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COVID-19 vaccines in pregnancy

Marta C. Nunes"* and Shabir A. Madhi ® ">+

COVID-19 caused by SARS-CoV-2 coronavirus has been associated with severe ill-
ness in pregnant women. Furthermore, COVID-19 during pregnancy is associated
with adverse fetal outcomes including preterm labor. Pregnant women were largely
excluded from initial clinical trials investigating the safety and efficacy of COVID-19
vaccines; however, they have since been included as part of the routine roll-out of
these vaccines. This narrative review synthesizes the evidence on the safety, immu-
nogenicity, and effectiveness predominantly of the mRNA COVID-19 vaccines
which have been most widely used in pregnant women.

Implications of COVID-19 during pregnancy and vaccine development

Since the beginning of the COVID-19 pandemic, pregnant women were identified as a high-risk
group for severe complications. Observational studies revealed that SARS-CoV-2 infection in
pregnant women is associated with an increased risk of hospital admission, admission to an
intensive care unit, and invasive ventilation relative to non-pregnant women [1-3]. Pregnant
women with COVID-19, compared with contemporaneous or historical groups of pregnant
women without SARS-CoV-2 infection, had higher rates of pre-eclampsia (see Glossary),
eclampsia, stilloirth, and preterm birth (birth before completing 37 weeks of gestation) which
were attributed to COVID-19-associated proinflammatory mechanisms [3—6]. Furthermore,
1-5% of newborns to women infected with SARS-CoV-2 at the time of delivery were subse-
quently identified to be infected by the virus [7—10]. In neonates, SARS-CoV-2 infection generally
manifests as mild illness or is asymptomatic (20%); however, there are reports of young infants
being more susceptible to severe COVID-19 than older children [11,12].

COVID-19 vaccines were expeditiously developed and deployed to protect against disease,
including vaccines developed using less conventional platforms such as non-replicating vector
based-vaccines and mRNA vaccines [13]. COVID-19 vaccines were initially tested with large
numbers of subjects during Phase Il randomized controlled trials and were shown to be
efficacious at preventing infection and disease caused by wild-type SARS-CoV-2 and the
alpha variant in non-pregnant adults [14-20]. The initial pivotal COVID-19 vaccine efficacy
trials excluded pregnant women, leading to uncertainty regarding its safety and efficacy
in this population [21]. Nevertheless, by late 2020 and early 2021 the American College of
Obstetricians and Gynecologists (ACOG), the US Centers for Disease Control (CDC), the World
Health Organization (WHO), and other medical organizations and committees endorsed the routine
use of COVID-19 vaccines in pregnant women based on risk—benefit analysis [22—-26]. Since these
recommendations, pregnant women opting to be vaccinated were included in observational studies
and vaccine safety monitoring registers, and have provided crucial information on the immunogenicity
and safety of the available vaccines in this population [27]. Inadvertently, safety data on COVID-19
vaccines were also collected in some of the initial clinical trials when incidental pregnancies occurred
during the studies [28].

Vaccination of pregnant women against other pathogens such as influenza virus, Bordetella
pertussis, and tetanus is routine in many countries [29]. The use of COVID-19 vaccines employing
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the newer non-replicating vector and mRNA technologies merits ongoing monitoring, nota-
bly because future vaccination of pregnant women will involve an increasing proportion of
individuals with underlying immunity from past infection or vaccine receipt before becoming
pregnant. In addition to vaccination of pregnant women to protect them against COVID-19,
vaccination could also protect against adverse COVID-19-associated pregnancy outcomes.
Furthermore, COVID-19 vaccination during pregnancy could confer transient protection to
their offspring over the first few months of life through transplacental transfer of anti-
bodies or the acquisition of breastmilk antibody by the young infants. In a narrative review,
we synthesize recent developments on COVID-19 vaccines in pregnant women, including
published data on the safety, immunogenicity, and effectiveness of vaccination against
SARS-CoV-2 infection.

COVID-19 vaccines in pregnant women

As of the end of February 2022, the majority of reports on COVID-19 vaccines in pregnant women
reported on the BNT162b2 (Pfizer/BioNTech™) and mRNA-1273 (Moderna™) mRNA vaccines,
and less information has emerged on the use of the non-replicating adenovirus vector-based vac-
cines ChAdOx1 (Oxford/AstraZeneca™) and Ad.26.COV2.S (Janssen, Johnson & Johnson™)
[30-59]. Most studies have been performed in high-income countries where mRNA vaccines
were used for pregnant populations. The most common reported findings from mainly observa-
tional studies have been on safety and antibody responses, including antibody concentrations in
the women and cord blood at the time of delivery, following a single or two doses of vaccine
(Figure 1).

Safety of COVD-19 vaccination during pregnancy
The safety of COVID-19 vaccines in pregnant women is described in terms of systemic and local
adverse events, as well as pregnancy, maternal, and neonatal outcomes (Figure 1).

Systemic and local adverse events following COVID-19 vaccination during pregnancy
Comprehensive reporting of vaccine-related adverse events has been presented from Israel for
BNT162b2, from Romania for BNT162b2 and Ad26.COV2.S (results presented combined for
both vaccines), and four studies from the USA which evaluated BNT162b2 and mRNA-1273
vaccines. The study methods included case-control studies among 390 pregnant and 260
age-matched non-pregnant BNT162.b2 vaccinated women who received a digital questionnaire
after the second dose in Israel, and 173 non-pregnant and 173 pregnant women vaccinated in
their third pregnancy trimester in Romania. The studies from the USA entailed (i) analyses of na-
tional vaccine safety surveillance systems among pregnant and non-pregnant women; (i) an
online prospective cohort study including 7809 pregnant women, 6815 lactating women, and
2901 participants who were neither pregnant nor lactating but planned on falling pregnant
at the time of the receipt of their first vaccine dose; (iii) a prospective cohort of 84 pregnant and
16 non-pregnant vaccinated women; and (iv) a cross-sectional study of 38 pregnant and 991 non-
pregnant women who were vaccinated with BNT162b2 or mRNA-1273 [31,36,37,48,58,59].

The most common reported systemic adverse symptoms among pregnant women were tired-
ness (14-72%), headache (5-55%), myalgia (2-54%), chills (1-47%), nausea (5-29%) and
fever (2-45%). In general, the rate of systemic adverse events was higher following the
second vaccine dose for both mRNA vaccines [31,36,48], as was also evident in non-pregnant
individuals [14,16,58]. Furthermore, a higher frequency of adverse events was reported after
the higher-concentration mRNA-1273 vaccine (100 ug) than for the BNT162b2 vaccine (30 ug)
[48]. Among pregnant women, injection-site pain (57-97 %) was the most common local adverse
event for both mRNA vaccines.
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Glossary

Anamnestic response: a memory
response in which there is renewed
rapid production of an antibody on the
second (or subsequent) encounter with
the same antigen.
Antibody-dependent cellular
phagocytosis: a functional assay that
detects monocyte phagocytosis
(clearance) of antibody—antigen immune
complexes.

Antibody-dependent complement
deposition: a functional assay that
detects antibody-driven specific
complement activation.
Antibody-dependent neutrophil
phagocytosis: a functional assay that
detects neutrophil phagocytosis
(clearance) of antibody—antigen immune
complexes.

Arthralgia: joint stiffness or pain.
Chorioamnionitis: bacterial infection of
the chorion and amnion (the membranes
that surround the fetus) and the amniotic
fluid (in which the fetus floats) that occurs
before or during labor.

Chronic histiocytic intervillositis: a
disorder of pregnancy characterized by
infiltration of maternal macrophages into
the intervillous space of the human
placenta, often with accompanying
perivillous fibrin deposition.

Decidual arteriopathy: an abnormality
of maternal vascular malperfusion
involving injury to the maternal decidual
vessels and altered uterine and
intervillous blood flow.

Eclampsia: a severe complication of
pre-eclampsia. It is a rare but serious
condition in which high blood pressure
results in seizures during pregnancy.
Fetal vascular malperfusion: a group
of placental lesions indicating reduced or
absent perfusion of the villous
parenchyma by the fetus.
Lymphadenopathy: lymph nodes that
are abnormal in size (swollen lymph
nodes) or consistency.

Myalgia: soreness and achiness in the
muscles that can range from mild to
severe.

Oligohydramnios: low amniotic fluid
during pregnancy.

Paresthesia: burning or prickling
sensation that is usually felt in the hands,
arms, legs, or feet but can also occur in
other parts of the body.
Pre-eclampsia: a condition in which
pregnant women have high blood
pressure and protein in their urine; there
may also be swelling in the legs, feet,
and hands. It can range from mild to
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Figure 1. Different approaches used to determine COVID-19 vaccine safety, immunogenicity, and
effectiveness in pregnant women. (A) The safety of COVID-19 vaccines in pregnant women has been described for
systemic and local adverse events, and for pregnancy, maternal, and neonatal outcomes. (B) Anti-SARS-CoV-2 binding
(IgG, IgM) and neutralizing antibodies have been quantified in maternal and cord blood samples. Functional non-
neutralizing antibody responses were assessed by systems serology approaches in maternal and cord blood samples.
I9G, IgM, IgA have also been measured in breastmilk and IgG in infants up to 6 months of age. Cellular immune responses
have been described in pregnant women. (C) The effectiveness of maternal COVID-19 vaccination against documented
infection of the women during the 2 months after vaccination, and in their infants <6 months of age against COVID-19-
associated hospitalization. Figure created with biorender.com.

In general, the frequency of local and systemic events and the increased rate of reactogenicity
after the second dose were similar among non-pregnant and pregnant women irrespective of
the gestational age at time of vaccination. The exception was in Israel, where myalgia (24.1%
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vs. 49.2%), arthralgia (4.1% vs. 21.5%), headache (10.3% vs. 48.8%), injection-site pain (91.8%
vs. 96.2%), and lymphadenopathy (2.1% vs. 9.6%) were less common among pregnant than
non-pregnant BNT162b2 vaccinated women, whereas paresthesia (4.6% vs. 1.2%) was
more frequent in pregnant women [31]. Similarly, the study from Romania also reported a lower
frequency of myalgia (6.6% vs. 12.7%), lymphadenopathy (4.8% vs. 10.5%), and fever (10.1%
vs. 16.7%) in pregnant than in non-pregnant women, although fatigue (82.8% vs. 67.8%) was
more frequently reported in the pregnant women. Furthermore, the study from Romania also re-
ported that pregnant women who had a previous SARS-CoV-2 infection compared to those with-
out past infection had a higher frequency of fever (25.9% vs. 10.9%) and lymphadenopathy
(14.8% vs. 4.6%) after completing the full vaccination scheme [59].

Pregnancy, maternal, and neonatal outcomes following antenatal COVID-19 vaccination

The first preliminary findings on pregnancy outcomes among women who received mRNA
vaccines were reported using data from three USA vaccine safety monitoring systems — the
'V-Safe after Vaccination Health Checker' surveillance system, the V-Safe Pregnancy Registry,
and the Vaccine Adverse Event Reporting System (VAERS) [60-62]. The pregnancy registry en-
rolled 3958 women, 2.3% of whom were reportedly vaccinated during the pre-conception
period, and 28.6%, 43.3%, and 25.7% in the first, second, and third trimesters of pregnancy, re-
spectively. At the time of the analysis, there were 712 live births including 9.4% preterm births,
3.2% newborns small for gestational age (SGA), and 2.2% with congenital anomalies; the
rate of stillbirths was 0.1%. The profile of pregnancy outcomes in the V-Safe Pregnancy Registry
was similar to the national rate of the respective pregnancy outcomes in the pre-COVID-19 pan-
demic era. None of the women whose children had congenital anomalies were vaccinated during
the first trimester or pre-conception period. In addition, no neonatal deaths were reported in babies
born to the vaccinated women [48].

Fetal death was the pregnancy outcome most often investigated in the studies conducted to
date. Two studies in the USA using the CDC Vaccine Safety Databases and one case—control
study from Norwegian registries investigated whether vaccination during pregnancy increased
the risk of early fetal death [39,41,56]. In a large case—control surveillance of 105 446 pregnancies
there was no association between receipt of a COVID-19 mRNA vaccine within 28 days before
spontaneous abortion (8.6%) compared to ongoing pregnancies [8.0%; adjusted odds ratio
(OR) 1.02; 95%CI 0.96-1.08] [39]. In another US study evaluating mRNA COVID-19 vaccination
during pregnancy or in the pre-conception period, the cumulative risk of spontaneous abortion
(14.1%; 95%Cl 12.1-16.1) was within the risk range expected from two historical cohorts from
the USA (13-21%) [56,63,64]. In Norway, where mRNA and the ChAdOx1 COVID-19 vaccines
were used, the vaccination rate was 5.1% among 4521 women with a miscarriage before 14
weeks of gestation compared to 5.5% in 13 956 women with pregnancies that advanced be-
yond 14 weeks gestational age. In this study, vaccination in the previous 3 weeks (OR 0.91;
95%CI 0.75-1.10) or 5 weeks (OR 0.81; 95%Cl 0.69-0.95) was not associated with a higher
odds for miscarriage compared to no vaccination [41].

Although informative, the initial studies using the US registries were based on passive surveillance
and were limited to self-reporting of vaccine reactions and pregnancy events, and may thus be
subject to selection bias [48,56]. Health administration databases were used to investigate the
association between maternal COVID-19 vaccination and pregnancy outcomes in Israel, the
USA, Scandinavia, and Canada [34,35,50,53,54]. In Israel, no differences in pregnancy out-
comes between BNT162b2-vaccinated and unvaccinated women were observed in either of
the two population-based cohort studies using electronic registries [34,35], nor in a retrospective
cohort study which included women vaccinated in the second or third trimesters [54]. The
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assessed outcomes in the Israeli studies included pregnancy-related hypertensive disorders,
oligohydramnios, pre-eclampsia, maternal death and obstetric pulmonary embolism, mode of
delivery, abortion, stillbirth, gestational age at delivery, frequency of SGA, newborn respiratory
complications, congenital malformations, all-cause hospitalizations, and infant death.

In the USA, a retrospective cohort study of 46 079 live births from eight Vaccine Safety Datalink
healthcare organizations compared the risk of preterm birth and SGA among vaccinated
(10 064, 21.8%) and unvaccinated pregnant women, accounting for time-dependent vaccine
exposures and propensity to be vaccinated [65]. Of the vaccinated women, 98% received their
first dose during the second or third trimesters (4.2% received Ad.26.COV2.S and 85.8% an
MRNA vaccine). Vaccination during pregnancy was not associated with an increased risk
for preterm birth overall [adjusted hazard ratio (aHR) 0.91; 95%CI 0.82-1.01)] or SGA (0.95;
95%CI 0.87-1.03), or when evaluating whether one or two doses of mRNA vaccines were
received or the trimester of vaccination during pregnancy, compared to the risk in unvaccinated
pregnant women [65]. Another US study used a comprehensive vaccine registry combined with a
delivery database for an integrated healthcare system to create a delivery cohort [50]. This study
mainly reported on outcomes after third-trimester vaccination among 140 women (one received
Ad.26.COV2.S, 12 received MRNA-1273, and 127 received BNT162b2), and the frequency of a
composite measure of maternal and neonatal pregnancy complications was similar among the
vaccinated (5.0%, 7/140) and unvaccinated (4.9%, 91/1862) women. No maternal or early neo-
natal deaths occurred in the cohort [50]. Also in the USA, 424 pregnant women who received a
mMRNA vaccine in the first (29%), second (46%), or third (25%) trimesters showed no difference in
pregnancy outcomes relative to national or their institution rates [53].

Reassuring safety findings were also reported from two large population-based observational
retrospective studies that addressed potential sources of bias in observational studies of vaccina-
tion during pregnancy, including healthy vaccinee bias and confounding by indication, immortal
time bias, or cohort truncation [66,67]. The report from Canada linked the Ontario Birth Registry
with the provincial vaccination system and identified 97 590 pregnant women who were eligible
for COVID-19 vaccination during the study period, of whom 23% had been vaccinated with
at least one dose (<1% vaccinated in the first trimester; >99% received mRNA vaccine). The
women who received a COVID-19 vaccine compared to unvaccinated pregnant women had a
similar frequency of post-partum hemorrhage, chorioamnionitis, cesarean delivery; and no
difference in low Apgar score or neonatal care admission in their newborn [66]. Similarly, data
from the Swedish Pregnancy Register and the Norwegian Birth Registry were linked with the
vaccine registries in the respective countries. Together, the databases from Sweden and
Norway included 157 521 pregnant women, 18.1% who received a COVID-19 vaccine (3.9%
vaccinated in the first trimester; >98% received an mMRNA vaccine). There was no association
between receipt of COVID-19 vaccine and risk of preterm birth, stillbirth, SGA, low newborn
Apgar score, or neonatal care admission [67].

The impact of ChAdOx1 vaccination on fertility rates and birth outcomes was assessed among
pregnancies that occurred during the conduct of Phase I-lll clinical trials in three countries (UK,
Brazil, and South Africa) [28]. Although pregnancy was an exclusion criterion for all the trials,
pregnancies transpired during the follow-up phase of the study after women had been vaccinated
pre-conception. Overall, 121 (1%) pregnancies were reported among the 9755 women
<49 years of age who participated in the studies. Fertility rates were similar among women
who received ChAdOx1 (1.02%) compared to those in the control groups (0.89%, P = 0.53).
Although 52% of the pregnancies were still ongoing at the time of analysis (July 2021), the
rate of miscarriage was similar in pregnancies among the ChAdOx1 (14%) and the control
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groups (21%, P =0.51). An analysis restricted to the 15 live births identified three preterm births
in the ChAdOXx1 group. No stillbirths or neonatal deaths were reported in either group [28].

MRNA vaccines induce an immune response through activation of Toll-like receptors (TLRs) in-
cluding TLR3. Activation of TLR3 by other routes has been linked to adverse placenta-associated
pregnancy outcomes in rodent models, including growth restriction, preterm delivery, and fetal
death [68-70]. Furthermore, SARS-CoV-2 infection during pregnancy has been associated
with placental anomalies such as decidual arteriopathy, fetal vascular malperfusion, and
chronic histiocytic intervillositis [71,72]. Hence, it is important to evaluate the frequency of
possible placental pathology in pregnant women vaccinated with mRNA vaccines. One report
detected no difference in the frequency of placental histopathological lesions in 84 pregnant
women vaccinated during pregnancy (vaccine brand not stated) compared to 116 unvaccinated
women. Furthermore, high-grade chronic villitis was more common in the unvaccinated (14%)
versus vaccinated (5%, P = 0.04) groups [47].

The current data suggest that vaccination of pregnant women with COVID-19 vaccines is not
associated with an increased risk of adverse pregnancy, maternal, and neonatal outcomes. How-
ever, most of the vaccinations of the pregnant women involved mRNA vaccines administered
during the second and third trimesters of pregnancy, and this should be considered when inter-
preting the findings.

Immunogenicity of COVD-19 vaccination during pregnancy

Anti-SARS-CoV-2 antibody responses in pregnant women after vaccination

Although 17 observational studies analyzed the immunogenicity of COVID-19 vaccines in
pregnant women up until the end of February 2022, the majority enrolled <100 participants
(Table 1). Furthermore, the studies varied in the immunological assays used to analyze
antibody responses following vaccination, preventing comparisons between studies or
different vaccines. Most of the published studies were conducted in the USA (38%) or Israel
(50%) [30-32,36,38,40,42-46,49,51,55].

Serum immunoglobulin G (IgG) responses against the receptor-binding domain (RBD) of the
SARS-CoV-2 spike (S) protein or against S1 and S2 were measured in the women across all
studies [30-32,36,38,40,42-46,49,51,52,55,57,59], IgM concentrations were reported in six
studies [30,36,42,44-46] and IgA concentrations in one [36]. Because breastmilk antibodies
could confer protection to infants against illness, IgA, IgG, or IgM in breastmilk were measured
in three studies in women who had been vaccinated during pregnancy [32,36,43]. Neutralizing
antibody activity against SARS-CoV-2, which has been established as a surrogate for protection
against infection and mild-to-moderate COVID-19 caused by the original SARS-CoV virus, was
also reported in three studies [32,36,45,73]. Figure 1 summarizes the different immunological
responses measured.

Overall, pregnant women mounted robust humoral immune responses to vaccination, and IgG
seropositivity was 100% following the second dose of an mRNA vaccine [40,43-46,52,57].
Unsurprisingly, women who received two vaccine doses had higher serum IgG concentrations
than those receiving a single dose [30,36,44]. The anti-RBD IgG, anti-S IgG, and neutralization
antibody activity in pregnant women following one or two doses of an mRNA vaccine were, in
general, similar to those in non-pregnant women [32,36,59]. A case—control study in Israel, how-
ever, detected a significantly lower serum anti-RBD IgG concentration 2 weeks to 2 months after
the second dose in 96 pregnant women vaccinated at 2—40 weeks of gestation (signal to cutoff
median, 27.03 + 10.72) compared to 96 control non-pregnant women (34.35 + 10.25; P < 0.001)
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[31]. Immune responses to RBD and spike have also been compared after vaccination with
MRNA vaccines in pregnant women relative to convalescent serum following natural SARS-
CoV-2 infection during pregnancy [30,32,36,38,43,49,51]. Although the timing of the events
(vaccination and infection) during pregnancy was not always matched, vaccine-induced antibody
concentrations were always higher than those induced by infection [32,36,43,49,51]. One study,
in which pregnant women vaccinated in their third trimester with BNT162b2 or Ad26.COV2.S
were stratified by SARS-CoV-2 seropositivity before vaccination (i.e., a surrogate for previous infec-
tion status), showed that anti-RBD IgG levels increased in both groups from pre-vaccination to
after vaccination for a 4 month period, and were significantly higher in the baseline seropositive
group, indicating an anamnestic response via priming induced by previous SARS-CoV-2
infection [59].

The proportion of women with serum IgM to RBD and spike assessed after vaccination was
consistently lower than for IgG responses [30,36,42,44-46]. Unsurprisingly, one study reported
that — in contrast to IgG responses to spike — IgM responses increased after the first dose but
not after the second mMRNA vaccine dose [36]. Although vaccine-induced anti-RBD and anti-S
IgG antibodies were detected in breastmilk samples of all women, the concentrations were
lower than serum IgG concentrations [32,36,43].

Two studies from the USA described humoral responses to COVID-19 mRBNA vaccines in
pregnant compared to non-pregnant women, including serum IgG, and used systems serol-
ogy to investigate antibody effector functions [32,74]. Both studies reported similar anti-S
specific antibody-dependent neutrophil phagocytosis, antibody-dependent complement
deposition, and antibody-dependent cellular phagocytosis in pregnant women compared
to non-pregnant women. One study found, however, that antibody effector functions and Fc
receptor (FCR) binding were lower in pregnant compared to non-pregnant counterparts after the
first vaccine dose, but were similar after the second vaccine dose [74]. In addition, despite overall
lower IgG concentrations against multiple SARS-CoV-2 IgG epitopes in cord blood compared to
maternal blood, MRNA COVID-19 vaccination during the third pregnancy trimester was associated
with enrichment of functional RBD-specific FcyR-binding antibodies in cord blood, as was also
observed following SARS-CoV-2 infection in pregnant women [75]. The other study also assessed
cellular immune responses to mMRNA vaccination by quantifying S-specific CD4 and CD8 T cells
and central memory T cells, and reported a similar frequency of S-specific IFN-y-secreting cells
in pregnant and non-pregnant women measured by enzyme-linked immunospot assay [32].

Transplacental transfer of anti-SARS-CoV-2 antibodies to the newborn after maternal vaccination
It is established that binding and neutralizing antibodies induced by vaccines undergo maternal to
fetus transplacental transfer [31,32,36,40,42,43,45,46,49,51,55,57]. All studies, independently
of which mRNA vaccine and when vaccination occurred during pregnancy, reported a positive
correlation between maternal and cord blood IgG concentrations. The cord-to-maternal blood
IgG ratios were generally ~1.0, with the highest ratio of 2.6 for anti-RBD IgG among 114 term
newborns whose mothers had received BNT162b2 in the second trimester of pregnancy —
indicating active transplacental transfer of the anti-protein antibodies [40]. Lower ratios of cord-
to-maternal blood anti-S (0.4-0.9) and anti-RBD (0.34-0.7) IgG were reported in term neonates
whose mothers received two doses of BNT162b2 from late third trimester [45,46]. These data
suggest that earlier timing of COVID-19 vaccination is associated with a higher cord-to-
maternal IgG ratio; however, this could be offset by waning antibody concentrations in women
who were vaccinated earlier in pregnancy relative to the time of delivery. This was corroborated
in a study that also reported a higher cord-to-maternal ratio (1.3 for anti-S IgG and 2.3 for anti-
RBD IgG) if women were vaccinated earlier in the third trimester at 27-31 weeks gestational
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Table 1. Immunogenicity measures in maternal blood or cord blood samples after COVID-19 vaccination during pregnancy?

Location and
study dates

Israel
January-March
2021

Israel
January-February
2021

USA
December 2020—
March 2021

USA
December
2020-March 2021

Israel
February-March
2021

Israel
May-July 2021

USA
January-March 2021

Vaccines during
pregnancy

At least one dose
BNT162b2

Two doses
BNT162b2

Two doses
BNT162b2: 37%
mRNA-1273: 63%

At least one dose
BNT162b2: 49%
mRNA-1273: 51%

Two doses
BNT162b2

Two doses, 27 days

before delivery
BNT162b2

At least one dose
BNT162b2: 64%
mRNA-1273: 18%
Unknown vaccine:
14%

Two doses: 74%

Number of pregnant
women vaccinated

86

96
Tested 2 months following
the second dose

30

84

Tested at baseline (v0), at
the second dose (v1), at
2-6 weeks after the
second dose (v2), and at
delivery (v3)

29

29

27

Timing of vaccination

during pregnancy

First dose: 34.5 (+7.5)

weeks GA

2-40 weeks GA

First dose: 23.2

(16.3-32.1) weeks GA;

13% during the first

trimester, 46% during the
second trimester, 40%
during the third trimester

From second dose to

delivery 14 (QR: 11-16)

days

Third trimester

Second trimester
First dose: 21.9 (+3.3)

weeks GA; second dose:

24.9 (+3.3) weeks GA
From second dose to
delivery 14.4 (+3.0)
weeks

Third trimester
First dose: 33 (+2)
weeks GA

Comparator groups

65 Women who had
COVID-19 during
pregnancy at 28.1 (+8.3)
weeks GA

62 Unvaccinated uninfected
pregnant women

96 Non-pregnant
vaccinated women

Vaccinated: 16 lactating
women; 57 non-pregnant
nonlactating women
Previously infected:

6 non-pregnant women
and 22 pregnant women

Vaccinated: 31 lactating
women

16 non-pregnant women
37 Women who had
COVID-19 during
pregnancy at 4-12 weeks
before delivery

29 Women who had
COVID-19 during pregnancy
21 Pregnant women not
infected, not vaccinated

None

None

Immune response
measures

Anti-RBD IgG and IgM;
anti-S IgG and IgM
Reported as net
fluorescence intensity

Anti-RBD 1gG
Reported as signal to cutoff
ratios

Anti-RBD 1gG
Neutralization responses
Functional antibody
responses

T cell responses

Anti-S IgM, IgG, and IgA
Anti-RBD IgM, IgG, and IgA
Neutralization responses at
V3

Reported as mean
fluorescence intensity

Anti-RBD IgG
Reported as U/ml

Anti-RBD IgG
Reported as AU/ml

Anti-RBD IgG and IgM
Reported as AU/ml
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Responses in women®

Robust IgG response by day 15
after the first dose, further
increase in IgG responses after
the second dose

At delivery, higher anti-S and
anti-RBD IgG in vaccinated
women than in infected women

At 2 weeks to 2 months
following the second dose
Overall: 100% positive
Pregnant: 27.03 (+10.72)
Non-pregnant: 34.35 (£10.25)

Binding, neutralizing, and
functional non-neutralizing
antibody responses, and CD4
and CD8 T cell responses were
present in pregnant, lactating,
and non-pregnant women
following vaccination

Antibody responses were similar
in pregnant/lactating women and
nonpregnant women

Increase for all isotypes across all
antigens from vO to v1, further
increase in IgG responses from
vl to v2

Spike responses increased
quicker than RBD at v1 and v2
IgM and IgA responses were
induced after first dose but not
after second dose

Neutralizing antibody: 104.7 (IQR:
61.2-188.2)

Not shown

Overall: 100% positive
1185.2 AU/ml (range:
146.6-32415.1)

96% positive anti-RBD IgG
56% positive anti-RBD IgM

Responses in cord blood

IgG responses by day 15 after
the first dose, further increase in
I9G responses after second dose
Anti-S and anti-RBD IgG no
different between the vaccinated
and infected groups

IgM response in five samples
from the infected group

Not shown

Binding and neutralizing
antibodies were detected in cord
blood

100% positive anti-S and
anti-RBD IgG

Neutralizing antibody: 52.3
(IQR: 11.7-69.6)

Vaccinated group: 100%
positive; 224.7 U/ml (+64.3)
Infected group: 100% positive;
83.7 U/ml (£91.6)

Overall: 100% positive; 3315.7
AU/ml (range: 350.1-17 643.5)

89% positive anti-RBD 1gG
(negative cord bloods from two
women who received their first
dose <3 weeks before
delivery); O positive anti-RBD
IgM.
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Similar transfer profiles in
the vaccinated and infected
groups

Not shown

Vaccinated group: anti-RBD
1gG cord blood 19 873 vs.
mother 14 953

Neutralizing antibody in cord
blood 324 vs. mother 1016
Infected group: anti-RBD IgG
cord blood 635 vs. mother
1342

Neutralizing antibody in cord
blood 164 vs. mother 151

Not shown

Not shown

Approximately 2.6

1.0+£06
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Other results

Association between
maternal and cord blood IgG
responses

Anti-RBD IgG responses did
not differ according to
trimester of vaccination

Descriptive statistics only

Placental transfer ratio of anti-S
I9G (but not anti-RBD)
positively correlated with time
from second dose to delivery
No association between
maternal responses and time
of vaccination during
pregnancy

Higher responses is
vaccinated women compared
to pregnant women with
natural infection

Association between
maternal and cord blood
responses

Association between maternal
and cord blood responses
Maternal and cord blood
responses correlated positively
with GA at second dose
Maternal and cord blood
responses correlated inversely
with the time from second
dose to delivery and with
maternal age

Cord blood and placental
transfer ratio of IgG
associated positively with time
from vaccination

Cord blood IgG response
associated positively with
having received second dose.

Assays used for Refs

antibody quantification

Milliplex MAP
SARS-CoV-2 Antigen
Panel, MerckMillipore

(30]

Access SARS-CoV-2
1gG assay, Beckman
Coulter

(1]

In-house enzyme-linked  [32]

immunosorbent assay

Multiplexed Luminex
assay, ThermoFisher

(36]

Elecsys [38]
Anti-SARS-CoV-2 S
immunoassay, Roche

Diagnostics

SARS-CoV-2 IgG I
Quant, Abbott

[40]

DXI Platform,
Beckman Coulter

[42]

(continued on next page)
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Table 1. (continued)

Location and
study dates

Israel
February-March
2021

USA
January-March
2021

Israel
February 2021

Israel
February-April 2021

USA
July—October 2021

Israel
May-July 2021

Vaccines during
pregnancy

Two doses, 214 days
before delivery
BNT162b2

At least one dose
BNT162b2: 70%
mRNA-1273: 30%
Two doses: 55%

Two doses
BNT162b2

Two doses
BNT162b2

BNT162b2: 68%
mRNA-1273: 32%

Two doses, =1 week
before delivery
BNT162b2

Number of pregnant
women vaccinated

64

122

20

171

7

28

Timing of vaccination
during pregnancy

Third trimester

Second dose 33.5 (+3.2)
weeks GA

From second dose to
delivery 21.7 (+11.0) days

Not shown

Third trimester

From first dose to delivery
33 (IQR: 30-37) days
From second dose to
delivery 11 (IQR: 9-15)
days

Third trimester

Early third trimester
(27-31 weeks GA): 49%
From first dose to delivery
71 (IQR: 63-79) days
Late third trimester
(82-36 weeks GA)

From first dose to delivery
41 (IQR 34-50) days

First dose: 20-32
weeks GA

From first dose to
delivery 85 (+46) days

Second trimester
Second dose: 26 (IQR:
14-34) weeks GA
From second dose to
delivery 11.1 (IQR:
9.3-15) weeks

Comparator groups

11 Women who had
COVID-19 during
pregnancy at 92.5 (+75.8)
days before delivery

None

None

None

12 Women who had
COVID-19 during
pregnancy at 20-32
weeks GA

12 Women who had
COVID-19 during
pregnancy at 20.6 (IQR:
17.6-36.9) weeks before
delivery

¢? CellPress

Immune response
measures

Anti-RBD IgG
Reported as signal to
cutoff ratio

Anti-RBD IgG and IgM

Anti-RBD IgG and IgM,
and anti-S IgG
Reported as AU/ml

Anti-RBD IgG and IgM
Anti-S IgG

Neutralization responses
reported as AU/mI

Anti-S IgG
Reported as optical
density

Anti-S IgG
Reported as AU/ml
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Responses in women”

Vaccinated group: 100%
positive; 26.1 (IQR: 22.0-39.7)
Infected group: 2.6 (IQR:
0.9-3.5).

Overall: 71% IgG-positive, 16%
IgG- plus IgM-positive, 13% no
detectable response (all women
delivered within 4 weeks of first
dose)

By 4 weeks after first dose:
100% IgG-positive

100% positive anti-S and
anti-RBD IgG; 30% positive
anti-RBD IgM

Anti-S IgG: 319 AU/ml (IQR:
211-1033)

Anti-RBD IgG 11 150 (IQR:
6154-17 575)

Overall: 100% positive anti-S and
anti-RBD IgG

Early third trimester — anti-S IgG:
200 AU/ (IQR: 143-296),
anti-RBD IgG: 3980 AU/m (IQR:
2414-7022), anti-RBD IgM: 0%
Late third trimester — anti-S I9G:
292 AU/ml (IQR: 209-963),
anti-RBD IgG: 8506 AU/mI (IQR:
4601-15 094), anti-RBD IgM:
18%

Vaccinated group: 2.03 (x0.47)
Infected group: 0.65 (+0.76)

Vaccinated group: 145 AU/ml
(IQR: 113-202)

Infected group: 41 AU/ml (IQR:
19-95)

Responses in cord blood

Vaccinated group: 98.3%
positive; 20.2 (IQR: 12.7-29.0)
Infected group cord blood: 3.3
(IQR: 0.5-4.6)

Women who received 1 dose:
44% lgG-positive

Women who received 2 doses:
99% IgG-positive

100% positive anti-S and
anti-RBD IgG

0% positive anti-RBD IgM
Anti-S IgG: 193 AU/ml (IQR:
111-260)

Anti-RBD IgG 3494 (IQR:
1817-6163)

Overall: 100% positive anti-S
and anti-RBD 1gG

0% positive anti-RBD IgM
Early third trimester: anti-RBD
19G: 9620 AU/ml (IQR:
5131-15 332)

Late third trimester: anti-RBD
IgG: 6697 AU/mI (IQR:
3157-14 731)

Vaccinated group: cord blood
2.17 (£0.50); at 2 months of
age 1.29 (+0.53), 98%
positive; at 6 months of age
0.33 (+0.46), 57% positive
Infected group: cord blood
1.00 (+0.83); at 6 months of
age 0 (+0.01), 8% positive

Vaccinated group: 216 AU/ml
(IQR: 155-316)

Infected group: 64 AU/ml (IQR:
23-219)
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0.77

Not shown

Anti-S IgG: 0.4 (IQR:
0.25-0.61)
Anti-RBD IgG: 0.34 (IQR:
0.27-0.56)

Early third trimester — anti-S
19G: 1.3 (QR: 1.1-1.6),
anti-RBD IgG: 2.3 (IQR:
1.7-3.0), neutralization: 1.9
(IQR: 1.7-2.5)

Late third trimester — anti-S
19G: 0.9 (QR: 0.6-1.1),
anti-RBD IgG: 0.7 (IQR:
0.5-1.2), neutralization: 0.8
(IQR: 0.5-1.1)

Not shown

Vaccinated group: 1.48
(IQR: 1.18-1.82)

Infected group: 1.35 (IQR:
1.19-1.84)

Trends in Molecular Medicine

Other results

Association between maternal
and cord blood responses
Maternal responses
associated negatively with time
from second dose to delivery
(but no correlation with cord
blood IgG levels)

Association between maternal
and cord blood IgG responses
Placental transfer ratio
correlated positively with the
number of weeks from second
dose to delivery

Maternal IgG responses
increased week on week, from
2 weeks after first dose

Association between
maternal and cord blood
anti-S and anti-RBD IgG
responses

Cord blood anti-S and
anti-RBD IgG were
associated positively with time
from first dose to delivery

Association between maternal
and cord blood anti-S,
anti-RBD IgG responses and
neutralizing activity

Maternal anti-S and anti-RBD
I9G responses associated
negatively with time from first
dose to delivery

Cord blood anti-RBD IgG and
placental transfer ratio of
anti-S, anti-RBD IgG and
neutralizing activity higher after
early vs. late third trimester
vaccination, and were
associated positively with time
from first dose to delivery

Responses at 2 months of
age correlated positively with
maternal and cord blood
responses

Association between matermnal
and cord blood responses
No association between
maternal responses and
placental transfer ratio

No association between
matemnal responses and interval
from vaccination to delivery
Placental transfer ratio
correlated positively with
birthweight

Assays used for
antibody quantification

Access SARS-CoV-2
1gG assay, Beckman
Coulter

Pylon 3D platform, ET
HealthCare

Anti-spike IgG and
anti-RBD IgM: Liaison,
DiaSorin, Saluggia, Italy
Anti-RBD IgG:
SARSCoV-2 IgG I
Quant, Abbott

Anti-spike 1gG and
anti-RBD IgM: Liaison,
DiaSorin, Saluggia, Italy
Anti-RBD IgG:
SARSCoV-2 IgG I
Quant, Abbott

In-house
enzyme-linked
immunosorbent assay

Anti-spike IgG, Liaison,
DiaSorin, Saluggia,
Italy

(continued on next page)

Refs

(43]

(44]

[46]

(49]

[49]

(51]
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Table 1. (continued)

Location and
study dates

Germany
Start date not
reported—
June 2021

USA
March-October
2021

Poland
Dates not reported

Romania
May-December
2021

Vaccines during
pregnancy

At least 1 dose
BNT162b2: 72%
mRNA-1273: 28%
Two doses: 97%

At least one dose
BNT162b2: 75%
mRNA-1273: 22%
Ad26.COV2.S: 2%
Two doses: 89%
Booster dose: 1%

Two doses
BNT162b2

BNT162b2
Ad26.CO

Number of pregnant
women vaccinated

36

1359
12.8% had history of
SARS-CoV-2 infection

227

Timing of vaccination
during pregnancy

First dose 6% during
the first trimester, 83%
during the second
trimester, 11% during
the third trimester
From second dose to
delivery 13 (range:
5.9-24.9) weeks

First dose: 3%
pre-pregnancy, 14%
during the first trimester,
51% during the second
trimester, 32% during
the third trimester

First dose: 31.8 (+2.1)
weeks GA

Second dose 35.1
(£2.1) weeks GA

From second dose to
delivery 5.5 (+2.1) weeks

Third trimester

Comparator groups

None

None

None

54 Pregnant women who
had COVID-19

529 Non-pregnant
vaccinated women,
uninfected

¢? CellPress

Immune response
measures

Anti-S IgG
Reported as U/ml

Anti-S IgG
Reported as relative index
value

Anti-RBD IgG
Reported as U/ml

Anti-RBD IgG
Reported as U/ml

@Abbreviations: AU/m, arbitrary units per milliliter; GA, gestational age; IQR, interquartile range; RBD, receptor-binding domain; S, spike protein; U/ml, units per mililiter.
®Blood samples collected at delivery if not stated otherwise.
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Responses in women® Responses in cord blood

100% positive 100% positive

Anti-S IgG levels in fully
vaccinated women by trimester
of vaccination: 4.1
(pre-pregnancy), 4.2 (first
trimester), 4.9 (second
trimester), 6.2 (third trimester)

Anti-S IgG levels in cord blood
from fully vaccinated women
by trimester of vaccination: 4.5
(pre-pregnancy); 4.7 (first
trimester); 5.5 (second
trimester); 6.3 (third trimester)

100% positive
984.37 U/ml (+689.4)

100% positive
1026.51 U/ml (+769.25)

Vaccinated group not previously Not shown
infected — before vaccination:
0.41 (0.31-0.45); 1 month
post-fully vaccinated: 2433
(1752-3094); 2 months post-fully
vaccinated: 1697 (1393-2115);
3 months post-fully vaccinated:
1314 (1095-1762); 4 months
post-fully vaccinated: 1083
(896-1468)

Vaccinated group previously
infected — before vaccination:
145 (98.2-208.1); 1 month
post-fully vaccinated: 15 360

(13 551-16 318); 2 months
post-fully vaccinated: 14 571

(12 628-15 337); 3 months
post-fully vaccinated: 12 870

(10 644-14 349); 4 months
post-fully vaccinated: 10 759
(9043-12 571)

Non-pregnant group — before
vaccination: 0.40 (0.32-0.47);

1 month post-fully vaccinated:
2461 (1719-3176); 2 months
post-fully vaccinated: 1705
(1452-2179); 3 months post-fully
vaccinated: 1377 (1147-1822);

4 months post-fully vaccinated:
1114 (909-1483)
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Not shown

Not shown

1.28 (+0.80)

Not shown

Trends in Molecular Medicine

Other results Assays used for Refs
antibody quantification
Elecsys [52]

anti-SARS-CoV-2
assay, Roche
Diagnostics

Third trimester

vaccination associated with
highest responses in maternal
and cord blood
Ad26.COV2.S no difference in
responses by trimester of
vaccination and always lower
than the mRNA vaccines

In women with history of
SARS-CoV-2 infection,
maternal and cord blood
responses after vaccination in
early pregnancy were
comparable to third trimester
vaccination in pregnant women
without history of infection

Pylon 3D platform, ET ~ [55]
HealthCare

Cord blood and placental
transfer ratio associated
positively with time from first
dose and second dose to
delivery

Elecsys [67]
Anti-SARS-CoV-2-S-

RBD assay, Roche
Diagnostics

Elecsys [59]
Anti-SARS-CoV-2-S-

RBD assay, Roche
Diagnostics
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age compared to later vaccination [45]. Overall, IgM was not identified in cord blood following ma-
ternal vaccination even in women vaccinated toward the late stages of pregnancy, suggesting no
primary stimulation of the humoral immune system of the fetus [30,42,45,46].

Factors affecting anti-SARS-CoV-2 antibody responses in pregnant women and newborns

Although vaccination as early as possible during pregnancy is ideal to optimize the duration of
maternal protection against infection, direct protection of the young infant would depend on
the efficiency and concentration of transplacental acquired antibodies. Most studies in which
pregnant women were vaccinated in the third trimester found that IgG levels in cord blood and
placental transfer ratio correlated positively with increasing time between vaccination and delivery
[36,42,44-46,57]. Early third trimester vaccination at 27-31 gestational weeks also resulted in
higher cord blood neutralizing antibody levels compared to later vaccination [45]. In a cohort
study of 1359 pregnant women (2.4% received Ad.26.COV2.S and 97.6% an mRNA vaccine),
although early third trimester vaccination was associated with the highest anti-S IgG concentra-
tion in maternal and cord blood, newboms to fully vaccinated women (even if vaccinated early in
the first trimester) had similar or higher IgG concentration than those born to women who were
partially vaccinated before delivery [55]. Moreover, anti-S IgG concentrations after mRNA
COVID-19 vaccination in pregnant women with SARS-CoV-2 infection before vaccination were
comparable to IgG concentrations in women without a history of SARS-CoV-2 infection who
were vaccinated in the third trimester of pregnancy [55]. However, an inverse correlation was
observed between both maternal and cord blood anti-RBD IgG responses at delivery and the
time interval between receipt of the second dose of BNT162b2 (=7 days before delivery, at
21.9 weeks gestation) and delivery [40]. In addition to the time from vaccination to delivery,
birthweight was also found to be associated positively with transplacental anti-S IgG transfer
[51], and maternal age was inversely correlated with maternal and neonatal IgG concentrations
at delivery [40]. It will be important to understand what factors affect the immune response to
vaccines and transplacental transfer of antibodies to delineate the preferred time for vaccination
of pregnant women to optimize protection against COVID-19 in the women and their newborns.

Persistence of maternally derived IgG in young infants

The potential direct protection of the infant against SARS-CoV-2 infections via transplacental
acquisition of maternal IgG is dependent on the duration over which the antibody remains
above the threshold associated with risk reduction of being infected or developing COVID-19.
It is unclear whether the putative thresholds of anti-S IgG or neutralizing antibody against wild-
type virus would also apply to young infants; and more so in the context of relatively antibody-
evasive variants of concern for which no correlates are established even in adults. When the
persistence of maternally derived anti-S IgG seropositivity was evaluated in young infants born
to women vaccinated between 20 and 32 weeks of gestation, seropositivity was 98% (48 out of
49) at 2 months of age and 57% (16 out of 28) by 6 months of age, compared to 8% (1 of 12)
in infants born to unvaccinated women who had SARS-CoV-2 infection during pregnancy at
similar gestational ages as vaccination occurred in the vaccinated group [49]. These data,
unsurprisingly, indicate waning of anti-SARS-CoV-2 IgG over time.

Protection against SARS-CoV-2 infection by maternal vaccination

Three observational studies reported on SARS-CoV-2 infection among mRNA vaccinated
and unvaccinated pregnant women [33,34,50]. An initial retrospective cohort study from Israel
evaluated the protection of BNT162b2 vaccination during pregnancy against PCR-confirmed
SARS-CoV-2 infection at least 28 days after the first vaccine dose [34]. The cohort included
7530 vaccinated (first dose administered from December 2020 to February 2021) and 7530
matched unvaccinated women, followed-up for a median of 37 days. Overall, 118 and 202

¢? CellPress

Clinician’s corner

Pregnant women are at risk of more
severe disease following SARS-CoV-2
infection than non-pregnant individuals,
and COVID-19 in pregnant women is
associated with greater risk of preterm
labor.

Although excluded from initial Phase |-
Il vaccine clinical trials, COVID-19 vac-
cines are now widely recommended
for use in pregnant women by the
World Health Organization and other
bodies.

Post-introduction surveillance has not
identified any major safety concerns on
the use of mainly the mRNA COVID-
19 vaccines in pregnant women in rela-
tion to the wellbeing of the women,
pregnancy outcome, or the wellbeing
of the offspring.

The reactogenicity of mMRNA COVID-
19 vaccines in pregnant women was
mainly mild, local and/or systemic,
and more common after the second
dose, as is the case for the general
population, and the frequency was
similar or lower than for non-pregnant
women.

Vaccination of pregnant women with
mRNA COVID-19 vaccines has been
shown to be effective in protecting the
women against disease.

The safety of vaccine by trimester of
immunization remains to be determined;
however, current evidence does not
indicate any serious side effects related
to vaccination, including with regard to
congenital abnormalities.
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SARS-CoV-2 infections occurred in BNT162b2-vaccinated and unvaccinated women, respec-
tively. During the 28-70 days follow-up period, there were 10 infections in the vaccinated
group and 46 in the unvaccinated group (aHR 0.22; 95%CI 0.11-0.43) [34]. In the second
study from Israel, 10 861 pregnant women who received BNT162b (26%, 48%, and 26% in
the first, second, and third trimesters, respectively) between December 2020 and June 2021
were matched with the same number of unvaccinated women [33]. During a median follow-up
of 77 days, 131 and 235 infections were documented among the vaccinated and unvaccinated
groups, respectively. The estimated vaccine effectiveness from 7 days through to 56 days after
the second vaccination was 96% (95%CI 89—100%) for any documented infection, 97% (95%
Cl 91-100%) for any symptomatic COVID-19, and 89% (95% CI 43-100%) for COVID-19-
related hospitalization [33]. A USA study evaluating the rate of SARS-CoV-2 infection after vacci-
nation, regardless of temporal relationship, also reported a lower frequency of infection
before delivery among vaccinated women (2/140, 1.4%) compared to unvaccinated women
(210/1861; 11.3%) between December 2020 and April 2021, which presumably mainly involved
infections from the wild-type virus or the alpha variant of concern [50].

The effectiveness of MRNA vaccines during pregnancy against COVID-19-associated hospitali-
zation in infants <6 months age was evaluated in 17 US states from July 2021 to January 2022
(during which time the delta and omicron variants of concern circulated) using a test-negative,
case—control study design [76,77]. Included in the analysis were 379 hospitalized infants
(176 cases and 203 controls); maternal vaccination coverage was 16% among cases and 32%
among controls, yielding a vaccine effectiveness of 61% (95% Cl 31-78%). Vaccine effectiveness
of two doses given early in pregnancy (the first 20 weeks of gestation) against COVID-19-asso-
ciated hospitalization of infants was 32% (95% Cl -43% to 68%) and 80% (95% Cl 55-91%)
when administered from 21 weeks gestation through to 14 days before delivery [76].

In response to the emergence of new SARS-CoV-2 variants of concern and to address potential
waning of immunity over time, many countries now recommend at least a three-dose schedule of
mMRNA vaccines, as well as a mRNA vaccine in those who previously received two doses of
ChAdOx1 or a single Ad.26.COV2.S (Box 1). Data on the effect of such additional doses of
mMRNA vaccines, either in homologous or heterologous schedules, are sparse in pregnant
women.

Concluding remarks

Vaccination during pregnancy with the current mRNA vaccines demonstrated no major adverse
events and similar reactogenicity profiles between pregnant women and the general population
(see Clinician’s corner). Safety information was mostly collected following mRNA vaccine
administration, and it will be important to collect more data for other COVID-19 vaccines such
as inactivated virus vaccines as well as vector-based and protein-based vaccines. In addition,
more safety data on vaccination during the first trimester are needed, and investigations are war-
ranted on whether COVID-19 vaccination reduces COVID-19-related pregnancy complications.

The coverage of COVID-19 vaccination among pregnant women is increasing and we should use
the opportunity to address remaining issues (see Outstanding questions). Different trials are
ongoing and will soon provide important information on the use of COVID-19 vaccines in
pregnant women. These include a Phase I, randomized, placebo-controlled, observer-blind
trial evaluating the safety, tolerability, and immunogenicity of two doses of BNT162b2 given 21
days apart, in ~700 (randomized 1:1) healthy pregnant women vaccinated at 24-34 gestational
weeks, started in February 2021, and has an estimated completion date in mid-2022
(NCT04754594)). Another Phase Il, randomized, single-blind, platform trial in pregnant women
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Outstanding questions

What is the safety of COVID-19 vaccines
for birth outcomes, including non-
replicating vector-based vaccines, inac-
tivated vaccines, and protein-based
vaccines?

What are the immune responses
following vaccination with non-
replicating vector-based vaccines,
inactivated vaccines, and protein-
based vaccines?

What is the effectiveness of COVID-19
vaccines against adverse pregnancy
outcomes such as preterm labor and
stillbirth?

Does COVID-19 vaccination during
pregnancy protect the neonates
against COVID-19, either via transpla-
cental transfer of vaccine-induced neu-
tralizing antibody or by the acquisition
of secretory IgA from breastmilk?

What is the optimal timing of COVID-19
vaccination during pregnancy to maxi-
mize protection against COVID-19 in
the women and the fetus, as well as
to minimize any adverse pregnancy
outcomes?

What will be the benefit of COVID-19
vaccination in pregnant women once
there is widespread vaccine- or natural
infection-induced immunity, and when
SARS-CoV-2 circulation is established
to be endemic?

What is the need for COVID-19 vacci-
nation in subsequent pregnancies re-
garding benefits to the women, fetus,
and infant triad?

What will be the safety and
immunogenicity profiles when COVID-
19 vaccines are coadministered
with other routine vaccines during
pregnancy?
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Box 1. COVID-19 vaccine booster doses

Despite initial reports of high vaccine efficacy against symptomatic COVID-19 caused by the wild-type virus or the alpha
variant of concern, a decline in vaccine effectiveness has been reported after 4-5 months following the second vaccine
dose, albeit persistently high protection against severe COVID-19. Furthermore, the emergence of other variants of
concern such as beta and omicron has resulted in further decline in vaccine effectiveness against COVID-19 [85]. Studies
conducted during the time of circulation of the delta variant demonstrated that a third BNT162b2 dose administered at least
5 months after the second dose significantly reduced the rate of symptomatic COVID-19 and severe COVID-19 compared to
receipt of only two doses [86,87]. A two-dose mRNA COVID-19 vaccine schedule provides limited protection against
symptomatic COVID-19 caused by the omicron variant, and also lesser protection against severe COVID-19 compared to
the effectiveness against wild-type, alpha, beta, or delta variants of concern. In several observational studies a third dose
of mMRNA was associated with increased effectiveness against severe COVID-19 caused by omicron, and vaccine effective-
ness approached that observed with two doses against the wild-type virus and earlier variants of concern [88-90].

Regarding pregnant women, the CDC, the ACOG, and the UK Health Security Agency, among others, recommend that
pregnant women stay up to date with their COVID-19 vaccines, including receiving a third mRNA dose [22-24]. In
addition, pregnant women may receive any vaccine product available for their third dose, although mRNA vaccines are
recommended.

Three studies published to date suggest that an mRNA vaccine administered as a third dose is in principle safe and in-
duces a robust IgG response in the mother that is transferred to the newborn [55,91,92]. In Israel, 294 pregnant women
who received three doses of MRNA vaccines had similar rates of preterm and SGA births compared to women who were
unvaccinated (N = 3368) or had only received two doses (N = 2854). There was, however, a higher rate of post-partum
hemorrhage in those who received three doses (9.5%) than in the unvaccinated (3.2%) or double-vaccinated (3.5%)
groups [91]. Although the underlying potential mechanism for this difference is unknown, the safety of additional vaccine
doses beyond the initial two-dose schedule warrants further study.

In Germany, three pregnant women who received ChAdOx1 as primary vaccination at gestational ages between 21 and
28 weeks, and had a third dose 12 weeks thereafter with either BNT162b2 or mRNA-1273, had a measurable boost in their
anti-S IgG responses [92]. Similarly, an mRNA booster dose in the third trimester given to 20 women (previously vaccinated
with an mRNA vaccine) was also associated with the highest maternal and cord blood anti-S IgG responses [55].

is ongoing to assess the safety, reactogenicity, and immunogenicity of COVID-19 vaccines
available in the UK [78]. Also ongoing is an open-label, Phase Il trial to evaluate the safety,
reactogenicity, and immunogenicity of Ad26.COV2.S in 400 healthy pregnant women at
16-38 gestational weeks as a one-dose schedule at the standard dose level, or two doses at a
lower dose level (NCT04765384"). In addition, at least 14 observational studies and vaccine registries
are currently listed on clinicaltrials.gov that are evaluating the safety and/or immunogenicity of COVD-
19 vaccination during pregnancy.

It remains important to include pregnant women in future COVID-19 vaccine research and in re-
sponse to efforts to prevent emerging and re-emerging infectious diseases. New approaches to
public health preparedness will be necessary to guarantee that the needs of pregnant women
and their offspring are fairly addressed in ethically and socially respectful ways [79]. Moreover,
for the successful introduction of new vaccines for use in pregnancy, there needs to be close in-
tegration of vaccination programs with antenatal, maternal, and child healthcare services. In ad-
dition, surveillance systems for pregnancy that can be used by large numbers of women need to
be supported, particularly in many low- and middle-income countries where only limited or no
surveillance capacity currently exists [80].

Long-term vaccine safety data in the offspring are also warranted, as well as the durability of the
maternal SARS-CoV-2 antibodies in the young infants, and whether these antibodies might

influence the immunogenicity of other childhood vaccines [81].

Two studies have suggested differences in the humoral immune response to the two current
mRNA vaccines, including higher antibody responses and more robust functional antibodies
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induced by mRNA-1273 compared to the BNT162b2 vaccine [36,74]. Whether these differences
between the two vaccines have any clinical implications on mother—-newborn dyads is unclear,
but the robust immune responses to both mRNA vaccines suggests that they are likely to be
as efficacious in pregnant women as in non-pregnant adults.

For Tdap (tetanus-toxoid, reduced diphtheria-toxoid, pertussis) and influenza vaccines it has
been shown that the timing of vaccine administration during pregnancy impacts on the
magnitude of transplacental IgG transfer to the fetus [82,83]. Nonetheless, for infections
that cause substantial morbidity in the pregnant women, such as influenza and now
COVID-19, vaccine administration should be timed to optimize maternal immunity relative
to viral circulation. Of note, it is likely that immune responses to COVID-19 vaccines to
date in high-income settings have predominantly been primary immune responses rather
than anamnestic responses following infection-induced immunity, but this is now changing
with the evolving pandemic.

The only vaccine effectiveness analysis assessing protection of maternal COVID-19 vaccination in
young infants indicates protection against COVID-19 hospitalization during early infancy [76], and
this requires further study.

To date, COVID-19 vaccine studies in pregnant women have mainly been undertaken in the USA
or Israel. No studies have been reported involving women from ethnic minorities or from low- and
middle-income countries, and these are warranted because the immune responses and vaccine
efficacies could differ in these populations because of host genetic factors, differences in the
prevalence of comorbidities, and/or differences in the efficiency of transplacental antibody transfer
to the fetus and newborn [84].
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