,32]. Therefore, fetal damage and its subsequent death observed in our
study were very likely due to the placental lesions caused by SARS-CoV-2.

The developments of deposits of perivillous fibrin and extensive infarction of villi are
due to disorders of the uterine circulation in the placenta. In turn, the deposits of perivillous
fibrin and extensive placental infarctions naturally cause fetal hypoxia, which results in
bilateral intraventricular hemorrhage and disease of the hyaline membranes. Histological
evaluation of the placenta in mothers infected with SARS-CoV-2 has been described in
several studies showing various abnormalities [26]. Those abnormalities shared certain
pathological patterns, including vascular perfusion failure, fibrin deposition, and chronic
willitis or interillosis. In a pathological study of the placenta from a mother infected with
SARS-CoV-2, 12 out of 15 placentas showed signs of maternal vascular malperfusion, with
4 placentas showing central and peripheral villi infarctions [28].

Apart from the clinical and morphological value, our results also present the first
confirmation of SARS-CoV-2 proteins in infected placenta by proteomics (HPLC-MS/MS).
Tryptic peptides identified in the COVID-19 patient placenta sample coincide with the
major peptides from our previous study [33]. The N protein, being the most abundant
protein in the virion, is the best candidate for mass-spectrometry detection of the SARS-
CoV-2. The obtained results confirmed the potential of mass-spectrometry approaches for
the detection of the SARS-CoV-2 in different samples including biological fluids and tissues.

9. Conclusions

The studied case clearly showed that transplacental transmission of SARS-CoV-2
infection is possible not only in the last trimester of pregnancy, but also in earlier stages
of pregnancy. Transplacental transmission can cause the inflammation of placenta and
neonatal viremia with the damage of various organs and systems. For the first time, the
expression of Nucleocapsid N SARS-COV-2 protein in the placenta was confirmed by
proteomic method (HPLC-MS/MS).

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/1999-4
915/13/3/447/s1, Figure S1: Extensive infarctions of the placenta (A—maternal surface, B—fetal
surface, sectional view) and hemorrhages in the brain (C,D), Figure S2: Microscopic changes in the
lungs (A,B) and the brain (C): A—hemorrhages in the lumen of the alveoli, g-e x100; B—hyaline
membranes in the alveoli, d x200; B—hemorrhages in the periventricular region, g-e x100, Figure
S3: Fluorescence cycles in RT-PCR for three SARS-CoV-2 genes (blue, orange and purple color,
respectively): 1—the positive control, 2—the placental (A) and umbilical cord blood (B) samples,
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Figure S4: MS/MS data of detected peptides of PODTC9 | NCAP_SARS2 Nucleoprotein, Table S1:
Peptides from the PODTC9 | NCAP_SARS2 Nucleoprotein identified in the placenta sample from
COVID-19 patient.
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Abstract: The current coronavirus pandemic has affected, in a short time, various and different areas
of medicine. Among these, the obstetric field has certainly been touched in full, and the knowledge
of the mechanisms potentially responsible for placental damage from SARS-CoV-2 occupy a certain
importance. Here we present here a rare case of dichorionic twins born at 30 weeks and 4 days of
amenorrhea, one of whom died in the first few hours of life after placental damages potentially related
to SARS-CoV-2. We also propose a brief review of the current literature giving ample emphasis to
similar cases described.

Keywords: SARS-CoV-2; placenta; COVID-19; fetus; autopsy

1. Introduction

The SARS-CoV-2 pandemic (Severe Acute Respiratory Syndrome Coronavirus-2) has
had a global impact that has affected all different and distinct areas of medicine [1,2].
Among these, a place of great importance is occupied by the study and analysis of the
effects of the virus on pregnant women. Although at the beginning of the pandemic
there were few and anecdotal case reports or case series concerning these obstetric areas,
an increasing number of scientific papers have tried to shed light on the mechanisms
of etiopathogenesis and possible maternal-fetal transmission of the infection [3-5]. We
present here a rare case of a COVID-positive woman, pregnant at 30 weeks + 4 days of
amenorrhea, with a bi-chorial, bi-amniotic twin pregnancy, and with the birth of the first
living and viable fetus and the birth of the second fetus with severe intra-partum distress
and death after few minutes. We conducted morphological, immunophenotypic, electron
microscopy and real-time polymerase chain reaction (RT-PCR) studies in order to confirm
the presence of SARS-CoV-2 in placental tissues.

2. Materials and Methods

The patient was a 32-year-old woman with an early miscarriage previously suffering
from mild hypothyroidism, 165 cm tall and 57 kg in weight. Approximately 2 weeks before
labor, she contracted SARS-CoV-2, confirmed with a GeneXpert Dx Xpress SARS-CoV-2
RT-PCR assay (Cepheid). The analytical sensitivity and specificity are reported by the
manufacturer as 100% (87/87 samples) and 100% (30/30 samples), with a limit of detection
of 250 copies/mL or 0.0100 plaque-forming units per milliliter) [6], and she was experi-
encing modest symptoms, including cough, fatigue, headache, generalized malaise, and
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mild dyspnea without the need for mechanical ventilation. She was afebrile, heart rate
(HR) = 100/ min, respiratory rate (RR) = 14/min, blood pressure (BP) = 98 x 60 mmHg,
oxygen saturation (SpO2) = 98% on room air, fetal heart rate (FHR) = 147 /min and 113/min.
She had been given antibiotic therapy for premature rupture of membranes (Prom) after
a few days from maternal SARS-CoV-2 infection and prophylactic administration of cor-
ticosteroids for prematurity. Despite the administration of tocolytics, unstoppable labor
was experienced at 30 weeks and 4 days of amenorrhea. Thus, preterm vaginal delivery
occurred, and the first infant proved viable (weight 1295 g), while the second showed
hypotonia and cyanosis and died after few minutes (weight 1340 g).

Placentas underwent routine clinical examination consisting of storage at 4 °C prior to
fixation, fixation in 10% buffered formalin, photographs of the maternal and fetal surface,
measurement, trimmed weight, sectioning, and examination of the cut surface. Sections
submitted included 2 of membrane rolls, at least 2 of umbilical cord, 3 maternal surface
biopsies, 2 full thickness sections, and representative sampling of any lesions present.
Sections underwent routine processing, embedding, sectioning at 5 um and staining with
H&E. Histologic examination was performed by subspecialty perinatal pathologists who
were aware of the COVID-19 status. Cases were reviewed by 2 pathologists to confirm the
diagnoses. They were observed using an Olympus BX-51 optical microscope equipped
with the Olympus DP80 image acquisition system. Anti-SARS-CoV-2 spike S1 glycoprotein
monoclonal antibody, Thermo Fisher, Rabbit, was added, at pH 6, diluted 1:800, and the
antigen was demonstrated by heat-induced citrate buffer epitope retrieval for enzymatic
immunohistochemical (IHC) analysis. In addition, electronic microscopy analysis was
made from villi samples of both the chorial discs. At the moment of delivery, samples
were immediately fixed in 2.5% gluteraldehyde for 4 hours at 4 °C, and after overnight
immersion in phosphate buffer, post-fixed with osmium tetroxide in PBS for 2 h at a
temperature of 4 °C. The prepared samples were processed for inclusion in Araldite epoxy
resin (M) CY212 (TAAB, Aldermason, UK). Semithin sections 0.5 um thick were stained
with toluidine blue for microscopic analysis. Ultrathin sections were mounted on nickel
grilles with uranium acetate and lead citrate contrast. The semithin sections were observed
with a Nikon photomicroscope equipped with a Nikon Coolpix DS-U1 digital camera
(Nikon Instruments SpA, Calenzano, Italy). The ultrathin sections were observed with a
Morgagni 268 electron transmission microscope (FEI Company, Naples, Italy).

3. Results

The first placental disc weighed 240 grams, measured 14 x 12 x 1.5 cm, had smooth
and shiny membranes, and had a 31 cm umbilical cord, normospiralized, with paracentric
insertion. The second disc weighed 340 g, measured 15 x 10 x 1.5 cm, had smooth and
shiny membranes, and had a 15 cm, normospiralized funiculus with central insertion.

The first chorionic disc corresponded to the gestational age and presented very large
areas of intervillous fibrinous deposition (Figure 1) with the presence of numerous perivil-
lary histiocytes. Minor recent infarct foci were also described, while umbilical cord and
amnio—chorionic membranes were completely normal. The immunohistochemical reaction
for the SARS-CoV-2 protein S1 was strongly expressed both in the syncytiotrophoblast cells
and in the perivillary histiocytes described in H&E (Figure 2).

Electron microscopy showed signs of circular formations with a 100-130 nm diameter,
with peripheral electron dense spicules, which are likely viral particles in the cytoplasm of
the perivillary histiocytes (Figure 3).

Additionally, in the second case, developmental characteristics corresponding to
gestational age, large areas of intervillous fibrinous deposition (Figure 4A), and the presence
of numerous perivillary histiocytes (Figure 4B) were described. Immunostaining for anti-
SARS-CoV-2 S1 protein was strongly positive at the level of syncytiotrophoblast and
perivillary histiocytes (Figure 4C).

Following the birth, the baby was subjected to a nasopharyngeal swab, which was
positive, but which, when repeated after a few minutes, gave a negative result for SARS-
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CoV-2. Four days after death, a complete autopsy on the newborn was performed. On
external examination, no malformations were detected. All-natural orifices were probed
and appeared patent. Weight (1322 g) and anthropometric parameters were consistent
with gestational age (30 w+ 4 d) in a twin pregnancy. External genitalia were normal and
indicative of a male phenotype. By a skin and subcutaneous tissue Y-shaped incision, the
thoracic and abdominal cavities were explored, noting that umbilical arteries normally
extended on either side of the urinary bladder, along the inner abdominal wall, and
the umbilical vein normally coursed towards the liver in the falciform ligament and
patent. The domes of the diaphragm were inspected, and their positions were at the
fourth rib interspaces bilaterally. After removing the chest plate, it was observed with
a diaphanoscope, and four ossification nuclei were detected. Mild pleural, pericardial,
and peritoneal effusions were noted. Lungs appeared hypo-expanded and crouched in
their natural cavities. The heart only exhibited some subepicardial petechial spots on the
anterior ventricular surfaces, and its opening in situ showed no congenital anomalies. After
evisceration by the Rokitansky technique, all organs were carefully separated, dissected,
and subjected to tissue sampling. At skull examination, normal tension of fontanels was
appreciated. After their dissection, the brain was inspected in situ and then removed,
revealing reduced tissue consistency due to decomposition and no focal lesions. Tissue
samples were also taken from the brain. Histologically, all the organs removed, including
the lung (Figure 4D), showed congestive and sometimes hemorrhagic phenomena. A
focal epicardial lympho-monocytic infiltrate was also detected. A circumscribed area of
coagulative necrosis was in the spleen beneath the capsule. For suspicion of the first positive
swab, a histological lung sample was submitted to immunostaining for anti-SARS-CoV-2
51 spike protein, which was totally negative. The data are summarized in Table 1.

Table 1. Features of twin pregnancy.

Characteristics Fetus 1 Fetus 2

Condition Born alive Death after few minutes

Birth weight 1295 ¢ 1340 g

APGAR score 1'-5 9-10 1-1

Sex Female Male

First nasopharyngeal swab positive positive

Second nasopharyngeal swab negative negative

Placental Findings Perivillous fibrin deposition Perivillous fibrin deposition
Perivillous histiocytes Perivillous histiocytes

Anti-SARS-CoV-2 S1 spike protein  positive positive

Figure 1. Histological features of the first chorionic disc: deposition of intervillous fibrin and
chorionic villi corresponding to the gestational age (30 weeks). Hematoxylin-Eosin, 10x.
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Figure 2. Immunostaining for anti-SARS-CoV-2 spike protein S1 positive at the level of the syncy-
tiotrophoblast and perivillary histiocytes. (IHC, Original Magnification: 10x).

Figure 3. Circular formations with a 100-130 nm diameter were observed, with peripheral electron
dense spicules, which are likely viral particles in the cytoplasm of the perivillary histiocytes. (Electron
microscopy, 71,000x).
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Figure 4. (A) Histology of the second chorionic disc with extensive and massive deposition of
intervillous fibrin and presence of histiocytes available perivillary. (Hematoxylin-eosin, 4x). (B) His-
tological detail of the chorionic villi corresponding to the gestational age (30 weeks) with the presence
of numerous histiocytes available perivillary (Hematoxylin—eosin, 20x). (C) Immunostaining for
anti-SARS-CoV-2 S1 protein antibody strongly positive at the level of syncytiotrophoblast and periv-
illary histiocytes (brown staining, immunohistochemistry antiSARS-CoV-2 S1 spike protein, original
magnification: 20x). (D) Histological examination of lung parenchyma of stillborn fetus with
marked congestive phenomena and areas of peribronchial and interstitial hemorrhagic infiltration
(hematoxylin—eosin, original magnification: 10x).

4. Discussion

The new coronavirus-2 (COVID-19) pandemic has assumed a global importance that
has affected various and distinct sectors of medicine [1,2]. Among these, the role of SARS-
CoV-2 in placental pathology and the analysis of the risk of maternal-fetal transmission
are of some importance [3-5]. In these months of the pandemic, different case reports and
case series have tried to shed light on the placental histopathological alterations linked
to the virus, and we ourselves have recently published a paper that reported the data of
over 70 pregnancies of COVID-positive mothers [5]. The most significant finding is an
increase in the rate of features of maternal vascular malperfusion (MVM), most prominently
decidual arteriopathy including atherosis and fibrinoid necrosis and mural hypertrophy of
membrane arterioles [5,7,8]. MVM, previously known as maternal vascular underperfusion,
has been associated with oligohydramnios, fetal growth restriction, preterm birth, and still-
birth [9,10]. On the other hand, maternal—fetal transmission of the virus is a very rare event,
with about 0.34% of cases described in the literature in COVID-positive mothers [7,11].
Our case is very important because it demonstrates once more how fetal discharge can be
counted among the outcomes of SARS-CoV-2 infection. In this regard, recently, Poisson
et al. [12] reported a rare case of fetal demise in a positive SARS-CoV-2 patient whose
placental characteristics indicated extensive fetal vascular malperfusion with large infarct
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areas resulting in a rather substantial loss of the surface of the chorionic villi. Additionally,
Baud et al. reported [13] a pregnant woman with symptomatic coronavirus disease who
experienced a second-trimester miscarriage in association with documented placental
SARS-CoV-2 infection. Richtmann et al. [14] reported their experience in Brazil of five
SARS-CoV-2 positive women whose fetuses had died. Analysis of the placentas showed
mainly moderate/severe chorionamniotitis, fetal thrombi, intervillous fibrin deposition,
and intervillositis. More specifically, two cases had massive deposition of intervillous fibrin
associated with mixed intervillitis and villitis, and intense neutrophil and lymphocyte T
infiltration. Pulinx et al. [15] reported a more than rare case of vertical transmission of
SARS-CoV-2 in a young 30-year-old woman from whose fetus had been collected various
amniotic fluid samples at various times of pregnancy. Histological examination of pla-
cental tissues showed presence of extensive intervillous fibrin depositions and ischemic
necrosis of the surrounding villi, together with aggregates of histiocytes and cytotoxic T
lymphocytes in the intervillous space. In our case we observed severe placental alterations
in a twin pregnancy. While in the first fetus these alterations did not compromise the
viability, in the second, perhaps due to the prolongation of the expulsive phase and the
ischemia of the contractions, the placental lesions (especially the intervillar fibrin and the
activity of intervillar histiocytic cells) caused severe intra-partum suffering that irreversibly
compromised the viability of the fetus. The relationship between COVID-related placental
damage and neonatal death is possible, but this neonatal death can also result from other
causes and factors.

5. Conclusions

Our case represents a rarity for two reasons: there was not the very rare maternal—fetal
transmission of SARS-CoV-2 despite the placental parenchyma being strongly positive for
immunostaining for the spike protein, but at the same time the damage to both placental
discs did not allow the second fetus to be able to be adequately oxygenated in the intra-
partum, leading to a disastrous outcome. We could sum it all up with “died of COVID
without COVID”.
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Abstract: The study of SARS-CoV-2 positive pregnant women is of some importance for gynecolo-
gists, obstetricians, neonatologists and women themselves. In recent months, new works have tried
to clarify what happens at the fetal-placental level in women positive for the virus, and different
pathogenesis mechanisms have been proposed. Here, we present the results of a large series of
placentas of Coronavirus disease (COVID) positive women, in a reference center for COVID-positive
pregnancies, on which we conducted histological, immunohistochemical and electron microscopy
investigations. A case—control study was conducted in order to highlight any histopathological
alterations attributable to SARS-CoV-2. The prevalence of maternal vascular malperfusion was not
significantly different between cases and controls (54.3% vs. 43.7% p = 0.19), whereas the differences
with regard to fetal vascular malperfusion (21.1% vs. 4.2% p < 0.001) were significant. More frequent
in cases with respect to controls were decidual arteriopathy (40.9% vs. 1.4% p < 0.0001), decidual
inflammation (32.4% vs. 0.7% p < 0.0001), perivillous fibrin deposition (36.6% vs. 3.5% p < 0.0001)
and fetal vessel thrombi (22.5% vs. 0.7% p < 0.0001). No significant differences in the percentage
of terminal villous hyperplasia and chorioamnionitis were observed between the two groups. As
the pandemic continues, these studies will become more urgent in order to clarify the possible
mechanism of maternal-fetal transmission of the virus.

Keywords: SARS-CoV-2; pregnancy; COVID-19; placenta; transmission; outcomes; viruses

1. Introduction

At the end of December 2019, Chinese doctors in Wuhan, in the province of Hubei,
China, started to report the first cases of an anomalous pulmonary infection not directly
attributable to known infectious agents [1]. By the start of January 2020, the World Health
Organization (WHO) had confirmed that the etiological agent in the cases of pneumonia
was a new strain of Coronavirus, denominated SARS-CoV-2 (Severe Acute Respiratory
Syndrome due to Coronavirus-2), and within just a few months, the pandemic still unfold-
ing today had developed [1,2]. Despite the morphological and genomic resemblances to
SARS-CoV-1, responsible for the Asiatic SARS epidemic in 2002-2004, and to MERS-CoV,
associated with the Middle East Coronavirus respiratory syndrome, SARS-CoV-2 is much
more contagious, although the mortality rate is actually lower [1-4]. In Italy, the first
confirmed cases date back to the end of January, when two Chinese tourists from the
province of Hubei, traveling to Rome, were found positive for SARS-CoV-2 [5]. Then, in
February, after the first infections that developed in Codogno (Lombardy), many other
infection foci emerged, firstly mainly in northern Italy, in the Lombard provinces of Brescia,
Bergamo and Milan, but then spreading all over the peninsula [5,6]. By 11 February 2021,
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all the Italian regions had been infected by COVID-19 and more than two million positive
cases had been recorded [7].

As regards placental disease in virus-positive pregnant women, only case reports
or small, limited case series were reported in the first months of the pandemic [4,8-10].
However, as time passed, more and more cases of placental infection by SARS-CoV-2
were described, and there can be no doubt that with the progressive reduction in age of
patients affected, the question of placental involvement and of potential maternal-fetal
transmission has become an important matter of debate [10-12].

A study of the current literature seems to show that neonatal transmission is very
rare, and that there are no specific SARS-CoV-2 histopathologic placental modifications
observed in adverse perinatal outcomes, nor is there any evident greater risk of sponta-
neous abortion, preeclampsia, pre-term delivery or stillbirth [4,11,12]. However, few large
case series have yet been reported owing to the obvious technical instrumental difficul-
ties [13]. The present case—control study aimed to report the analysis of a large series of
placentas from SARS-CoV-2-positive mothers observed at a COVID-19 reference center
during the pandemic, and to compare them with a control group in order to highlight any
histopathological alterations attributable to SARS-CoV-2. The research is documented by
histopathological, ultrastructural and immunohistochemical findings, which are compared
with other literature data.

2. Materials and Methods
2.1. Patients

The study was made of 83 placentas from 81 pregnant mothers (2 twin pregnancies)
followed at the Gynecology and Obstetrics Operative Unit from 15 September 2020 to 31
January 2021, identified through electronic clinical records. All the women who presented
during labor and delivery underwent testing with GeneXpert Dx Xpress SARS-CoV-2
RT-PCR (Cepheid) [14]. The analytical sensitivity and specificity of this test are reported
by the manufacturers as 100% (87/87 samples) and 100% (30/30 samples), respectively,
with a detection limit of 250 copies/mL or 0.0100 plaque-forming units per milliliter [15].
Positivity to the SARS-CoV-2 test was an independent criterion for the histopathologic
analysis of the placentas. Among the positive SARS-CoV-2 group, twelve cases were
excluded because they were related to unavoidable abortions due to maternal pathologies,
which occurred in the 2nd trimester of the pregnancy, and to endo-uterine fetal deaths
(EUFD) unrelated to SARS-CoV-2 positivity. The final sample included 71 placentas.

2.2. Controls

The SARS-CoV-2 group was compared with a control group of 142 placentas (1:2), se-
lected from a population of pregnancy with physiological outcome, matched by gestational
age and maternal age. Historical controls were selected from an archive of 500 placentas
of women who had given birth between 2013 and 2018, of which 214 had a physiological
fetal outcome. In accordance with the Amsterdam criteria, the parameters considered were:
early maternal malperfusion, late maternal malperfusion, fetal malperfusion, placental
infection/inflammation, villitis of unknown origin, delayed maturation of the villi; in addi-
tion, placental alterations (excluded from the Amsterdam criteria), including intravenous
and chorangiotic hemorrhage, were taken into account. All records were retrieved from
the electronic archives of our laboratory.

2.3. Procedure

The placentas were fixed in Formalin buffered at 10%, and photographs of the maternal
and fetal surfaces were taken; they were then weighed, sampled and examined along the
cut surface. The samples obtained included 2 rolls of amnio-chorial membrane, at least
2 samples from the umbilical cord, 3 from the maternal surface, 2 full-thickness sections
and representative samples of any lesions presents. All samples were subjected to routine
treatment, inclusion, 5 um sectioning and hematoxylin—eosin staining (H&E). They were
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observed with an Olympus BX-51 Optical Microscope equipped with the Olympus DP80
image acquisition system. To randomly chosen sections of 51 placentas, the anti-SARS-
CoV-2 spike S1 glycoprotein monoclonal antibody, Thermofisher, Rabbit, was added, at pH
6, diluted 1:800, and the antigenic unmasking heat-induced citrate buffer epitope retrieval,
for enzymatic immunohistochemical (IHC) analysis. In addition, electronic microscopy
analysis was performed for 30 of the 83 placentas. At the moment of delivery, random
placental parenchyma samples were immediately fixed in 2.5% Gluteraldehyde for 4 h at
4 °C, and after overnight immersion in phosphate buffer, post-fixed with Osmium Tetroxide
in PBS for 2 h at a temperature of 4 °C. The prepared samples were processed for inclusion
in araldite epoxy resin (M) CY212 (TAAB, Aldermason, UK). Semifine sections 0.5 pm thick
were stained with Toluidine Blue for microscopic analysis. Ultrafine sections were mounted
on nickel grilles with uranium acetate and lead citrate contrast. The semifine sections were
observed with a Nikon photomicroscope equipped with a Nikon Coolpix DS-U1 Digital
Camera (Nikon Instruments SpA, Calenzano, Italy). The ultrafine sections were observed
with a Morgagni 268 electron transmission microscope (FEI Company, Naples, Italy). All
cases were examined independently under double-blind conditions by two pathologists
with expertise in the field of perinatal pathology, to confirm the diagnoses.

2.4. Statistical Analysis

A preliminary description of maternal features in the SARS-CoV-2 group and control
group was made, comparisons between means were performed with Student’s t test for
independent groups, and comparisons between percentages were made via chi-square test.
The placental findings were compared by chi-square test. To correct for the potential presence
of type I errors induced by multiple testing, all results were false discovery rate (FDR) corrected
with alpha = 0.05. Quantities are reported as mean =+ standard deviation. Categorical data are
reported as frequencies and percentages. Statistical analysis was performed by means of SAS
Software 9.4 (https:/ /support.sas.com/software/94/index.html).

3. Results

All the SARS-CoV-2-positive pregnant women who presented to the Gynecologic
and Obstetrics Clinic in the period between 15 September 2020 and 16 January 2021 were
enrolled in the study. Of the 83 placentas in the SARS-CoV-2 -positive group, 6 were from
unavoidable abortions due to maternal disease that developed in the second trimester
of pregnancy and 6 from endo-uterine fetal deaths (EUFD) in the third trimester; all
these placentas were excluded from the statistical analyses. The final sample included
71 placentas; 62 women had delivered at term (3742 weeks) and 7 preterm (<37 weeks).
The mean gestational period was 38.5 & 2.9 (20-42) weeks. The gravidae were aged 19
to 46 years, with a mean age 33.1 £ 6.1 years; 37 had a spontaneous vaginal delivery,
32 underwent cesarian section, urgent or elective; 31 were primiparous, 25 at their second
pregnancy and 13 multiparous. No prior disease before or during pregnancy was reported
by 54 women, while 3 were carriers of the methylenetetrahydrofolate-reductase gene
(MTHEFR), 1 of which was in association with a PAI-1 deficit, 4 were in treatment for
hypothyroidism, 5 were affected by gestational diabetes treated with a special diet (in 1 case
the metabolic disease was associated with hypertension and in 1 with allergic asthma), and
6 women were affected by hypertension; finally, 2 women had developed hepatogestosis.
All these women were positive for SARS-CoV-2 at the moment of delivery; 42 patients
(60.9%) were asymptomatic while 24 (34.8%) had a flu-like syndrome with one or more
of the following symptoms: slight fever, headache, cough, myalgia, anosmia and ageusia.
Of these, 13% required treatment. Finally, three (4.3%) patients had moderate/severe
symptoms (two patients needed oxygen in cannula ventilation and one patient mechanical
non-invasive ventilation). The Apgar scores of liveborn infants at 1 min were 8 or 9. All
Apgar scores at 5 min were 9 or 10. No neonatal deaths occurred. All the infants were
negative for SARS-CoV-2 at nasopharyngeal and/or pharyngeal swab.
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The 71 placentas from SARS-CoV-2 -positive mothers were compared with 142 control
placentas matched by gestational age and maternal age. The maternal and pregnancy
features are reported in Table 1.

Table 1. Maternal and pregnancy features in SARS-COV-2 and control groups.
Maternal and Pregnancy Features SARS-COV-2 Group Control Group U;C‘(;gﬁzt:d Correctl:]c?lpf Values

Maternal age (years), means =+ sd (range) 33.1 £ 6.1 (19-46) 33.1 £ 5.7 (16-46) 0.97 0.97
Gestational age (week), means + sd (range) 38.5 £ 2.9 (20-42) 38.9 + 1.8 (32-42) 0.24 0.83
Apgar score 1 min, mean (sd) 9(0.7) 9(0.9) 0.62 0.83
Apgar score 5 min, mean (sd) 10 (0.5) 10 (0.4) 0.54 0.83
Primiparous, n (%) 31 (44.9) 97 (68.3) 0.0021 0.008

Cesarean Section, n (%) 32 (46.4) 124 (87.3) <0.0001 0.0001
Diabetes, n (%) 5(7) 11(7.7) 0.55 0.61
Hypertension, n (%) 6 (8.6) 15 (10.6) 0.63 0.63
Thyroid dysfunction, n (%) 4(5.8) 7 (4.9) 0.53 0.61

Other pathology, n (%) 34.3) 2(1.4) 0.20 0.37

PROM, n (%) 6(8.6) 34 (23.9) 0.0063 0.017

IUGR, n (%) 0(0) 18 (12.7) 0.0005 0.003
Polyhydramnios, n (%) 1(1.4) 4(2.8) 0.46 0.61
Oligohydramnios, n (%) 1(1.4) 13 (9.2) 0.02 0.05

FDR correction was performed separately for means comparisons and for proportion comparisons. 1 = number of cases; sd = standard deviation.

In accordance with the matching, there were no significant differences in maternal
and gestational age between SARS-CoV-2-positive and control mothers (p > 0.05). Maternal
diseases were equally distributed in the two groups. PROMs were significantly less
prevalent in the cases than the controls (8.4% vs. 23.9% p = 0.017), as were IUGR (0% vs.
12.7% p = 0.003) and oligohydramnios (1.4 vs. 9.2 p = 0.05). There were no differences for
polyhydramnios (p = 0.61). Apgar scores at 1 min and 5 min were not significantly different
(p=0.83).

The mean placental weight was not significantly different between the two groups
(p = 0.48). No differences in the percentage of maternal vascular malperfusion were ob-
served in the cases compared to controls (54.3% vs. 43.7% p = 0.19), whereas the differences
with regard to fetal vascular malperfusion (21.1% vs. 4.2% p < 0.001) were significant. The
same applied for decidual arteriopathy (40.9% vs. 1.4% p < 0.0001), decidual inflammation
(32.4% vs. 0.7% p < 0.0001), perivillous fibrin deposition (36.6% vs. 3.5% p < 0.0001) and
fetal vessel thrombi (22.5% vs. 0.7% p < 0.0001). In contrast, a lower percentage of villous
hypervascularization (12.7% vs. 34.5% p < 0.001) was observed in the SARS-CoV-2-positive
group compared to controls (Figures 1-5). No significant differences in the percentage
of terminal villous hyperplasia and chorioamnionitis were observed between the two
groups (Table 2). The anti-SARS-CoV-2 spike-S1 glycoprotein antibody’s results were sig-
nificantly different, with 33/51 cases (65%) of diffuse positivity throughout the examined
section and 18/51 cases (35%) of localized positivity, the expression being prevalent in the
cytoplasm of the villi trophoblasts. We also observed positivity in 13/51 (25%) cases in
the endothelium of the villi capillaries in sites of thrombosis; 14/51 cases (28%) showed
positivity in the maternal decidual cells and in the intervillous histiocytes from maternal
blood (Figures 6-9).
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Figure 1. COVID-19-positive mother placenta. Terminal chorionic villi with poor vascular component (distal hypoplasia of
the villi due to early maternal malperfusion) with increased syncytial nodes. Some villi show a deposition of fibrin in the
intervillar space with progressive reduction of the villi (H&E, Hematoxylin and Eosin, 100x).

Figure 2. Amnio-chorionic membranes characterized by the presence of maternal neutrophilic granulocytes that infiltrate
the sub-amniotic chorion starting from the maternal blood (H&E, 100x).
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Figure 3. Basal deciduitis with a little trophoblastic component (superficial implant) and with few inflammatory cells (H&E,
200 %).

Figure 4. Deciduitis with large foci of necrosis and massive infiltration of mainly granulocytic inflammatory elements (acute
deciduous, H&E, 200 x) in the placenta of a COVID-positive mother.
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Figure 5. Histological section of the main villus: the artery has a thickened muscular wall, marked
intimal fibrous thickening (probable organization of arterial thrombus), clear reduction of the lumen,
and recent thrombosis of the residual lumen. H&E, 200 x.

Table 2. Placental findings in SARS-COV-2 and control groups.

Placental Finding SARS(;E%Z;: S();roup C(();l EoéaGsz(S);lp U:c‘(;;;:;?d FDR-Corrected p Values
Weight (grams), means =+ sd (range) 515 + 84 (240-760) 499.2 + 176.6 (130-1020) 0.48 0.48
Maternal malperfusion, n (%) 38 (54.3) 62 (43.7) 0.15 0.19
Decidual arteriopathy, n (%) 29 (40.9) 2(1.4) <0.0001 <0.0001
Fetal malperfusion, n (%) 15 (21.1) 6 (4.2) <0.0001 <0.0001
Decidual inflammation, n (%) 23 (32.4) 1(0.7) <0.0001 <0.0001
Perivillous fibrin deposition, n (%) 26 (36.6) 5(3.5) <0.0001 <0.0001
Terminal villous hyperplasia n (%) 14 (19.7) 30 (21.1) 0.81 0.81
Villous hypervascularization, n (%) 9 (12.7) 49 (34.5) 0.0007 0.0011
Thrombi in fetal vessels, n (%) 16 (22.2) 1(0.7) <0.0001 <0.0001
Chorioamnionitis, n (%) 5(7) 7 (4.9) 0.37 0.41

FDR correction was performed separately for means comparisons and for proportion comparisons. 7 = number of cases.

Figure 6. Section set up for immunohistochemistry investigation using the Sars-CoV-2 anti-spikes
glycoprotein antibody. Note the widespread involvement of brown-colored syncytiotrophoblast
(Immunohistochemistry, IHC, 100 x).
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Figure 7. Detail of the previous image. In addition to the positivity expressed by the trophoblast, a very intense positivity is
observed in the leukocytes of the maternal blood (IHC, 400x).

Figure 8. Expression of viral antigen in stromal cells of the basal decidua (IHC, 400 x).
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Figure 9. Detail of a small vessel of an 8th order main villus characterized by the expression of a spike glycoprotein antigen
on endothelial cells degenerated during thrombosis (IHC, 400 x).

Electron microscopy showed signs of endothelial damage in the fetal vessels, with
endothelial hypertrophy and a reduced lumen. In the cytoplasm of the trophoblasts of
some cells, circular formations with a 100-130 nm diameter were observed, with peripheral
electron dense spicules, which are likely viral particles (Figures 10 and 11).

Figure 10. Photomicrograph of syncytium trophoblast cytoplasm. In addition to the microvillary projections, the cell has
numerous secretory vacuoles, mitochondria and electrondense lysosomes (11,000x).
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Figure 11. Strong magnification of a spherical particle of 106,720 nm with spicular electron-dense projections next to a

strongly electrondense lysosomal formation (71,000 ).

4. Discussion

In recent months, various reports have been published describing studies of the
placentas of mothers affected by SARS-CoV-2. Some case reports and case series have
aimed to throw light on the pathophysiologic aspects of SARS-CoV-2 infection in pregnant
women [11-13,16]. These studies were focused in particular on the maternal outcomes
of patients with symptomatic disease; maternal death, stillbirth and neonatal death were
reported to occur in about 1% of the cases [17]. The risk of SARS-CoV-2 positivity in a
newborn from a mother admitted to hospital with symptomatic disease is about 2.5% [17].
Few works in the literature have reported solid evidence of vertical transplacental trans-
mission [12,13,16,18].

Allotey ] et al. suggest that pregnant women with symptomatic SARS-CoV-2 infection
are less likely to present with fever and myalgia, but are more likely to need intensive
care, ventilation, and have a higher risk of pre-term delivery [19,20]; moreover, death
occurs in a small number of cases that are COVID-related [21-24]. Among the 71 placentas
we analyzed, there were no cases of the maternal-fetal transmission of SARS-CoV-2,
and all the newborns were in good health at birth, with similar APGAR scores at 1 min
and 5 min to those of the controls (p = 0.83). The cases of unavoidable abortion in the
second trimester (n = 6) were linked to diseases not correlated with a viral infection in
course, such as chromosomal alterations and maternal conditions such as systemic lupus
erythematosus (SLE) and diabetes, which are in themselves often associated with a greater
spontaneous abortion rate [25]. In the same way, the six endouterine fetal deaths were
attributable to maternal conditions (pre-eclampsia and diabetes) that, in our opinion,
could not be correlated with the infection [25,26]. As can be seen in Table 1, the placental
alterations we observed are only partially comparable to those in the control population,
with signs of maternal vascular malperfusion (MVM) being observed in both cohorts. In
this sense, despite what was declared by Shanes [27] and Menter [13], we believe that the
vascular modifications of villi considered to be signs of MVM can also be seen as functional
adaptation phenomena in many cases, leading to a favorable neonatal outcome [28]. It is
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easier to correlate some of the alterations in the patients group to SARS-CoV-2 infection,
such as the presence of thrombi in the utero—placental arteries, of deciduitis foci with tissue
necrosis, and of an inflammatory infiltrate, which are likely correlated to virus-mediated
damage, as pointed out by Baergen [29]; these were more frequent in the virus-infected
patients than the controls. These latter findings were also confirmed by Prabhu et al. [30].
Phenomena such as fetal vascular malperfusion (FVM) and thrombosis, particularly of
small caliber vessels of the main sixth or eighth order villi, can be correlated to SARS-
CoV-2. Intervillous fibrin deposits are reported to be a very common observation in
SARS-CoV-2-positive women, as described by Chen et al. [31]. This finding seems to be
related more to an immuno-mediated outcome of maternal origin, rather than being a sign
of true maternal malperfusion. [27,29]. It is possible that immunological stimulation of
the mother, as well as trophoblasts damage, may be the underlying cause of the greater
intervillous fibrin deposits in SARS-CoV-2-positive placentas. Some authors [12,21,22,24]
have described the presence of intervillous histiocytes, interpreted as a sign of perivillitis.
In our experience, perivillitis with a significantly elevated number of histiocytes was
observed in only three cases, whereas the immunohistochemistry studies showed strong
positivity for the anti-SARS-CoV-2 spike glycoprotein antibody in maternal white blood
cells. It is important to note that several patients showed alterations normally attributable
to maternal diseases that have nothing to do with viral infection, such as diabetes or
latent hypertension, aspecific inflammatory reactions of the membranes, and non-specific
unreactive villitis. However, the immunohistochemical studies showed the presence of the
viral antigen in many maternal cells, particularly deciduous stromal and endothelial cells,
and in perivillous inflammatory cells. This issue has already been pointed out by Patane
et al. [23]; indeed, the positivity observed in syncytiotrophoblasts could be interpreted as
a barrier effect of these cells between the maternal and the fetal compartments. Only in
rare cases was endothelial positivity in the fetal capillaries associated with thrombosis. The
vascular damage that can occur is demonstrated by the frequent aspects of endothelial
hyperplasia of the fetal capillaries and the reduced lumen that we observed. The finding,
through electron microscopy, of structures compatible with the virus in syncytial cells,
associated with gross vacuolization of the cytoplasm, confirms the positivity of this cell
layer in terms of immunohistochemistry, as well as justifying the trophoblast necrosis
phenomena described by some authors, and has been indicated as the cause of maternal-
fetal transmission of the virus [32,33].

5. Conclusions

Our study, conducted on a large number of placentas, shows that in cases of SARS-CoV-
2-positive pregnant women without transmission of the disease to the fetus, the placentas
are largely unaffected by the inflammatory process. However, there are some more frequent
characteristics in the placentas of infected women, in particular, maternal thrombosis
and deciduous, increased intervillous fibrin, and, in rare cases, fetal thrombosis. The
immunohistochemical investigation demonstrates positivity for the anti-SARS-CoV-2 spike
glycoprotein antibody both among maternal cells (including inflammatory intervillary cells)
and in the trophoblast, and rarely in the endothelium. The ultrastructural investigation
demonstrated both the suffering of fetal endothelia and the presence of particles attributable
to SARS-CoV-2 in the trophoblast, in conjunction with its degeneration.

As the pandemic continues, these studies will become more urgent for clarifying the
possible mechanism of the maternal—fetal transmission of the virus.
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Abstract: As pregnant women are at high risk of severe SARS-CoV-2 infection and COVID-19
vaccines are available in Switzerland, this study aimed to assess the willingness of Swiss pregnant
and breastfeeding women to become vaccinated. Through a cross-sectional online study conducted
after the first pandemic wave, vaccination practices and willingness to become vaccinated against
SARS-CoV-2 if a vaccine was available were evaluated through binary, multi-choice, and open-ended
questions. Factors associated with vaccine willingness were evaluated through univariable and
multivariable analysis. A total of 1551 women responded to questions related to the primary outcome.
Only 29.7% (153/515) of pregnant and 38.6% (400/1036) of breastfeeding women were willing to
get vaccinated against SARS-CoV-2 if a vaccine had been available during the first wave. Positive
predictors associated with SARS-CoV-2 vaccine acceptance were an age older than 40 years, a higher
educational level, history of influenza vaccination within the previous year, having an obstetrician
as the primary healthcare practitioner, and being in their third trimester of pregnancy. After the
first pandemic wave, Switzerland had a low SARS-CoV-2 vaccination acceptance rate, emphasizing
the need to identify and reduce barriers for immunization in pregnant and breastfeeding women,
particularly among the youngest and those with a lower educational level.

Keywords: SARS-CoV-2; coronavirus; COVID-19; pregnancy; breastfeeding; vaccine willingness

1. Introduction

In 2020, the outbreak of a novel coronavirus, the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), was declared a pandemic with more than 166 million con-
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firmed cases worldwide. In Switzerland, more than 680,000 people tested positive with
more than 10,000 deaths reported [1].

Pregnant women are considered a vulnerable population for SARS-CoV-2 infection.
Current evidence suggests that they are up to 70% more susceptible to infection. If infected,
they are also at greater risk of developing complications [2—4] such as admission to an
intensive care unit, mechanical ventilation, and death [5,6]. Increased risk of caesarian
section, iatrogenic prematurity, post-partum hemorrhage, preeclampsia, and miscarriage
have also been reported [7-11].

Currently, two SARS-CoV-2 mRNA vaccines approved by Swissmedic (the Swiss
authority for the utilization and surveillance of therapeutic products) are used in the vac-
cine campaign in Switzerland [12]. However, vaccines cannot curb epidemics without
widespread acceptance. The World Health Organization (WHO) has listed vaccine hesi-
tancy as one of the top ten threats to global health [13], especially for populations at risk.
In Switzerland, as in many countries, vaccination programs have already been established
to protect pregnant women and their infants from serious infections such as influenza and
pertussis. Both influenza and pertussis vaccines have proven to be effective in protecting
mothers and their newborns [14,15]. However, immunization rates for influenza and per-
tussis have been disappointingly low in Switzerland [16] mainly due to a lack of adequate
promotion and compliance [17]. Low uptake of vaccination in pregnancy has been reported
worldwide [18,19] with several studies identifying inadequate knowledge about the disease
threat; doubts about vaccine safety, efficacy, and benefits; and the lack of recommendations
from vaccine providers, as the main obstacles among pregnant women [20-22]. Maternal
characteristics may also play a role. Unemployment, younger age (<25 years old), and
high perceived stress have been associated with lower vaccination rates during pregnancy,
whereas a history of depression increased the likelihood of being vaccinated [23].

SARS-CoV-2 vaccination has recently been recommended in Switzerland for pregnant
women who have additional risk factors or are at high risk of exposure through their
work. This vaccination strategy may represent a barrier to the successful vaccination of
all members of this high-risk group, especially when compared to some countries where
pregnant women are routinely vaccinated or considered a priority group. This is a glaring
example of the need to better understand the many factors influencing the acceptance of
and access to vaccination, especially among more vulnerable populations such as pregnant
women to develop targeted information campaigns.

Thus, in a cross-sectional survey during the first wave of the pandemic, we investi-
gated COVID-19 vaccine willingness among Swiss pregnant and breastfeeding women if a
vaccine was available, as well as the factors contributing to their acceptance or hesitancy.

2. Materials and Methods
2.1. Study Population and Data Collection

This Swiss cross-sectional online study is part of a European multi-center study con-
ducted in several countries (Belgium, Ireland, Norway, The Netherlands, United Kingdom)
and approved by the Ethics Committee Research of UZ/KU Leuven (id: S63966). The
questionnaire used in Switzerland was available in German, French, and Italian. The goal
was to examine the overall impact of the SARS-CoV-2 pandemic on pregnant and breast-
feeding women (i.e., pregnancy/breastfeeding experience, life and professional habits,
mental health status, relationship with the healthcare system, medication use, and vaccine
perceptions during pregnancy /breastfeeding) [24]. The COVID-19 vaccine willingness of
pregnant and breastfeeding women included in the multi-center study has already been
published [25], and the Swiss rate was among the lowest, hence the need to investigate the
factors associated with vaccine acceptance in a Swiss-specific study.

In Switzerland, the online questionnaire was accessible from 18 June to 12 July 2020
through websites, forums, and social media (www.letsfamily.ch, www.swissmom.ch,
www.medela.ch, www.chuv.ch). All data were collected and processed anonymously. All
participants provided online informed consent prior to survey initiation.
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2.2. Study Population

To be eligible, Swiss women needed to be at least 18 years old and be pregnant at the
time of the survey or have breastfed within the past three months.

2.3. Variables

We collected information on sociodemographic characteristics (i.e., age, primary
language, marital status, working status, education level), medical history (i.e., gravidity,
parity, co-morbidities, smoking during pregnancy, main practitioner for the pregnancy
follow-up, clinical course of the neonate for breastfeeding mothers), exposure to SARS-
CoV-2 or presence in an at-risk setting (i.e., symptoms potentially related to COVID-19,
hospitalization related to COVID-19, testing by RT-PCR, serology or computed tomography,
living with someone who tested positive, co-habiting with an elderly person (>65 years
old)). The negative impact of the SARS-CoV-2 pandemic on the pregnancy/breastfeeding
experience, life habits, and work was assessed through participants graded answers: “yes”
or “rather yes”, grouped as “negative impact of the SARS-CoV-2 pandemic”; and “rather
no” or “no”, grouped as “no negative impact of the SARS-CoV-2 pandemic”. Mental health
status was assessed using validated screening tests including the Edinburgh Postnatal
Depression Scale for depression [26,27], the Generalized Anxiety Disorder 7-item Scale for
anxiety [28], and the Perceived Stress Scale for stress [29,30]. Information on vaccination
practices was obtained through a dichotomic question on vaccination against influenza
within the past year (yes or no) and multi-choice questions assessing their opinion on
influenza vaccine usefulness during pregnancy and breastfeeding, the fear of maternal and
fetal /neonatal side effects, and overall vaccination acceptance.

2.4. Main Outcomes

COVID-19 vaccine willingness of pregnant and breastfeeding women if a vaccine had

Za7i

been available was evaluated through participants’ graded answers: “fully agree”, “rather
agree”, “rather disagree”, or “fully disagree”. Participants who “fully agree” or “rather
agree” were grouped as “willing to get vaccinated against SARS-CoV-2” and those who
“rather disagree” or “fully disagree” were grouped as “not willing to get vaccinated against

SARS-CoV-2” in the analysis.

2.5. Statistical Analysis

Baseline and medical characteristics, SARS-CoV-2 exposure (SARS-CoV-2 testing,
symptoms, and hospitalization), fears, impacts of the pandemic, mental health symptoms,
and vaccination habits were presented using descriptive statistics for both pregnant and
breastfeeding women. The prevalence of participants willing to get vaccinated against
COVID-19 was calculated.

The associations between variables of interest and the willingness to get vaccinated
against SARS-CoV-2 was measured by univariate and multivariate logistic regression
and were presented as crude odds ratios (OR) and adjusted odds ratios (aORs) with 95%
confidence intervals (95% CI). Variables with p > 0.10 in the univariate analysis were not
included in the multivariate model. The variables of interest were maternal age >40 years
old, educational level (dichotomized as higher than high school or not), professional activity
(dichotomized as active or not), primary language (French, German, Italian), maternal co-
morbidities (grouped into a single “any maternal co-morbidity” variable), testing positive
for SARS-CoV-2 infection (either by RT-PCR, serology, or CT-scan, grouped into a single
“tested positive for SARS-CoV-2” variable), living with someone >65 years old, having a
negative impact by the pandemic on the pregnancy/breastfeeding experience, life habits,
and work, experiencing symptoms of severe depression (EDS > 13), anxiety (GAD-7 > 15),
or high stress perceived (PSS > 27) (grouped into a single variable), being vaccinated
against influenza in the past year, previous history of declining vaccination, and fear of
side effects related to vaccines (for the mother and the fetus/neonate). Variables specific
to pregnant women (pregnancy practitioner, current trimester of gestation, and fear of
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an adverse fetal outcome in case of maternal SARS-CoV-2 infection) were studied in a
supplementary multivariate model including only pregnant participants.

2.6. Missing Values

Maternal comorbidities were considered as absent if not reported, based on the as-
sumption that severe comorbidities are normally documented. Based on the hypothesis
of missing variables completely at random (MCAR), multiple imputations with chained
equations (10 replications) were performed to increase the power of comparisons for
missing values.

3. Results

A total of 2064 respondents participated in the survey (1161 using the French ques-
tionnaire, 868 using the German questionnaire, and 35 using the Italian questionnaire)
including 1501 breastfeeding and 563 pregnant women. Among them, 513 (24.9%) did
not answer the question relating to whether they were willing to get vaccinated against
SARS-CoV-2 if a vaccine was available. Thus, 75.1% (1 = 1551) contributed to the analyses
addressing the primary aim of the study (1036 breastfeeding mothers and 515 pregnant
women) (Figure 1).

French-speaking Switzerland | German-speaking Switzerland Itallian-speaking Switzerland

N= 1161 N= 868 N= 35

I l |

Pregnant or breastfeeding women who completed the survey: N=2064

Pregnant women: N= 563 / Breastfeeding mothers: N= 1501

Participants who did not complete the main
* outcomes: N=513 (24.9%)
Pregnant. N=48 (8.5%) / Breastfeeding: N= 465 (31.0%)

v

Pregnant or breastfeeding participants who indicated whether they would consider

vaccination against SARS-COV-2 : N=1551
Pregnant women: N= 515 / Breastfeeding mothers: N= 1036

Figure 1. Flow chart.

3.1. Baseline Characteristics

Baseline characteristics are presented in Table 1. The median age of respondents was
33 years and the majority were married or cohabiting (79.8%; 1237/1551). A significant
proportion of women were healthcare providers (20.4%; 317/1551) or homemakers (9.0%;
139/1551). A high proportion of participants (46.5%; 721/1551) had an education level
above high school. Overall, 9.7% (151/1551) reported having co-morbidities.

Among the pregnant participants, the median gestational age was 28 weeks’ gestation
at the time of survey completion. Half of them were multigravida (275/515), among which
74.4% (204/274) and 18.2% (50/274) had one or more previous children respectively. More
than 90% (468/515) were under the care of an obstetrician. Among the breastfeeding
participants, 2.8% (29/1036) had their neonates hospitalized in an intensive care unit.

3.2. SARS-CoV-2 Exposure, Fears, and Beliefs

Data on SARS-CoV-2 exposure, fears, and beliefs are presented in Table 2. Almost
55% (850/1551) of participants reported having experienced symptoms potentially related
to SARS-CoV-2 within the 3 months preceding the survey. Only 10.9% (170/1551) of the
women had been tested for SARS-CoV-2 infection, among which 10.5% had a positive
result (18/170) through a PCR-based nasopharyngeal swab, serology, or CT-scan. Less than
1.0% (9/1551) reported having been hospitalized due to COVID-19. Only 1.2% (18/1551)
of participants reported living with someone older than 65 years old. Participants reported
that the COVID-19 pandemic had a negative impact on their pregnancy or breastfeeding
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experience in 35.3% (97/275) and 8.0% (41/512) of cases, respectively. According to
their responses, 11.0% (170/1551) of them experienced symptoms of severe depression
(EDS > 13), anxiety (GAD-7 > 15), or high stress (PSS > 27) over the last four weeks. More
than half of pregnant women (53.4%; 275/515) declared that they feared an adverse fetal
outcome in case of maternal infection.

Table 1. Baseline characteristics and medical history of participants. Abbreviations: ENT, ear nose throat; IQR, interquartile
range; NICU, neonatal intensive care unit, HCP, healthcare provider.

Pregnant Women Breastfeeding Mothers Total
n=>515 (%) n =1036 (%) n =1551 (%)
Baseline characteristics
Maternal age (years)—median 33 31-35
(IOR) (31-35) 33 (31-35) 33 (31-35)
>40 years 19 (3.7) 63 (6.1) 82 (5.3)
Marital status
Married/cohabiting 422 (81.9) 815 (78.7) 1237 (79.8)
Single/divorced/others 4 (0.8) 9 0.9) 13 0.8)
Unknown 89 (17.3) 212 (20.5) 301 (19.4)
Working status
Health care
provider 122 (23.7) 195 (18.8) 317 (20.4)
Employed other
than HCP 257 (49.9) 465 (44.9) 722 (46.6)
Student 3 0.6) 7 0.7) 10 (0.6)
Housewife 21 4.1) 118 (11.4) 139 (9.0)
Job seeker 12 (2.3) 23 (2.2) 35 (2.3)
Unknown 100 (19.4) 228 (22.0) 328 (21.1)
Educational level
Less than high
school 9 (1.8) 20 (1.9) 29 (1.9)
High school 75 (14.6) 212 (20.5) 287 (18.5)
More than high 257 (49.9) 464 (44.8) 721 (46.5)
school ’ ’ ’
Unknown 174 (33.8) 340 (32.8) 514 (33.0)
Primary language
French 217 (42.1) 418 (40.4) 635 (40.9)
German 183 (35.5) 322 (31.1) 505 (32.6)
Italian 8 (1.6) 23 (2.2) 31 (2.0)
Other 18 (3.5) 61 (5.8) 79 (5.1)
Unknown 89 (17.3) 212 (20.5) 301 (19.4)
Maternal co-morbidities
Any comorbidity 51 9.9) 100 9.7) 151 9.7)
Pulmonary 14 (2.7) 28 (2.7) 42 (2.7)
Cardio-vascular 6 (1.2) 11 (1.1 17 (1.1)
Pregestational
diabetes 5 (1.0) 9 0.9) 14 0.9)
Thyroid
dysfunction 12 (2.3) 27 (2.6) 39 (2.5)
Oncologic 1 (0.2) 2 (0.2) 3 0.2)
Hematologic 2 0.4) 0 0.0 2 0.1)
Auto-immune 2 (0.4) 4 0.4) 6 0.4)
Neurologic 3 (0.6) 4 (0.4) 7 (0.5)
Psychic 3 0.6) 6 0.6) 9 0.6)
Digestive 3 0.6) 7 0.7) 10 0.7)
Uro-genital tract 6 (1.2) 15 (1.4) 21 (1.4)
Cutaneous 2 0.4) 4 0.4) 6 (0.4)
ENT 0 0.0) 1 0.1) 1 0.1)
Smoking 69 (13.4) 149 (14.4) 218 (14.1)

157



Viruses 2021, 13, 1199

Table 1. Cont.

Pregnant Women Breastfeeding Mothers Total
n =515 (0/0) n =1036 (o/o) n =1551 (o/o)
Actual pregnancy or breastfeeding
Practitioner: ~ Obstetrician 468 90.9 /
Midwife 13 8.3
Family physician 4 0.8
Gestation 1 240 46.6 /
>1 275 53.4
Parity 0 20/274 7.3 /
1 204/274 74.4
>1 50/274 18.2
Planned pregnancy 483 93.8 /
Gestational age—median (IQR) 28 (18-34) /
1st Trimester 79 (15.0)
2nd Trimester 194 (40.7)
3rd Trimester 241 (44.3)
Neonate hospitalized in NICU / 29 (2.8)

Table 2. SARS-CoV-2 exposure, fears, and beliefs. Abbreviations: PCR, polymerase chain reaction.

Pregnant Women Breastfeeding Mothers Total
n =515 (%) n =1036 (%) n =1551 (%)
SARS-COV-2 exposure
Symptoms during the 3 last months 296 (57.5) 554 (53.5) 850 (54.8)
Hospitalized for COVID-19 2 (0.4) 7 0.7) 9 (0.6)
Tested for SARS-CoV-2 infection 48 (9.3) 122 (11.8) 170 (10.9)
fgi}on nasopharyngeal 39 (7.6) 112 (108.0) 151 9.7)
positive 5/39 (12.8) 6/112 (5.3) 11/151 (7.3)
negative 33/39 (84.6) 103/112 (92.0) 136/151 (90.1)
unknown 1/39 (2.6) 3/112 (2.7) 4/151 2.7)
Serology 7 (1.4) 21 (2.0) 28 (1.8)
positive 3/7 (42.9) 2/21 (9.5) 5/28 (17.9)
negative 3/7 (42.9) 16/21 (76.2) 19/28 (67.9)
unknown 1/7 (14.2) 3/21 (14.3) 4/28 (14.3)
Scanner 2 (0.4) 2 0.2) 4 (2.6)
positive 2/2 (100.0) 0/2 (0.0) 2/4 (50.0)
negative 0/2 (0.0) 2/2 (100.0) 2/4 (50.0)
Living with someone with symptoms 82 (15.9) 220 (21.2) 302 (19.5)
Living with someone tested positive 4 (0.8) 10 (1.0) 14 0.9)
Living with someone > 65 years old 6 (1.2) 12 (1.2) 18 (1.2)
Negative impact of the COVID-19
pandemic on:
Pregnancy or breastfeeding experience 97 (18.8) 41 (4.0) 138 (8.9)
unknown 240 (46.6) 524 (50.6) 764 (49.3)
Life habits 350 (68.2) 700 (67.6) 1050 (67.7)
unknown 8 (1.6) 25 (2.4) 33 2.1)
Work 295 (57.3) 394 (38.0) 689 (44.4)
unknown 100 (19.4) 320 (30.9) 420 (27.1)
Fear of an adverse fetal outcome 275 (53.4) /
Symptoms of severe depression, anxiety
or high stress perceived during the 1st 53 (10.3) 117 (11.3) 170 (11.0)

wave
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3.3. Vaccination Practices and Beliefs

Only 19.3% (85/440) of pregnant and 28.0% (249/891) of breastfeeding women were
vaccinated against influenza in the past year. Among the participants, 10.5% (163/1551) and
0.1% (2/1551) mentioned fear of potential consequences for their fetus/infant or themselves
respectively resulting from vaccination during pregnancy or breastfeeding. More than 20%
(324/1551) of them indicated usually declining influenza vaccination, and 7.5% (117/1551)
think the influenza vaccine is not needed during pregnancy or breastfeeding (Figure 2).

Vaccinatif)n habits

I
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Figure 2. SARS-CoV-2 vaccine willingness among Swiss pregnant and breastfeeding women, and vaccination habits.

3.4. Willingness to Get the SARS-CoV-2 Vaccine

Only 29.7% (153/515) of pregnant and 38.6% (400/1036) of breastfeeding women were
willing to get vaccinated against SARS-CoV-2 if a vaccine had been available during the
first wave. More specifically, 8.1% (127/1551) fully agreed, 27.5% (426/1551) somewhat
agreed, 40.4% (626/1551) somewhat disagreed, and 24% (372/1551) fully disagreed to get
vaccinated (Figure 2 and Table S1).

3.5. Factors Associated with SARS-CoV-2 Vaccine Willingness

Potential predictors of SARS-CoV-2 vaccine acceptance are shown in Table 3. So-
ciodemographic factors such as a maternal age above 40 years old (aOR 1.8 [1.1-3.2]), an
educational level higher than high school (aOR 1.5 [1.2-2.0]), and Italian as a primary
language (aOR 3.3 [1.4-8.0]) were associated with a higher rate of vaccine acceptance. On
the other hand, German-speaking participants were less likely to get vaccinated (aOR 0.7
[0.5-0.9]).
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Table 3. Factors associated with SARS-CoV-2 vaccine willingness among Swiss pregnant and breastfeeding women.

Abbreviations: aOR, adjusted odds ratio; CI, confidence interval; CT, computed tomography; OR, odds ratio; RT-PCR,

reverse-transcriptase polymerase chain reaction; T, trimester of gestation.

Participants Willing to Participants Not

. < Willing to Get
Get Vagggz;:;illggamst Vaccinated against OR (95 % CI) 4 aOR (95% CI) 4
COVID-19
N (%) N (%)
553 (35.7) 998 (64.3)

Baseline characteristics
Maternal age >40 years 42 (7.6) 40 (4.0 2.0 (1.3-3.0) 0.003 1.8 (1.1-3.2) 0.028
Educational level > highschool 300 * (75.9) 421* (65.6) 1.7 (1.3-2.2) <0.001 1.5 (1.1-2.0) 0.017
Professionally active 387 * (87.4) 652 * (83.6) 14 (1.0-1.9) 0.007 1.0 (0.7-1.5) 0.919
Primary language

French 238 (52.8) 397 (49.7) 11 (09-14) 0295

German 159 * (35.3) 346 * (43.3) 07  (0.6-09) 0005 07 (05-09)  0.015

Ttalian 19 * 4.2) 12* (1.5) 29 (1.4-6.0) 0.005 3.3 (1.4-8.0) 0.007
Any maternal co-morbidity 58 (10.5) 93 9.3) 1.1 (0.8-1.6) 0.457
Impact of the SARS-COV-2 pandemic
Tested positive for SARS-COV-2 (RT-PCR,
serology and/or CT) 9 (1.6) 3 (0.3) 55 (1.5-20.4) 0.011 3.3 (0.8-13.7) 0.095
Living with someone >65 years old 10 (1.8) 8 (0.8) 2.3 (0.8-6.7) 0.076 2.0 (0.7-6.1) 0.094
Negative impact of the pandemic on

Pregnancy 52 (19.9) 86 (16.3) 11 (1.0-12) 0215

}I:;f‘sits 398 * (72.8) 652 * (67.2) 1.3 (1.0-1.7) 0.023 1.0 (0.8-1.4) 0.822

Work 244 (60.1) 445 (61.4) 10 (07-12) 0672
iymptoms of severe depression, anxiety or 68 (12.3) 102 (10.2) 12 (0.9-17) 0211

igh stress
Vaccination habits and beliefs
Vaccinated against Influenza last year 197 * (41.1) 137* (16.1) 3.6 (2.8-4.7) <0.001 2.1 (1.5-2.8) <0.001
Usually decline vaccination 30 (5.4) 294 (29.5) 0.1 (0.1-0.2) <0.001 0.2 (0.1-0.3) <0.001
Fear of side effects related to vaccines 51 9.2) 114 (114) 0.8 (0.6-1.1) 0.179
Supplementary model including
pregnancy-related variables
S\Itesteb_dl t;i)ﬂy in pregnant women, N (%) N (%) OR (95%CI) p aOR  (95%CI) p
= 153 (29.7) 362 (60.3)

Follow-up by an obstetrician 144 (94.1) 324 (89.5) 19  (09-40)  0.101 36 (1.2-112)  0.027
Gestational age

T1 25 (16.3) 54 (15.0) 11 (07-19)  0.691

T2 47 (30.7) 147 (40.7) 0.6 (0.4-1.0) 0.033 0.6 (0.4-0.9) 0.015

T3 81 (52.9) 160 (44.3) 14 (1.020) 0074 18 (1.1-27)  0.018
Fear of an adverse fetal outcome in case of 75 (49.0) 200 (55.3) 0.9 (0.8-1.0) 019

infection

* Multiple imputations on missing values.

Having had the influenza vaccination in the past year was a positive predictor for
SARS-CoV-2 vaccine acceptance (aOR 2.1 [1.5-2.8]). Women who usually declined influenza
vaccination were less likely to be willing to get the SARS-CoV-2 vaccine (aOR 0.2 [0.1-0.3]).

When assessing the impact of the SARS-CoV-2 pandemic, none of the variables showed
statistically significant influence on the willingness to get vaccinated. However, a trend
toward COVID-19 vaccine willingness can be observed among women having a positive
diagnosis of SARS-CoV-2 (aOR 3.3 [0.8-13.7] and living with someone older than 65 years
old (aOR 2.0 [0.7-6.1]).

Among the pregnant participants, those who had an obstetrician following their
pregnancy (aOR 3.6 [1.2-11.2]) and who were in their third trimester of pregnancy (aOR
1.8 [1.1-2.7]) were more likely to be willing to receive the SARS-CoV-2 vaccine. On the
other hand, being in their second trimester of pregnancy was associated with a higher
SARS-CoV-2 vaccination refusal (aOR 0.6 [0.4-0.9]).

4. Discussion

Our results demonstrate that in Switzerland, only one-third (35.7%; 553/1551) of
pregnant and breastfeeding women that participated in the survey were willing to get a
SARS-CoV-2 vaccine during the first wave of the pandemic if one had been available. The
positive predictors for SARS-CoV-2 vaccine acceptance among all participants were an age
older than 40 years, a higher educational level, speaking Italian as their primary language,
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and having been vaccinated against influenza in the previous year. On the other hand,
speaking German and usually declining influenza vaccination were negative predictors.
Regarding pregnant participants, having an obstetrician following their pregnancy and
being in their third trimester of pregnancy were two positive factors associated with the
willingness to be vaccinated against SARS-CoV-2, whereas being in their second trimester
of pregnancy was a negative predictor. No association was found between maternal
co-morbidities and the participants” willingness to get vaccinated.

4.1. Interpretation

Our study shows that despite Switzerland being among SARS-CoV-2 high incidence
countries during the first wave with a particularly negative impact on pregnancy and
breastfeeding experience [24], it has a low rate of SARS-CoV-2 vaccination acceptance. The
results from our survey of Swiss women were among the lowest when compared to a
recent survey conducted in 16 countries that showed a SARS-CoV-2 vaccine acceptance rate
among pregnant women of 52.0%, with responses varying substantially between countries
(28.8-84.4%) [31]. An American cross-sectional survey showed a rate of 41% of SARS-CoV-2
vaccine acceptance among pregnant women [32]. The low percentage of Swiss pregnant
women willing to get the SARS-CoV-2 vaccine that we observed is consistent with the rather
low influenza and pertussis immunization rates in Switzerland previously mentioned [16].
We also identified variability in SARS-CoV-2 vaccine acceptance between different regions
of Switzerland. This has already been observed with Swiss-German women being more
reluctant to get their children vaccinated [33,34]. In contrast, the part of Switzerland most
affected by SARS-CoV-2, the Italian part, seems to have a higher rate of vaccine acceptance
than the other parts of Switzerland, although fewer Italian speaking women were included,
and these results should be interpreted with caution.

In this Swiss sub-analysis, the proportion of breastfeeding women willing to be
vaccinated was higher than that of pregnant women (38.6% vs. 29.7%). This difference
was also found in all countries included in the European study of which these data are a
part, with a difference of up to +25% for the UK [25]. These results support that “vaccine
hesitancy” may be even more common during pregnancy, which may be related to an
overall greater reluctance to use medicines during pregnancy.

When assessing factors influencing SARS-CoV-2 vaccine willingness among pregnant
women, our results are consistent with another study identifying older age and higher
educational level as positive predictors [31]. The same observations have been made for
acceptance of the pertussis and influenza vaccines [23,31]. The positive correlation that
we observed between SARS-CoV-2 vaccine willingness and having received the influenza
vaccine during the previous season has also been found in a recent study evaluating
pregnant women [32]. In addition, we identified that being in the second trimester of
pregnancy might be a negative predictor for SARS-CoV-2 vaccine acceptance, suggesting
a potential fear for induced fetal malformations. This is consistent with several studies
identifying fear for any potential harmful side effects of the vaccine on their fetus or
infant as well as concerns regarding safety and effectiveness as major reasons for vaccine
reluctance [22,31,32]. Concerns about teratogenicity would be more likely in the first
trimester, as second trimester exposures do not cause embryopathy. Here, patients who
responded to the survey as being in the second trimester correspond to those who were in
the first trimester at the time of the first wave, so our results may suggest that their fear of
teratogenicity may be higher in early pregnancy and not necessarily in the second trimester.
In contrast, we did not find an association between having experienced symptoms of severe
depression, anxiety, or high stress in the weeks prior to the survey and the willingness to get
the SARS-CoV-2 vaccine. This is not in line with a previous study where pregnant women
with a history of major depressive disorder and moderate anxiety were significantly more
likely to get influenza and pertussis vaccines [23]. However, at the time of the survey, no
SARS-CoV-2 vaccine was yet available, and thus, no information was available regarding
its safety or effectiveness in general and in the pregnant population, which may explain
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the reluctance of anxious or depressed women who may need safety information before
accepting the vaccine. This might also have influenced participants who did not answer
the question about SARS-CoV-2 vaccination acceptance, as the ambivalence toward this
vaccine is still very strong. It is also interesting to note that while most participants showed
acceptance of influenza vaccines, a much smaller percentage actually received it. This
might question the access of Swiss breastfeeding and pregnant women to vaccines and
how healthcare workers might play a role in it.

Our observations suggest that more than a specific reluctance toward the SARS-CoV-2
vaccine, it is one’s personal opinion on vaccination during pregnancy in general that might
prevent Swiss pregnant and breastfeeding women from getting vaccinated. Hence, it is our
hypothesis that SARS-CoV-2 and influenza or pertussis vaccines are avoided for similar
reasons: mainly the lack of recommendation by healthcare professionals and the lack of
compliance by pregnant women. Until the end of May 2021, Switzerland has made access
to vaccines challenging, even for women that might want to be vaccinated, which could
represent a barrier for vaccine acceptance. Furthermore, the ongoing debates over SARS-
CoV-2 vaccines may have a negative influence on the willingness of pregnant women
to become vaccinated. This emphasizes the need to improve access to vaccination for
pregnant women as well as knowledge and acceptance of immunization during pregnancy
among healthcare workers and pregnant/breastfeeding women.

4.2. Strengths and Limitations

In terms of temporality, our study explored the experience of Swiss pregnant women
during the first wave of the SARS-CoV-2 pandemic. Our study included a large number of
participants from different parts of Switzerland, was conducted in three official languages,
and is the first to address the question of SARS-CoV-2 vaccine willingness in the country.
Selection bias might have occurred as the proportion of participants who are professionally
active and highly educated was higher than the general population of Swiss pregnant
women [35,36]. This could have led to an increased vaccination acceptance rate, as highly
educated women tend to have a higher acceptance of vaccination, which would mean
that the vaccine willingness in the overall perinatal population might be even lower than
that reported here. The survey was conducted online and, although most Swiss women
have good access to the internet, those that rely more on online resources may have come
across the online survey more often when looking for information about their pregnancy
or breastfeeding. Women hospitalized or severely ill might not have had the opportunity
to participate. This could have biased the association between SARS-CoV-2 exposure and
the participants” willingness to get vaccinated toward the null. In addition, as only 5%
of women declared speaking another language in our survey, we might have an under
representation of the immigrant population.

Another limitation might be the overrepresentation of French-speaking participants,
which could be explained by the CHUV (Centre Hospitalier Universitaire Vaudois, univer-
sity hospital of the largest French-speaking canton) leading the present study. Since some
studies have shown an increased vaccination acceptance among the French-speaking part
of Switzerland, this could have overestimated the rate of SARS-CoV-2 vaccine willingness
in our study. Overestimation of SARS-CoV-2 vaccination acceptance could have also hap-
pened since a high percentage of participants were healthcare workers, more likely to be
exposed to SARS-CoV-2 positive patients, and thus, more prone to being immunized.

Factors reported to be associated with SARS-CoV-2 vaccine willingness, considered in
other studies, were not measured [31,32]. Those include socioeconomic status; perceived
risk of SARS-CoV-2 (likelihood of infection, self or infant); opinion on the importance to
public health to get a vaccine and for the majority of people to get vaccinated; compliance
with preventive measures; monitoring of SARS-CoV-2 news and updates; trust and satis-
faction with health authorities; as well as trust in science. Further surveys including those
variables would be needed to better specify the factors influencing SARS-CoV-2 vaccination
acceptance among Swiss pregnant women.
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Finally, this survey was conducted at a time when no SARS-CoV-2 vaccine had yet
been accepted by Swissmedic nor recommended for pregnant women. This could represent
an important bias, since participants were asked if they would accept a potential vaccine
without information about its efficiency and safety. Since this survey, the first randomized
controlled trial of SARS-CoV-2 vaccination in pregnancy has been initiated [37]. Addition-
ally, following the example of several other countries, the Swiss Society for Gynecology
and Obstetrics (SSGO) along with the Federal Public Health Office (OFSP) has recom-
mended, up until the end of May 2021, SARS-CoV-2 vaccination during the second and
third trimester for pregnant women at high risk of developing complications or at high risk
of exposure [38]. Recent studies also showed robust immune responses and efficient pas-
sage of antibodies to newborns after SARS-CoV-2 vaccination of pregnant women [39,40],
unlike transplacental immunization through infected mothers, which seems to be less
effective [41]. As new guidelines and more data on vaccinated pregnant women become
available every day [42], willingness to become vaccinated might evolve, and new studies
are urgently needed.

5. Conclusions

Our study suggests disappointing SARS-CoV-2 vaccine willingness among Swiss
pregnant and breastfeeding women, emphasizing the need to identify and reduce barriers
toward immunization. Inclusion of pregnant women in clinical trials, improving access
to vaccines, and providing tailored information for pregnant and breastfeeding women,
especially for those of younger age with a lower educational level, are crucially needed to
protect them from SARS-CoV-2 and other viral threats ahead.
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Dr. Sarah Stuckelberger and her colleagues should be commended for their cross-
sectional study assessing the willingness of Swiss pregnant and breastfeeding women to
be vaccinated against SARS-CoV-2 [1]. They emphasise the need to identify and reduce
barriers towards immunisation. Furthermore, they express the hope that when more data
become available about vaccinated pregnant women, willingness to be vaccinated will
increase. Moreover, the authors refer to a study [2] that has been unequivocally heralded
as a proof of safety for the use of COVID-19 mRNA vaccines in pregnant women.

Regardless, we would like to advise readers that the referenced article contains a
serious error regarding the interpretation of the data presented in Table 4. Prospective
cohort studies are routinely performed to establish the safety of novel obstetric interven-
tions. Such studies typically compare, at the same gestational age, the wellbeing of a
cohort that underwent the intervention to that of a comparable control cohort (or, in the
absence of this, the pertaining population) without the intervention. Nonetheless, the
cited study compared the control population’s incidence rate of spontaneous abortions
of 10 to 26% prior to week 20 to the incidence among the 827 study participants of which
700 received their first dose only in the third trimester, i.e., after week 26. However, a
correct comparison with the remaining 127 participants sets the 104 spontaneous abortions
recorded prior to week 20 at an alarming incidence of 82%, i.e., 3 to 8 times higher than in
the control population. This observation suggests that obstetric vaccine safety is severely
compromised during pregnancy and may lead to decreased willingness among pregnant
women to be vaccinated.

Author Contributions: Both authors contributed equally to this paper. All authors have read and
agreed to the published version of the manuscript.

Funding: The authors received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.
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We would like to thank Stroobandt, S. and Stroobandt, R. for showing interest in our
paper [1] and for sharing their concerns regarding COVID-19 vaccine safety in pregnant
women [2]. Although not being the main focus of our article, it is a key component of
COVID-19 vaccine acceptance in the pregnant woman population.

Both authors are warning the readership of Viruses about the safety of COVID-19
mRNA vaccines, suggesting an interpretation error in the results of Shimabukuro et al.’s
study which was considered as the first evidence of the safety of the COVID-19 vaccine
in pregnancy [3]. Stroobandt, S. and Stroobandt, R.’s interpretation leads to an 82% risk
of spontaneous abortion (104 spontaneous abortions for 127 participants exposed to the
first dose of the COVID-19 vaccine during the first trimester and who have completed their
pregnancy) instead of the 12.6% calculated by Shimabukuro and colleagues (104 sponta-
neous abortions for 807 participants with a pregnancy outcome at the time of analysis).
As we totally disagree with their interpretation of these data, we would like to take the
opportunity to respond to their letter.

Shimabukuro et al. decided to include in their analysis all women exposed to a
COVID-19 mRNA vaccine during pregnancy and who had the chance to complete their
pregnancy (i.e., live birth, spontaneous abortion, stillbirth, induced abortion and ectopic
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Publisher’s Note: MDPI stays neutral ~ pregnancy). This conservative approach has led to a larger contribution to the study
with regard to jurisdictional claims in  population of both patients with exposure occurring later in pregnancy and those with a
published maps and institutional affil-  short-term outcome, such as spontaneous abortion, as the available time to follow up was
fations. short. To our understanding, this study population might not have fairly represented the

population at risk for spontaneous abortion and might have led to a selection of women

ending with a spontaneous abortion. Spontaneous abortion incidence rates are sensitive

BY to gestational age at enrollment as the risk decreases over gestation, with later enrollees
Copyright: © 2021 by the authors. ~ carrying a lower risk, or no risk of the outcome as mentioned by Stroobandt, S. and
Licensee MDPI, Basel, Switzerland. ~ Stroobandt, R. Thus, a dedicated analysis estimating the rate of spontaneous abortion by
This article is an open access article  considering all women vaccinated during the first trimester who either had or were at
distributed under the terms and  risk of having a spontaneous abortion (i.e., beyond 20 weeks of amenorrhea at the time
conditions of the Creative Commons  of the analysis), even if still with an ongoing pregnancy, would probably have provided
Attribution (CC BY) license (https:// g fairer estimate. With the information available in the paper by Shimabukuro et al.,
creativecommons.org/licenses /by / the spontaneous abortion risk would have probably been around 10% (104 spontaneous

40/).

abortion for 1132 women vaccinated during the first trimester), which is even lower than
the previously published estimate.

In our opinion, the debated data, along with other published data [4,5] show very
reassuring results when evaluating the SARS-CoV-2 vaccination safety among pregnant
women to date. This is of paramount importance as pregnant women are considered a
vulnerable population for SARS-CoV-2 infection [6].

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