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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection in pregnancy is
associated with a higher risk for severe morbidity and mortality when compared with
infection in non-pregnant women of childbearing age. An increasing number of countries
recommend immunization against SARS-CoV-2 in pregnant women. Recent studies
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provide preliminary and supportive evidence on safety, immunogenicity and effectiveness
of coronavirus disease 2019 (COVID-19) vaccines in pregnant women; however,
important knowledge gaps remain which warrant further studies. This collaborative
consensus paper provides a review of the current literature on COVID-19 vaccines in
pregnant women, identifies knowledge gaps and outlines priorities for future research to
optimize protection against SARS-CoV-2 in the pregnant women and their infants.

Keywords: maternal immunization, pregnant women, SARS-CoV-2, COVID-19, maternal vaccination program

1 INTRODUCTION

Women infected with severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) when pregnant are at increased
risk for severe morbidity and mortality compared with non-
pregnant women of childbearing age (1-3). Data from the US
Centers for Disease Control and Prevention (CDC) have shown
that women of childbearing age who were pregnant were three
times more likely to be admitted to the intensive care unit (ICU)
(10.5 vs. 3.9 per 1,000 cases), 2.9 times more likely to require
invasive ventilation (2.9 vs. 1.1 per 1,000 cases), 2.4 times more
likely to require extracorporeal membrane oxygenation (0.7 vs.
0.3 per 1,000 cases), and 1.7 times more likely to die (1.5 vs. 1.2
per 1,000 cases) compared with non-pregnant women and after
adjusting for age, ethnicity, and underlying medical conditions
(1). Most neonates infected with SARS-CoV-2 are asymptomatic
or have mild symptoms (4, 5).

Immunization of pregnant women induces humoral and cellular
antigen-specific immune responses in the pregnant women.
Vaccine-induced antibodies are transferred transplacentally to
the fetus, and to the newborn after delivery via breastmilk.
Immunization during pregnancy aims to protect the women
against clinically relevant infection, reduce adverse infection
related fetal outcomes and protect the infant during their
first 4-6 months of life. Given the high risk of COVID-19
morbidity and mortality in pregnant women, several COVID-
19 vaccines have been approved for use in this population in
many countries. The World Health Organization (WHO)
recommends immunization against SARC-CoV-2 in pregnant
women when the benefits of immunization outweigh the
potential risks of vaccines (6, 7). The US CDC currently
recommends that pregnant women may choose to receive a
COVID-19 vaccine (8). Universal immunization against SARS-
CoV-2 in pregnancy is recommended in most (n=23) European
countries (9).

To optimize the strategy of maternal immunization, we
previously addressed critical knowledge gaps that need to be
addressed in relation to vaccines against tetanus, pertussis,
influenza, respiratory syncytial virus and group B Streptococcus
(10). In the current consensus paper written by experts in
infectious diseases, vaccinology and maternal immunization
from different world regions, we summarize the current
evidence in the field of COVID-19 vaccines in pregnant
women, identify key knowledge gaps and priorities for future
research strategies in this population.

2 INCIDENCE AND BURDEN OF COVID-19
IN PREGNANT WOMEN

There are limited data on the incidence of COVID-19 in pregnant
women. Although some studies suggested higher rates of SARS-
CoV-2 infection in pregnant women compared with adults of
reproductive age, understanding the extent to which this reflects
differences in exposure risk, threshold for investigating and rate of
testing, rather than a genuine increase in susceptibility remains a
challenge. Nevertheless, the growing evidence demonstrates an
increased risk of severe adverse outcomes from SARS-CoV-2
infection in pregnant compared with non- pregnant women,
particularly when infection occurs during late-second and early-
third trimesters (11, 12). This increased burden of COVID-19
appears to be disproportionately affecting mother-neonate dyads
from low- and middle- income countries (13). An increased risk of
severe COVID-19 outcomes in pregnant women is likely
attributable to several factors associated with pregnancy including
immunological changes leading to dampening of cellular immunity
(14), physiological changes such as reduced lung capacity and
increased risk of thromboembolic disease in late pregnancy (1).
Sociodemographic and clinical risk factors associated with poor
outcomes have been identified through pregnancy cohorts
worldwide. Women from Black, Asian and other ethnic minority
backgrounds, maternal age >35 years, women who are overweight
or obese, those with a history of smoking and women with co-
morbidities such as hypertension or diabetes are at increased risk of
developing severe COVID-19 (11, 15-17).

A systematic review and meta-analysis of studies published
until January 2021 found an increased risk of preeclampsia (Odd
ratio [OR] 1.33, 95% CI 1.03-1.73), preterm birth (OR 1.82, 95%
CI 1.38-2.39), and stillbirth (OR 2.11, 95% CI 1.14-3.90) among
pregnant women with SARS-CoV-2 infection compared with
those without SARS-CoV-2 infection (18). Those who develop
severe disease have increased rates of admission to an intensive
care unit (ICU), requiring invasive ventilation and preterm birth.
A recently published retrospective cohort study of pregnant
women delivering across 7 hospitals in the USA during the
first and second COVID-19 waves, women with COVID-19 were
2.8 times more likely to deliver preterm (19.0%; OR 95% CI 1.92-
3.88) compared with women with asymptomatic infection (8.8%)
or without SARS-CoV-2 infection (7.1%) (19).

In a population-based cohort study of 673 pregnant women
with SARS-CoV-2 infection from 36 hospitals across South
Africa, 217 (32.2%) were admitted for COVID-19 and 106
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required critical care (9). The maternal mortality rate was high
among women admitted with SARS-CoV-2 infection (1.5 per
1,000 in pregnant women vs. 1.2 per 1,000 in non-pregnant
women) and higher in women admitted primarily for COVID-19
illness, with tuberculosis being the only co-morbidity associated
with admission (20).

3 BURDEN OF COVID-19 IN NEONATES
AND INFANTS

Mother-to-child transmission of SARS-CoV-2 can occur either
in utero via the placental route (21, 22), intra-partum or in the
early postnatal period. While SARS-CoV-2 infection in pregnant
women is associated with an increased risk of preterm delivery,
fetal growth restriction, stillbirth, and neonatal admission to the
ICU, it has not been associated with an increased risk of neonatal
death (18, 23, 24). Recent evidence indicates that 2-5% of
neonates born to mothers with COVID-19 are infected with
SARS-CoV-2 (15, 25-27).

SARS-CoV-2 infection in neonates usually results in mild
disease and a recent meta-analysis showed that 20% of neonatal
infections were asymptomatic. Among symptomatic cases, 48%
and 20% had mild and moderate signs of COVID-19,
respectively (28). The most common clinical presentations of
neonatal COVID-19 were respiratory distress (40%), fever (32%)
and feeding intolerance (24%) (29). Although neonatal COVID-
19 is generally a mild disease, infants under one year were
reported to have more critical illness than older children (14%
in <1 year vs. 5% in 0-18 years), making this age group relatively
more vulnerable to COVID-19-associated morbidity than older
children (30).

Based on the literature review and consultation among authors,
a consensus on priorities for future research related to COVID-19
in pregnant women and infants was reached (Table 1).

4 TRANSFER OF ANTI-SARS-CoV-2
ANTIBODIES FOLLOWING INFECTION IN
PREGNANCY

Anti-SARS-CoV-2 IgG antibodies have been detected in cord
blood of women infected with SARS-CoV-2 during gestation
with variable efficiency of transplacental transfer of these

antibodies to the fetus (31-34). Among 37 women with
positive SARS-CoV-2 PCR during pregnancy, with a median
time from infection to delivery of 4 weeks, 24 and 26 women had
detectable anti-spike (S) protein receptor binding domain (RBD)
and anti-nucleocapsid (N) IgG, respectively (31). The mean
transplacental transfer ratio (defined as ratio of IgG levels in
cord/neonatal blood compared with maternal levels) of anti-RBD
and anti-N IgG in the mother-newborn dyad were 0.82 (n=20)
and 0.85 (n=22), respectively. The transplacental transfer ratio
was low (0.25-0.27) in 4 preterm infants born at <37 weeks
gestational age (31). In another study, the transplacental transfer
ratio of anti-RBD IgG was 0.9 in pregnant women who were
SARS-CoV-2 IgG- and/or IgM- seropositive at delivery (n=83),
and 54% of those tested (44/82) were positive by SARS-CoV-2
PCR during pregnancy (32). Similarly, in another cohort of 22
pregnant women with antenatal SARS-CoV-2 infection at a
mean of 30 days prior to delivery, transplacental transfer for
anti-RBD, -N and -S IgG was <1 (33). Furthermore, the
transplacental transfer ratio was <1 for antibodies mediating
cellular phagocytosis, neutrophil phagocytosis and complement
disposition against SARS-CoV-2 (33). Moreover, the ratio of
anti-SARS-CoV-2 IgG transfer was confirmed in the same study
in a subset of women infected during the third trimester, in
whom the time of delivery relative to ante-natal infection (range
10-50 days) was not associated with difference in the
transplacental ratio of transfer (33). However, an anti-SARS-
CoV-2 IgG transfer ratio >1 was reported in women infected
during the second trimester of their pregnancy (33). In another
study, transplacental transfer ratios of IgG to S1, S2, RBD, and N
antigens were significantly higher in pregnant women who were
infected by SARS-CoV-2 prior to 30 weeks gestation compared
with those infected after 30 week gestation (34). Collectively,
these limited data suggest that timing of maternal infection with
SARS-CoV-2 in pregnancy impacts on efficiency of
transplacental transfer of anti-SARS-CoV-2 antibodies with
third-trimester infection associated with less efficient transfer
of SARS-CoV-2-specific antibodies while infection earlier in
pregnancy is associated with higher transfer of maternal
antibodies, as reported for antibodies induced by other vaccine
antigens (35-39). Nevertheless, since most studies either did not
report the timing of infection in pregnancy or included women
who had infection close to delivery, it is challenging to conclude
on the precise effect of timing of infection on efficiency of anti-
SARS-CoV-2 IgG transplacental transfer. Also, the clinical
relevance of these antibodies is difficult to interpret as no

TABLE 1 | Consensus on priorities for future research related to COVID-19 in pregnant women and infants.

COVID-19 in pregnant women

Placental pathology associated with SARS-CoV-2 infection at varying stages of pregnancy.

The pathogenesis of SARS-CoV-2 infection at different time points in pregnancy, time-dependent risk of infection and resultant adverse fetal outcomes.
Rates of SARS-CoV-2 infection in pregnant and non-pregnant women with similar exposure risks.

The clinical course of SARS-CoV-2 infection, including symptomatic and asymptomatic infection, in pregnant women.

Long-term effect of COVID-19 in the women infected by SARS-CoV-2 during pregnancy.

COVID-19 in infants

Risk factors for maternal transmission and neonatal susceptibility to SARS-CoV-2 infection.
Long-term follow up on physical growth, development, and COVID-19-related complications among infants infected with SARS-CoV-2 and long-term follow up of infants

exposed to SARS-CoV-2 in utero.
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correlate of protection has yet been identified for COVID-19,
however, it is likely that these antibodies could provide some
clinical protection (40, 41).

4.1 Fetal Immune Response to Intrauterine
Exposure to SARS-CoV-2

Anti-SARS-CoV-2 IgM antibodies have been detected in cord
blood samples of women infected with SARS-CoV-2 during
pregnancy, suggesting intrauterine vertical transmission of
SARS-CoV-2 and fetal immune response. In one study, anti-
SARS-CoV-2 IgM was detected at birth in two out of six
newborns of women infected with SARS-CoV-2 during
pregnancy (42), and in a 2-hour old newborn (43). In addition,
anti-SARS-CoV-2 IgM was detected in one out of 31 cord blood
samples of women infected with SARS-CoV-2 within 1-17 days
prior to delivery (44), and in a 29-week preterm infant (45).
Among 65 women with positive SARS-CoV-2 PCR detected
during various stages in pregnancy (10-38 weeks), five neonates
had anti-SARS-CoV-2 IgM in cord blood, with none of the
newborns exhibiting signs of COVID-19 (34). The clinical
relevance of exposure to maternal SARS-CoV-2 antigens in
utero (21, 22, 46), leading to congenital infection, requires
further assessment. One case report reported fetal death after
maternal infection with SARS-CoV-2 during early third
trimester of pregnancy (22). Another case report reported a
late preterm infant (35 weeks gestation) born to a mother
infected during the third trimester of pregnancy who presented
with neurological symptoms with full recovery upon follow up
(23). A systematic review reported a proportion of 3.2% (22/936)
of vertical transmission following maternal infection in the third
trimester of pregnancy after combing data from 38 cohort or case
series studies (47). However, no studies reported on vertical
transmission following maternal infection during early
pregnancy (47).

Although a recent systematic review reported that maternal
infection with SARS-CoV-2 was associated with higher risk of
preterm delivery and stillbirth (18), the proportion of these
fetuses with congenital SARS-CoV-2 infection is unknown.
Thus, large studies are needed to assess the short and long-
term effects of in utero exposure to SARS-CoV-2.

5 TRANSFER OF SARS-CoV-2 AND ANTI-
SARS-CoV-2 ANTIBODIES IN BREAST
MILK FOLLOWING INFECTION IN
PREGNANCY

Concerns have been raised about whether SARS-CoV-2 is shed
in breastmilk of infected mothers and can be transmitted to their
breastfeeding infant. While several early small studies found no
evidence of SARS-CoV-2 in breastmilk, it was reported early in
the pandemic that one of two women infected by SARS-CoV-2
had detectable SARS-CoV-2 RNA in her breastmilk for four
consecutive days (48). The mother followed strict safety
precautions and wore a surgical mask whilst handling her
child, but the infant tested positive for SARS-CoV-2 at the

time that the virus RNA was first detected in breastmilk,
raising the possibility that breastmilk was the source of
infection, however another mode of infection could not be
excluded. A systematic review of 50 articles found that 12 of
183 women (5% [95% CI 2-15%]) with confirmed SARS-CoV-2
infection across 48 studies had the SARS-CoV-2 genome present
in their breastmilk (49). Half of the 12 neonates from these
women tested positive for SARS-CoV-2 by nasopharyngeal swab
(6/12) and 33% (4/12) were symptomatic of whom one required
respiratory support. A US study analyzing consecutive
breastmilk samples from 18 women with SARS-CoV-2
infection reported that one of 64 samples had detectable SARS-
CoV-2 RNA (50) which was negative for replication competent
virus by culture assay. Another study of 110 women similarly
found no evidence of infectious virus in breastmilk by culture
despite 6% being reactive on PCR testing (47).

The aforementioned systematic review summarized ten
studies, showing that 83% (95% CI 32-98%) of 89 women had
anti-SARS-CoV-2 antibodies in their breastmilk, mostly with
IgA (49). Another study similarly found that 76% and 80% of
breast milk samples from 18 women infected with SARS-CoV-2
had anti-SARS-CoV-2 IgA and IgG, respectively (51).
Importantly, 62% of these samples were capable of neutralizing
SARS-CoV-2 infectivity in vitro. Overall, these studies suggest
that a very low percentage of lactating women infected with
SARS-CoV-2 have detectable SARS-CoV-2 RNA in their
breastmilk, and that detected virus may not be replication
competent or pose a risk of infection to their neonates. Since
the breastmilk of most women infected with SARS-CoV-2
contains specific IgA and/or IgG, the protective benefits of
breastfeeding may outweigh the risk of infection via
breastmilk. In line with the WHO and CDC recommendations,
initiation and continuation of breastfeeding should be
recommended for women with COVID-19 (52, 53).

Based on the literature review and consultation among
authors, a consensus on priorities for future research related to
transfer of anti-SARS-CoV-2 antibodies after SARS-CoV-2
infection in pregnancy across the placenta and in breastmilk
was reached (Table 2).

6 IMMUNIZATION DURING PREGNANCY

6.1 Ethics of Immunization Against COVID-
19 in Pregnancy

Immunizing pregnant women requires nuanced ethical
considerations — COVID-19 vaccines are no different. In fact,
the need for ethical decision-making is even more acute in a
pandemic as information regarding risk and benefits is evolving.
There are three major ethical questions related to COVID-19
vaccines in pregnancy. First, inclusion of pregnant women in
COVID-19 vaccine trials. For many years, vaccine companies
and even some independent investigators have taken a “risk
averse” approach to inclusion of pregnant women in vaccine
trials, and they have been excluded. However, in recent years,
there has been an increasing ethical and scientific consensus to
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TABLE 2 | Consensus on priorities for future research related to transfer of anti-SARS-CoV-2 antibodies after SARS-CoV-2 infection in pregnancy across the placenta

and in breastmilk.

Transplacental transfer

Effect of timing of infection with SARS-CoV-2 in pregnancy on efficiency of transfer of maternal antibodies across the placenta, especially for infections early in pregnancy

Kinetics of anti-SARS-CoV-2 antibodies transplacentally transferred to infants.
Function of anti-SARS-CoV-2 antibodies transplacentally transferred to infants.

Correlate(s) of protection and cut-off of protection of anti-SARS-CoV-2 antibodies transplacentally transferred to infants from clinical disease in infancy.

Clinical relevance of anti-SARS-CoV-2 antibodies transplacentally transferred to infants.

Transfer via breastmilk

Large prospective study to evaluate the risk of SARS-CoV-2 infection versus protection among breastfeeding children of lactating women, infected with SARS-CoV-2.
Humoral immune responses in breastmilk of lactating women, infected with SARS-CoV-2 (titer, subclass, glycosylation profile and functional properties of infection-

induced antibodies, including neutralization properties).
Impact of COVID-19 infection on cellular immunity in breastmilk:

1. T-cell subsets directed against SARS-CoV-2 expressed in breastmilk after COVID-19 infection.

2. T-cell dependent cytokine production observed in breastmilk after COVID-19 infection.

3. T-cell help relation to the B-cell antibody production after COVID-19 infection?

include pregnant women in early human trials of vaccines with
potential use in pregnancy (54). Unfortunately, for COVID-19
vaccines, pregnant women were not included in any pre-
licensure trials and most vaccine companies had an unclear
clinical development plan which led to confusion and concern
among pregnant women and decision-making with limited data.
The second major ethical question is whether pregnant women
should receive a COVID-19 vaccine? With increasing evidence of
safety of various COVID-19 vaccines in pregnancy, and with
increasing understanding of the disproportionate negative
impact of COVID-19 on pregnant women, it is recommended
and ethically appropriate for pregnant women to receive a
COVID-19 vaccine when the available data suggest reasonable
efficacy and safety. The third major ethical question is whether is
how much priority should be given to pregnant women
compared to other high-risk groups?. The COVID-19 vaccine
working group of the WHO Strategic Advisory Group of Experts
included pregnant women in the Stage II of its Vaccine
Prioritization Roadmap, as part of the “Groups with
comorbidities or health states determined to be at significantly
higher risk of severe disease or death” (55). Maternal immunization
during pregnancy is an active area of research. Given that SARS-
CoV-2 is a novel human virus with recently developed vaccines, the
need for research on COVID-19 vaccines is more acute.

6.2 Safety

Most safety data for COVID-19 vaccines in pregnancy has come
from ‘real world’ evidence gathered after regulatory approval and
implementation rather than from the initial clinical trials, where
pregnant women were largely excluded. Furthermore, most
currently published safety data in pregnancy are for mRNA
vaccines including BNT162b2 and mRNA-1273 vaccines. One of
the first and largest studies reporting safety data in pregnant
women was published from the US and included over 35,000
pregnant women had received an mRNA COVID-19 vaccine
(56). The rate of reported side effects was similar to non-
pregnant women, with pain at the injection site reported
slightly more often, but systemic symptoms such as fever and
tiredness reported less often (56). This study also reported the
outcomes for 827 completed pregnancies (56). Adverse

pregnancy outcomes such as preterm delivery, stillbirth, small
for gestational age infants and congenital anomalies occurred at a
similar rate to the background rate in the general population
(56). The data that informed this publication are part of the V-
safe COVID-19 Vaccine Pregnancy Registry, a smartphone-
based tool that uses text messaging and web surveys to provide
personalized check in after receipt of a COVID-19 vaccine (57).
This pool of data is continuing to accumulate safety information
over time and was presented at the US CDC Advisory
Committee on Immunization Practices meeting on September
22, 2021. The additional safety data presented confirmed earlier
reports that there is no increased rate of adverse pregnancy
outcomes compared to background rates (58). The findings from
this large study are supported by other smaller studies (59-62).
In addition, animal studies of BNT162b2 and mRNA-1273
vaccines have not shown any negative effects on fertility or
pregnancy (63, 64).

The effect of timing of immunization during pregnancy and
safety are critical considerations in deciding the recommended
strategy of immunization during pregnancy, and it is particularly
important to determine whether immunization during early
pregnancy is associated with spontaneous abortion or birth
defects. Adverse events following immunization against SARS-
CoV-2 at different time points in pregnancy have been found to
be comparable to those in non-pregnant women regardless of
their gestational age (56, 65, 66). While pregnant women that
were studied were immunized from the peri-conception period
to the third trimester, data available on neonatal outcomes from
women vaccinated in early pregnancy are limited (56). Data from
the US CDC including almost 2,500 women revealed that the
cumulative risk of spontaneous abortion in women immunized
against COVID-19 between 6 to < 20 weeks of gestation was
14.1% and not different from that reported in historical cohorts
(67). Additionally, in a retrospective study on safety of COVID-
19 immunization among pregnant women, the rate of major
congenital anomalies was 2.2%, consistent with that expected
without immunization. In other studies, no specific pattern of
congenital anomalies was observed, although none of the
mothers had received COVID-19 vaccine in the first trimester
or in the periconception period (56, 68).

Frontiers in Immunology | www.frontiersin.org

December 2021 | Volume 12 | Article 808064


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Abu-Raya et al.

COVID-19 Immunization During Pregnancy

Overall, the data on safety of COVID-19 vaccines in
pregnancy are growing but still have some limitations,
especially for several vaccine platforms such as vector-based
and inactivated virus vaccines. In addition, more safety data on
immunization during the first trimester are needed. In addition
to “real world” data, information from clinical trials will also be
available in the future as BNT162b2 vaccine is being studied in a
global clinical trial in pregnant women (69), with hopefully other
companies following suit.

Based on the literature review and consultation among
authors, a consensus on priorities for future research related to
ethics and safety of immunization against SARS-CoV-2 in
pregnancy was reached (Table 3).

6.3 Immunogenicity

Few studies have investigated the immunogenicity of COVID-19
vaccines in pregnant women (34, 60, 66, 70, 71). Those that have
been published included less than 100 pregnant women and either
used the BNT162b2 and/or mRNA-1273 vaccines (34, 60, 66, 70,
71). Antibodies against RBD were measured in all studies (34, 60,
66, 70, 71), while some studies additionally measured antibodies
against S1 and S2 proteins (34, 60, 70). Only one study
investigated T cell responses (60). Three studies each compared
antibody levels between immunized pregnant and non-pregnant
women (60, 66, 70) or between immunized and SARS-CoV-2
infected pregnant women, respectively (34, 60, 70). One study
included only immunized pregnant women without a control
group (71). In four of the studies antibodies in cord blood were
measured (34, 60, 70, 71), confirming that antibodies elicited by
SARS-CoV-2 mRNA immunization during pregnancy are capable
of crossing the placenta. Specifically, both S- and RBD- IgG
antibodies as well as neutralizing antibodies are transplacentally
transferred to the newborns at birth. After maternal
immunization, two studies reported similar antibody levels in
maternal and cord blood (34, 71), while two other studies reported
lower levels of total SARS-CoV-2 specific antibodies and
neutralizing antibodies in cord blood (60, 70). The latter
findings contrast with the transplacental transfer of other
antibodies after maternal immunization, for example pertussis,
where levels in cord blood are usually higher than maternal levels
(72). The transplacental transfer ratio for anti- RBD, S1 and S2
IgG between vaccinated and infected women was similar (34).

6.3.1 Antibody Immune Response in Pregnant vs.
Non Pregnant Women

In all but one study (66), SARS-CoV-2 specific antibody levels
after immunization were similar in pregnant and non-pregnant
women (60, 70, 71). The antibody levels were higher after
vaccination than after natural infection, except for antibodies
against the N protein, which is not an included antigen in the use
in COVID-19 vaccines used (34, 60, 70). Although one study
showed that pregnant women have significantly lower SARS-
CoV-2 IgG levels after immunization with the BNT162b2 mRNA
vaccine compared with non-pregnant women (66), other studies
showed comparable humoral immune responses between
pregnant and non-pregnant women for BNT162b2 and
mRNA-1273 (59, 60). In one study, no differences in binding,

TABLE 3 | Consensus on priorities for future research related to ethics and
safety of immunization against SARS-CoV-2 in pregnancy.

Acceptance of COVID-19 vaccines and strategies to increase it.

First trimester immunization and risk of spontaneous abortion or congenital
abnormalities.

Adverse events and congenital anomalies by timing of immunization during
pregnancy.

Safety in setting of co-administration with other vaccines routinely offered in
pregnancy (i.e. influenza, tetanus, diphtheria and acellular pertussis vaccines).

neutralizing and functional non-neutralizing antibody responses
were found between pregnant and non-pregnant women after
mRNA COVID-19 immunization (60).

6.3.2 Number of Doses and Timing of Immunization
During Pregnancy

Currently the magnitude of transplacental antibody transfer
following a single dose of COVID vaccine remains uncertain.
One dose of BNT162b2 vaccine led to a rapid increase in SARS-
CoV-2 specific IgG levels in pregnant women, and 14 days after
the first vaccine dose, anti-SARS-CoV-2 antibodies were detected
in cord blood (34). However, another study showed that anti-
SARS-CoV-2 antibodies could not be found in cord blood if the
first vaccine dose (82% received either BNT162b2 or mRNA-
1273 vaccine) was given to women less than 3 weeks before
delivery (71). Two maternal SARS-CoV-2 vaccine doses in
pregnancy led to significantly higher maternal and cord anti-
SARS-CoV-2 IgG levels compared to one dose (34, 70, 71), but
not of IgA levels (34, 70). One study reported higher IgA
responses against RBD and S protein after immunization with
mRNA-1273 compared to immunization with BNT161b2
vaccine, which was thought to be attributed to the extended
interval between the two doses for the former vaccine (70).

The timing of immunization during pregnancy is important
for optimal protection provided for pregnant women and their
infants. A recent study indicated that the earliest detection of
anti-SARS-CoV-2 antibodies in cord blood occurs 16 days post
first immunization while the placental transfer ratio correlates
with the number of weeks elapsed post second vaccine dose
(range 0-10 weeks) (73). Similarly, anti-S antibody levels in cord
blood were found to be positively correlated with time between
immunization and delivery (74).

Clinical trials investigating the immunogenicity of the
BNT161b2 and the Ad26.COV2.S vaccine in pregnancy are
currently ongoing (75-77). Another clinical trial investigating
the effect of two different time intervals (4 to 6 vs. 8 to 12
weeks) on the immunogenicity of the mRNA-1273 and
BNT162b2 vaccines in pregnancy is also currently recruiting
participants (78).

6.3.3 Induction of Vaccine-Induced Antibodies in
Breast Milk

Transfer of passive and active immunity through human milk is
a key element in infant protection against infections. To date,
several prospective cohort studies have shown presence of
antibodies (mainly IgA and IgG) in breast milk of lactating
mothers immunized against SARS-CoV-2, either with mRNA
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(79-83), or adenoviral vaccines (84). These studies showed that
antibody levels in breast milk increase after the second dose and
are positively associated with maternal serum levels (79-83).
Moreover, one study that evaluated the immunogenicity of
mRNA vaccines also revealed the presence of binding and
neutralizing antibodies in breast milk (60). One study
including lactating women vaccinated with the inactivated
virus COVID-19 vaccine found detectable anti-SARS-CoV-2
IgA antibodies in the breast milk (85). These data could
indicate that breastfeeding in infancy has the potential to add
to the protection conferred to infants via antibodies transferred
across the placenta. In addition, one study showed that no
mRNA is transferred via breastmilk (86).

6.3.4 Cellular Immune Response

In a small single study, immunization with mRNA-1273 or
BNT162b2 vaccines in pregnancy, during lactation and in non-
pregnant women was associated with comparable percentage of
spike-specific IFN-y production by CD4 T cells, CD4 central
memory T cells, CD8 T cells, and CD8 central memory T cells
(60). However, there are currently no data on production of
other cytokines or the effect on innate immune system.

Based on the literature review and consultation among
authors, a consensus on priorities for future research related to
immunogenicity of immunization against SARS-CoV-2 in
pregnancy was reached (Table 4).

7 REAL-WORLD VACCINE
EFFECTIVENESS

Although recognized as a subpopulation of increased risk for
severe COVID-19, pregnant and lactating women were not

TABLE 4 | Consensus on priorities for future research related to immunogenicity
of immunization against SARS-CoV-2 in pregnancy.

Antibody immune response

Immunogenicity in pregnant women of all licensed COVID-19 vaccines.
Vaccine-induced antibody transfer kinetics across all pregnancy trimesters.

The impact of booster COVID-19 immunization (following completion of 2 doses
of primary immunization) in pregnancy.

Co-administration with other vaccines given in pregnancy and immune response
to COVID-19 vaccines

Number of doses and timing of immunization

Optimal timing of immunization during pregnancy and the ideal time interval
between the two doses.

Immune response of heterologous schedules with different number of vaccine
does

Induction of antibodies in breast milk

Protection against SARS-CoV-2 in breastfeeding infants of vaccinated women
and it’s duration.

Correlate(s) of protection of vaccine-induced anti-SARS-CoV-2 antibodies in
breast milk.

Duration of humoral protection provided via breastfeeding.

Studies on lactating women vaccinated with non-mRNA-based COVID-19
vaccines.

Cellular immune response

Magnitude and diversity of cellular immune responses (adaptive and innate) after
immunization at different time point during pregnancy.

included in phase 3 safety and efficacy clinical trials of the
current available COVID-19 vaccines in use. However, after
being recommended by advisory committees and regulatory
agencies, COVID-19 vaccines, particularly the mRNA vaccines,
are being extensively used worldwide in pregnant and lactating
women, providing an opportunity to evaluate real-world data on
the effectiveness of these vaccines against the different outcomes
of COVID-19. A large retrospective population-based cohort
study compared the risk of SARS-CoV-2 infection among
pregnant women immunized with the BNT162b2 mRNA
vaccine versus unimmunized pregnant women. Immunization
was associated with a significantly reduced risk of SARS-CoV-2
infection, with an adjusted hazard ratio (HR) of 0.22 (95% CI,
0.11-0.43, P<0.001), corresponding to an estimate of vaccine
effectiveness (1 — HR) of 78% (87).

Another observational cohort study, including pregnant
women aged 16 years or older who were immunized between
20 December 2020 and 3 June 2021, naive for SARS-CoV-2
infection, found that the BNT162b2 mRNA vaccine effectiveness
from 7 through to 56 days after the second dose was 96% (95%
CI, 89-100%) for any documented infection, 97% (95% CI, 91-
100%) for symptomatic infections and 89% (95% CI, 43-100%)
for COVID-19-related hospitalization (62). Additionally, data
from a comprehensive vaccine registry, identifying information
from healthcare systems in the US found that women who were
immunized in pregnancy were less likely than unimmunized
pregnant women to experience SARS-CoV-2 infection before
delivery (2/140 [1.4%] vs. 210/1861 [11.3%], P<0.001) (88).

Although preliminary data suggest that mRNA COVID-19
vaccines are highly effective in pregnant women, with comparable
effectiveness estimates that were reported in the general
population, evidence is still limited to few observational studies.
Based on the literature review and consultation among authors, a
consensus on priorities for future research related to efficacy and
effectiveness of immunization against SARS-CoV-2 in pregnancy
was reached (Table 5).

8 CONSENSUS ON IMMUNIZATION
DURING PREGNANCY AND FUTURE
DIRECTIONS

Although pregnant women were not included in the initial
COVID-19 vaccine trials, which led to insufficient data to
make initial evidence-based recommendations, significant body
of research has accumulated since early 2021 to support the

TABLE 5 | Consensus on priorities for future research related to efficacy and
effectiveness of immunization against SARS-CoV-2 in pregnancy.

Vaccine effectiveness across different populations of pregnant women
Vaccine effectiveness against new variants of concern

Vaccine effectiveness studies with non-mRNA formulations (e.g. inactivated
vaccines, non-replicating vectors).

Ideal timing of immunization and number of doses to provide protection to the
pregnant women and their infants.
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recommendation of immunization against SARS-CoV-2 in
pregnancy. With the limited information available, we
recommend immunization of pregnant women with mRNA
vaccines. This recommendation is based mainly on the
increased risk for severe infection during pregnancy and the
acceptable safety, immunogenicity and effectiveness profile of
the mRNA vaccines.

Following review of the current literature and consultation
amongst experts in the fields of infectious diseases, vaccination
and immunization during pregnancy, several gaps in knowledge
and priorities for research were identified and are proposed
(Tables 1-5). Addressing these priorities in future research has
the potential to increase our understanding in different aspects of
immunization against SARS-CoV-2 in pregnancy and to
optimize protection for both the mothers and their infants. To
provide a better understanding of the safety, immunogenicity,
and efficacy/effectiveness of different COVID-19 vaccines,
several companies have commenced clinical trials in pregnant
and lactating women. Pfizer is conducting a randomized,
placebo-controlled, observer-blinded phase 2/3 study to
evaluate the safety, tolerability, and immunogenicity of the
BNT162be mRNA vaccine in healthy pregnant women (89).
Janssen is conducting a phase 2 randomized, open-label study of
its non-replicating adenoviral vaccine, Ad26.COV2.S, including
pregnant women (90). Moderna is also evaluating in a
prospective observational study, the potential impact of its
mRNA vaccine, mRNA-1273, on pregnancy and birth
outcomes (91). Based on the successful experience with other
inactivated vaccines used during pregnancy, studies should be
conducted to evaluate the safety, immunogenicity and
effectiveness of the currently authorized COVID-19 inactivated
vaccines in pregnant women. Uptake of COVID-19 vaccine in
pregnancy varies between countries and settings but has been
generally low. The reported uptake of >1 dose of COVID-19
vaccine in pregnancy was 15-23% in Scotland (92), 22% in the
UK (93) and 16.3% in the US (94). Efforts should be made to
increase vaccine uptake in pregnancy.

REFERENCES

1. Zambrano LD, Ellington S, Strid P, Galang RR, Oduyebo T, Tong VT, 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 Wkly Rep (2020)
69:164, 1-7. doi: 10.15585/mmwr.mm6944e3

2. Pirjani R, Hosseini R, Soori T, Rabiei M, Hosseini L, Abiri A, et al. Maternal
and Neonatal Outcomes in COVID-19 Infected Pregnancies: A Prospective
Cohort Study. J Travel Med (2020) 27:1-7. doi: 10.1093/jtm/taaal58

3. Ellington S, Strid P, Tong VT, Woodworth K, Galang RR, Zambrano LD, et al.
Characteristics of Women of Reproductive Age With Laboratory-Confirmed
SARS-CoV-2 Infection by Pregnancy Status - United States, January 22-June
7, 2020. MMWR Morb Mortal Wkly Rep (2020) 69:769-75. doi: 10.15585/
mmwr.mmé6925al

4. Gale C, Quigley MA, Placzek A, Knight M, Ladhani S, Draper ES, et al.
Characteristics and Outcomes of Neonatal SARS-CoV-2 Infection in the UK:
A Prospective National Cohort Study Using Active Surveillance. Lancet Child
Adolesc Health (2021) 5:113-21. doi: 10.1016/S2352-4642(20)30342-4

5. Trevisanuto D, Cavallin F, Cavicchiolo ME, Borellini M, Calgaro S, Baraldi E.
Coronavirus Infection in Neonates: A Systematic Review. Arch Dis Child Fetal
Neonatal Ed (2020) 106:330-5. doi: 10.1136/archdischild-2020-319837

Unique to COVID-19 is that most current studies evaluated
pregnant women who were likely naive to SARS-CoV-2 prior to
pregnancy. It is expected that the level of pre-existing immunity of
pregnant women and their infants to SARS-CoV-2 will increase as
the pandemic evolves further and the number of pregnant women
who enter pregnancy with natural or vaccine-induced immunity
increases (95). Ongoing evaluation of the gaps in knowledge as
levels of pre-existing immunity in pregnancy women increases is
important and poses a unique challenge for the COVID-19
pandemic and should be included in study design and
interpretation of results to inform pregnant women, public health
policy makers, clinicians and researchers. Finally, in future
pandemics where pregnant women and/or young infants are at
high risk for severe morbidity and mortality, pregnant women
should be included early in early phases of clinical trials.

AUTHOR CONTRIBUTIONS

BA and SE proposed the project and coordinated the study
group. BA, SM, SO, GA, MLG, KF, PZ, MS, VP, KM, VD-B, SE,
MO'R, ET, and NW contributed to the writing of first draft of the
consensus statements and revised the initial draft of the
manuscript. BA, SM, SO, GA, MLG, KF, PZ, MS, VP, KM,
VD-B, SE, MO'R, and ET reviewed and edited the manuscript,
provided comments and suggested references and substantially
contributed to the content of the manuscript. BA, SM, SO, GA,
MLG, KF, PZ, MS, VP, KM, VD-B, SE, MO'R, and ET approved
the final version of the manuscript. All authors contributed to the
article and approved the submitted version.

FUNDING

The publication of this manuscript was supported by the World
Association for Infectious Diseases and Immunological
Disorders (WAidid).

6. World Health Organization. Available at: https://www.who.int/news-room/
feature-stories/detail/the-moderna-covid-19-mrna-1273-vaccine-what-you-
need-to-know (Accessed September 26, 2021).

. World Health Organization. Available at: https://www.who.int/news-room/
feature-stories/detail/who-can-take-the-pfizer-biontech-covid-19-vaccine
(Accessed September 26, 2021).

. Centers for Diseases Control and Prevention. Vaccination Considerations for
People Who are Pregnant or Breastfeeding. Available at: https://www.cdc.gov/
coronavirus/2019-ncov/vaccines/recommendations/pregnancy.html.

9. European Centre for Disease Prevention and Control. Available at: https://
www.who.int/news-room/feature-stories/detail/who-can-take-the-pfizer-
biontech-covid-19-vaccine (Accessed September 26, 2021).

10. Abu-Raya B, Maertens K, Edwards KM, Omer SB, Englund JA, Flanagan KL,
et al. Global Perspectives on Immunization During Pregnancy and Priorities
for Future Research and Development: An International Consensus
Statement. Front Immunol (2020) 11:1282. doi: 10.3389/fimmu.2020.01282

11. Vousden N, Bunch K, Morris E, Simpson N, Gale C, O'Brien P, et al. The
Incidence, Characteristics and Outcomes of Pregnant Women Hospitalized
With Symptomatic and Asymptomatic SARS-CoV-2 Infection in the UK
From March to September 2020: A National Cohort Study Using the UK
Obstetric Surveillance System (UKOSS). PloS One (2021) 16:€0251123. doi:
10.1371/journal.pone.0251123

~

o

Frontiers in Immunology | www.frontiersin.org

December 2021 | Volume 12 | Article 808064


https://doi.org/10.15585/mmwr.mm6944e3
https://doi.org/10.1093/jtm/taaa158
https://doi.org/10.15585/mmwr.mm6925a1
https://doi.org/10.15585/mmwr.mm6925a1
https://doi.org/10.1016/S2352-4642(20)30342-4
https://doi.org/10.1136/archdischild-2020-319837
https://www.who.int/news-room/feature-stories/detail/the-moderna-covid-19-mrna-1273-vaccine-what-you-need-to-know
https://www.who.int/news-room/feature-stories/detail/the-moderna-covid-19-mrna-1273-vaccine-what-you-need-to-know
https://www.who.int/news-room/feature-stories/detail/the-moderna-covid-19-mrna-1273-vaccine-what-you-need-to-know
https://www.who.int/news-room/feature-stories/detail/who-can-take-the-pfizer-biontech-covid-19&ndash;vaccine
https://www.who.int/news-room/feature-stories/detail/who-can-take-the-pfizer-biontech-covid-19&ndash;vaccine
https://www.cdc.gov/coronavirus/2019-ncov/vaccines/recommendations/pregnancy.html
https://www.cdc.gov/coronavirus/2019-ncov/vaccines/recommendations/pregnancy.html
https://www.who.int/news-room/feature-stories/detail/who-can-take-the-pfizer-biontech-covid-19&ndash;vaccine
https://www.who.int/news-room/feature-stories/detail/who-can-take-the-pfizer-biontech-covid-19&ndash;vaccine
https://www.who.int/news-room/feature-stories/detail/who-can-take-the-pfizer-biontech-covid-19&ndash;vaccine
https://doi.org/10.3389/fimmu.2020.01282
https://doi.org/10.1371/journal.pone.0251123
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Abu-Raya et al.

COVID-19 Immunization During Pregnancy

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Badr DA, Picone O, Bevilacqua E, Carlin A, Meli F, Sibiude J, et al. Severe
Acute Respiratory Syndrome Coronavirus 2 and Pregnancy Outcomes
According to Gestational Age at Time of Infection. Emerg Infect Dis (2021)
27:2535-43. doi: 10.3201/eid2710.211394

Gajbhiye RK, Sawant MS, Kuppusamy P, Surve S, Pasi A, Prusty RK, et al.
Differential Impact of COVID-19 in Pregnant Women From High-Income
Countries and Low- to Middle-Income Countries: A Systematic Review and
Meta-Analysis. Int ] Gynaecol Obstet (2021) 155:48-56. doi: 10.1002/ijgo.13793
Abu-Raya B, Michalski C, Sadarangani M, Lavoie PM. Maternal
Immunological Adaptation During Normal Pregnancy. Front Immunol
(2020) 11:575197. doi: 10.3389/fimmu.2020.575197

Allotey J, Stallings E, Bonet M, Yap M, Chatterjee S, Kew T, et al. Clinical
Manifestations, Risk Factors, and Maternal and Perinatal Outcomes of
Coronavirus Disease 2019 in Pregnancy: Living Systematic Review and
Meta-Analysis. BMJ (2020) 370:m3320. doi: 10.1136/bmj.m3320

Overtoom EM, Rosman AN, Zwart JJ, Vogelvang TE, Schaap TP, van den
Akker T, et al. SARS-CoV-2 Infection in Pregnancy During the First Wave of
COVID-19 in the Netherlands: A Prospective Nationwide Population-Based
Cohort Study (NethOSS). BJOG (2021) 2021:10.1111/1471-0528.16903. doi:
10.1111/1471-0528.16903

Limaye MA, Roman AS, Trostle ME, Venkatesh P, Lantigua Martinez M,
Brubaker SG, et al. Predictors of Severe and Critical Disease in Pregnant
Women With SARS-CoV-2. ] Matern Fetal Neonatal Med (2021), 1-5. doi:
10.1080/14767058.2021.1951216

Wei SQ, Bilodeau-Bertrand M, Liu S, Auger N. The Impact of COVID-19 on
Pregnancy Outcomes: A Systematic Review and Meta-Analysis. CMA]J (2021)
193:E540-E8. doi: 10.1503/cmaj.202604

Blitz MJ, Gerber RP, Gulersen M, Shan W, Rausch AC, Prasannan L, et al.
Preterm Birth Among Women With and Without Severe Acute Respiratory
Syndrome Coronavirus 2 Infection. Acta Obstet Gynecol Scand (2021)
100:2253-9. doi: 10.1111/a0gs.14269

Budhram S, Vannevel V, Botha T, Chauke L, Bhoora S, Balie GM, et al.
Maternal Characteristics and Pregnancy Outcomes of Hospitalized Pregnant
Women With SARS-CoV-2 Infection in South Africa: An International
Network of Obstetric Survey Systems-Based Cohort Study. Int ] Gynaecol
Obstet (2021) 155:455-65. doi: 10.1002/ijgo0.13917

Stonoga ETS, de Almeida Lanzoni L, Rebutini PZ, Permegiani de Oliveira AL,
Chiste JA, Fugaga CA, et al. Intrauterine Transmission of SARS-CoV-2. Emerg
Infect Dis (2021) 27:638-41. doi: 10.3201/eid2702.203824

Vivanti AJ, Vauloup-Fellous C, Prevot S, Zupan V, Suffee C, Do Cao J, et al.
Transplacental Transmission of SARS-CoV-2 Infection. Nat Commun (2020)
11:3572. doi: 10.1038/s41467-020-17436-6

Chinn J, Sedighim S, Kirby KA, Hohmann S, Hameed AB, Jolley J, et al.
Characteristics and Outcomes of Women With COVID-19 Giving Birth at US
Academic Centers During the COVID-19 Pandemic. JAMA Netw Open
(2021) 4:2120456. doi: 10.1001/jamanetworkopen.2021.20456

Mullins E, Hudak ML, Banerjee J, Getzlaff T, Townson ], Barnette K, et al.
Pregnancy and Neonatal Outcomes of COVID-19: Coreporting of Common
Outcomes From PAN-COVID and AAP-SONPM Registries. Ultrasound
Obstet Gynecol (2021) 57:573-81. doi: 10.1002/u0g.23619

Shalish W, Lakshminrusimha S, Manzoni P, Keszler M, Sant'’Anna GM.
COVID-19 and Neonatal Respiratory Care: Current Evidence and Practical
Approach. Am ] Perinatol (2020) 37:780-91. doi: 10.1055/s-0040-1710522
Barrero-Castillero A, Beam KS, Bernardini LB, Ramos EGC, Davenport PE,
Duncan AR, et al. COVID-19: Neonatal-Perinatal Perspectives. J Perinatol
(2021) 41:940-51. doi: 10.1038/s41372-020-00874-x

Angelidou A, Sullivan K, Melvin PR, Shui JE, Goldfarb IT, Bartolome R, et al.
Association of Maternal Perinatal SARS-CoV-2 Infection With Neonatal
Outcomes During the COVID-19 Pandemic in Massachusetts. JAMA Netw
Open (2021) 4:¢217523. doi: 10.1001/jamanetworkopen.2021.7523

Liguoro I, Pilotto C, Bonanni M, Ferrari ME, Pusiol A, Nocerino A, et al.
SARS-COV-2 Infection in Children and Newborns: A Systematic Review. Eur
J Pediatr (2020) 179:1029-46. doi: 10.1007/s00431-020-03684-7

Bellos I, Pandita A, Panza R. Maternal and Perinatal Outcomes in Pregnant
Women Infected by SARS-CoV-2: A Meta-Analysis. Eur ] Obstet Gynecol
Reprod Biol (2021) 256:194-204. doi: 10.1016/j.ejogrb.2020.11.038

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Cui X, Zhao Z, Zhang T, Guo W, Zheng ], Zhang J, et al. A Systematic Review
and Meta-Analysis of Children With Coronavirus Disease 2019 (COVID-19).
J Med Virol (2021) 93:1057-69. doi: 10.1002/jmv.26398

Edlow AG, Li JZ, Collier AY, Atyeo C, James KE, Boatin AA, et al. Assessment of
Maternal and Neonatal SARS-CoV-2 Viral Load, Transplacental Antibody Transfer,
and Placental Pathology in Pregnancies During the COVID-19 Pandemic. JAMA
Netw Open (2020) 3:¢2030455. doi: 10.1001/jamanetworkopen.2020.30455
Flannery DD, Gouma S, Dhudasia MB, Mukhopadhyay S, Pfeifer MR,
Woodford EC, et al. Assessment of Maternal and Neonatal Cord Blood
SARS-CoV-2 Antibodies and Placental Transfer Ratios. JAMA Pediatr (2021)
175:594-600. doi: 10.1001/jamapediatrics.2021.0038

Atyeo C, Pullen KM, Bordt EA, Fischinger S, Burke J, Michell A, et al.
Compromised SARS-CoV-2-Specific Placental Antibody Transfer. Cell (2021)
184:628-42.€10. doi: 10.1016/j.cell.2020.12.027

Beharier O, Plitman Mayo R, Raz T, Nahum Sacks K, Schreiber L, Suissa-Cohen
Y, et al. Efficient Maternal to Neonatal Transfer of Antibodies Against SARS-
CoV-2 and BNT162b2 mRNA COVID-19 Vaccine. | Clin Invest (2021) 131.
doi: 10.1172/JCI150319

Abu Raya B, Srugo I, Kessel A, Peterman M, Bader D, Gonen R, et al. The
Effect of Timing of Maternal Tetanus, Diphtheria, and Acellular Pertussis
(Tdap) Immunization During Pregnancy on Newborn Pertussis Antibody
Levels - A Prospective Study. Vaccine (2014) 32:5787-93. doi: 10.1016/
j.vaccine.2014.08.038

Naidu MA, Muljadi R, Davies-Tuck ML, Wallace EM, Giles ML. The Optimal
Gestation for Pertussis Vaccination During Pregnancy: A Prospective Cohort
Study. Am ] Obstet Gynecol (2016) 215:237.e1-.¢6. doi: 10.1016/j.2j0g.2016.03.002
Healy CM, Rench MA, Swaim LS, O'Brian Smith E, Sangi-Haghpeykar H,
Mathis MH, et al. Association Between Third-Trimester Tdap Immunization
and Neonatal Pertussis Antibody Concentration. Obstet Gynecol Survey
(2019) 74:143-5. doi: 10.1097/0GX.0000000000000658

Abu-Raya B, Giles ML, Kollmann TR, Sadarangani M. The Effect of Timing of
Tetanus-Diphtheria-Acellular Pertussis Vaccine Administration in Pregnancy
on the Avidity of Pertussis Antibodies. Front Immunol (2019) 10:2423. doi:
10.3389/fimmu.2019.02423

Madhi SA, Polack FP, Piedra PA, Munoz FM, Trenholme AA, Simoes EAF,
et al. Respiratory Syncytial Virus Vaccination During Pregnancy and Effects in
Infants. N Engl ] Med (2020) 383:426-39. doi: 10.1056/NEJMo0al908380
Khoury DS, Cromer D, Reynaldi A, Schlub TE, Wheatley AK, Juno JA, et al.
Neutralizing Antibody Levels Are Highly Predictive of Immune Protection
From Symptomatic SARS-CoV-2 Infection. Nat Med (2021) 27:1205-11. doi:
10.1038/541591-021-01377-8

Earle KA, Ambrosino DM, Fiore-Gartland A, Goldblatt D, Gilbert PB, Siber
GR, et al. Evidence for Antibody as a Protective Correlate for COVID-19
Vaccines. Vaccine (2021) 39:4423-8. doi: 10.1016/j.vaccine.2021.05.063
Zeng H, Xu C, Fan ], Tang Y, Deng Q, Zhang W, et al. Antibodies in Infants
Born to Mothers With COVID-19 Pneumonia. JAMA (2020) 323:1848-9. doi:
10.1001/jama.2020.4861

Dong L, Tian J, He S, Zhu C, Wang J, Liu C, et al. Possible Vertical
Transmission of SARS-CoV-2 From an Infected Mother to Her Newborn.
JAMA (2020) 323:1846-8. doi: 10.1001/jama.2020.4621

Fenizia C, Biasin M, Cetin I, Vergani P, Mileto D, Spinillo A, et al. Analysis of
SARS-CoV-2 Vertical Transmission During Pregnancy. Nat Commun (2020)
11:5128. doi: 10.1038/s41467-020-18933-4

Gupta A, Malhotra Y, Patil U, Muradas AR, Lee WT, Krammer F, et al.
Vertical Transmission of Coronavirus Disease 2019 in a Severely Ill 29-Week
Preterm Infant. AJP Rep (2020) 10:e270-e4. doi: 10.1055/s-0040-1715177
Kotlyar AM, Grechukhina O, Chen A, Popkhadze S, Grimshaw A, Tal O, et al.
Vertical Transmission of Coronavirus Disease 2019: A Systematic Review and Meta-
Analysis. Am ] Obstet Gynecol (2021) 224:35-53.¢3. doi: 10.1016/j.2j0g.2020.07.049
Krogstad P, Contreras D, Ng H, Tobin N, Chambers CD, Bertrand K, et al. No
Evidence of Infectious SARS-CoV-2 in Human Milk: Analysis of a Cohort of
110 Lactating Women. medRxiv (2021) 395:1757-8. doi: 10.1101/
2021.04.05.21254897

Grof3 R, Conzelmann C, Miiller JA, Stenger S, Steinhart K, Kirchhoff F, et al.
Detection of SARS-CoV-2 in Human Breastmilk. Lancet (2020) 395:1757-8.
doi: 10.1016/S0140-6736(20)31181-8

Frontiers in Immunology | www.frontiersin.org

December 2021 | Volume 12 | Article 808064


https://doi.org/10.3201/eid2710.211394
https://doi.org/10.1002/ijgo.13793
https://doi.org/10.3389/fimmu.2020.575197
https://doi.org/10.1136/bmj.m3320
https://doi.org/10.1111/1471-0528.16903
https://doi.org/10.1080/14767058.2021.1951216
https://doi.org/10.1503/cmaj.202604
https://doi.org/10.1111/aogs.14269
https://doi.org/10.1002/ijgo.13917
https://doi.org/10.3201/eid2702.203824
https://doi.org/10.1038/s41467-020-17436-6
https://doi.org/10.1001/jamanetworkopen.2021.20456
https://doi.org/10.1002/uog.23619
https://doi.org/10.1055/s-0040-1710522
https://doi.org/10.1038/s41372-020-00874-x
https://doi.org/10.1001/jamanetworkopen.2021.7523
https://doi.org/10.1007/s00431-020-03684-7
https://doi.org/10.1016/j.ejogrb.2020.11.038
https://doi.org/10.1002/jmv.26398
https://doi.org/10.1001/jamanetworkopen.2020.30455
https://doi.org/10.1001/jamapediatrics.2021.0038
https://doi.org/10.1016/j.cell.2020.12.027
https://doi.org/10.1172/JCI150319
https://doi.org/10.1016/j.vaccine.2014.08.038
https://doi.org/10.1016/j.vaccine.2014.08.038
https://doi.org/10.1016/j.ajog.2016.03.002
https://doi.org/10.1097/OGX.0000000000000658
https://doi.org/10.3389/fimmu.2019.02423
https://doi.org/10.1056/NEJMoa1908380
https://doi.org/10.1038/s41591-021-01377-8
https://doi.org/10.1016/j.vaccine.2021.05.063
https://doi.org/10.1001/jama.2020.4861
https://doi.org/10.1001/jama.2020.4621
https://doi.org/10.1038/s41467-020-18933-4
https://doi.org/10.1055/s-0040-1715177
https://doi.org/10.1016/j.ajog.2020.07.049
https://doi.org/10.1101/2021.04.05.21254897
https://doi.org/10.1101/2021.04.05.21254897
https://doi.org/10.1016/S0140-6736(20)31181-8
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Abu-Raya et al.

COVID-19 Immunization During Pregnancy

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61

62.

63.

64.

65.

66.

67.

Zhu F, Zozaya C, Zhou Q, De Castro C, Shah PS. SARS-CoV-2 Genome and
Antibodies in Breastmilk: A Systematic Review and Meta-Analysis. Arch Dis
Child Fetal Neonatal Ed (2021) 106:514-21. doi: 10.1136/archdischild-2020-
321074

Chambers CD, Krogstad P, Bertrand K, Contreras D, Tobin NH, Bode L, et al.
Evaluation of SARS-CoV-2 in Breastmilk From 18 Infected Women. medRxiv
(2020), 2021.04.05.21254897. doi: 10.1101/2020.06.12.20127944

Pace RM, Williams JE, Jarvinen KM, Belfort MB, Pace CDW, Lackey KA, et al.
Characterization of SARS-CoV-2 RNA, Antibodies, and Neutralizing
Capacity in Milk Produced by Women With COVID-19. mBio (2021) 12:
€03192-20. doi: 10.1128/mBi0.03192-20

World Health Organization. Available at: https://www.who.int/publications/i/
item/WHO-2019-nCoV-Sci_Brief-Breastfeeding-2020.1 (Accessed October
24th 2021).

Centers for Disease Control and Prevention. Available at: https://www.cdc.
gov/coronavirus/2019-ncov/if-you-are-sick/pregnancy-breastfeeding.html
(Accessed October 24th 2021).

Pregnancy Research Ethics for Vaccines, Epidemics, and New Technologies
(PREVENT). Available at: http://vax.pregnancyethics.org/prevent-guidance.
World Health Organization. WHO SAGE Roadmap For Prioritizing Uses Of
COVID-19 Vaccines In The Context Of Limited Supply. Available at: https://
www.who.int/publications/i/item/who-sage-roadmap-for-prioritizing-uses-
of-covid-19-vaccines-in-the-context-of-limited-supply.

Shimabukuro TT, Kim SY, Myers TR, Moro PL, Oduyebo T,
Panagiotakopoulos L, et al. Preliminary Findings of mRNA Covid-19
Vaccine Safety in Pregnant Persons. N Engl | Med (2021) 384:2273-82. doi:
10.1097/01.20a.0000796052.11696.42

Centers for Disease Control and Prevention. V-Safe COVID-19 Vaccine
Pregnancy Registry (Accessed September 30, 2021). cdc.gov/coronavirus/
2019-ncov/vaccines/safety/vsafepregnancyregistry.html.

Olson C. COVID-19 Vaccine Safety in Pregnancy: Updates From the V-Safe
COVID-19 Vaccine Pregnancy Registry. Sept 22, 2021. Advisory Committee on
Immunization Practices (ACIP) September 22-23, 2021 Meeting (Accessed
September 30, 2021). Cdc.gov/vaccines/acip/meetings/slides-2021-09-22-
23.html.

Gray KJ, Bordt EA, Atyeo C, Deriso E, Akinwunmi B, Young N, et al
Coronavirus Disease 2019 Vaccine Response in Pregnant and Lactating
Women: A Cohort Study. Am J Obstet Gynecol (2021) 225:303.e1-.e17. doi:
10.1016/j.ajog.2021.03.023

Collier AY, McMahan K, Yu J, Tostanoski LH, Aguayo R, Ansel J, et al.
Immunogenicity of COVID-19 mRNA Vaccines in Pregnant and Lactating
Women. Jama (2021) 325:2370-80. doi: 10.1001/jama.2021.7563

. Kadali RAK, Janagama R, Peruru SR, Racherla S, Tirumala R, Madathala RR,

et al. Adverse Effects of COVID-19 Messenger RNA Vaccines Among
Pregnant Women: A Cross-Sectional Study on Healthcare Workers With
Detailed Self-Reported Symptoms. Am ] Obstet Gynecol (2021) 225:458-60.
doi: 10.1016/j.aj0g.2021.06.007

Dagan N, Barda N, Biron-Shental T, Makov-Assif M, Key C, Kohane IS, et al.
Effectiveness of the BNT162b2 mRNA COVID-19 Vaccine in Pregnancy. Nat
Med (2021) 27:1693-5. doi: 10.1038/s41591-021-01490-8

Bowman CJ, Bouressam M, Campion SN, Cappon GD, Catlin NR, Cutler MW,
et al. Lack of Effects on Female Fertility and Prenatal and Postnatal Offspring
Development in Rats With BNT162b2, a mRNA-Based COVID-19 Vaccine.
Reprod Toxicol (2021) 103:28-35. doi: 10.1016/j.reprotox.2021.05.007

United States Food and Drug Administration. Emergency Use Authorization
(EUA) for an Unapproved Product Review Memorandum. Available at: https://
www.fda.gov/media/144673/download (Accessed August 10, 2021).

New CDC Data: COVID-19 Vaccination Safe for Pregnant People. Available
at: https://www.cdc.gov/media/releases/2021/s0811-vaccine-safe-pregnant.
html.

Bookstein Peretz S, Regev N, Novick L, Nachshol M, Goffer E, Ben-David A,
et al. Short-Term Outcome of Pregnant Women Vaccinated With BNT162b2
mRNA COVID-19 Vaccine. Ultrasound Obstet Gynecol (2021) 58:450-6. doi:
10.1002/u0g.23729

Zauche LH, Wallace B, Smoots AN, Olson CK, Oduyebo T, Kim SY, et al.
Receipt of mRNA Covid-19 Vaccines and Risk of Spontaneous Abortion. N
Engl ] Med (2021) 385:1533-5. doi: 10.1056/NEJMc2113891

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Riley LE. mRNA Covid-19 Vaccines in Pregnant Women. N Engl | Med
(2021) 384:2342-3. doi: 10.1056/NEJMe2107070

National Library of Medicine (US). Study to Evaluate the Safety, Tolerability,
and Immunogenicity of SARS CoV-2 RNA Vaccine Candidate (BNT162b2)
Against COVID-19 in Healthy Pregnant Women 18 Years of Age and Older -
Identifier Nct04754594 . Bethesda (MD): ClinicalTrials.gov (Accessed on 10
August 2021).

Gray KJ, Bordt EA, Atyeo C, Deriso E, Akinwunmi B, Young N, et al.
Coronavirus Disease 2019 Vaccine Response in Pregnant and Lactating
Women: A Cohort Study. Am J Obstet Gynecol (2021) 225:303.e1-.e17. doi:
10.1016/j.2j0g.2021.03.023

Mithal LB, Otero S, Shanes ED, Goldstein JA, Miller ES. Cord Blood
Antibodies Following Maternal Coronavirus Disease 2019 Vaccination
During Pregnancy. Am ] Obstet Gynecol (2021) 225:192-4. doi: 10.1016/
j.2j0g.2021.03.035

Munoz FM, Bond NH, Maccato M, Pinell P, Hammill HA, Swamy GK, et al.
Safety and Immunogenicity of Tetanus Diphtheria and Acellular Pertussis
(Tdap) Immunization During Pregnancy in Mothers and Infants: A
Randomized Clinical Trial. Jama (2014) 311:1760-9. doi: 10.1001/
jama.2014.3633

Prabhu M, Murphy EA, Sukhu AC, Yee J, Singh S, Eng D, et al. Antibody
Response to Coronavirus Disease 2019 (COVID-19) Messenger RNA Vaccination
in Pregnant Women and Transplacental Passage Into Cord Blood. Obstet Gynecol
(2021) 138:278-80. doi: 10.1097/A0G.0000000000004438

Zdanowski W, Wasniewski T. Evaluation of SARS-CoV-2 Spike Protein
Antibody Titers in Cord Blood After COVID-19 Vaccination During
Pregnancy in Polish Healthcare Workers: Preliminary Results. Vaccines
(Basel) (2021) 9. doi: 10.22541/au.162023176.65260617/v1

Study to Evaluate the Safety, Tolerability, and Immunogenicity of SARS CoV-2
RNA Vaccine Candidate (BNT162b2) Against COVID-19 in Healthy Pregnant
Women 18 Years of Age and Older. Available at: www.clinicaltrials.gov/
NCT04754594.

A Study of Ad26.COV2.S in Healthy Pregnant Participants (COVID-19)
(HORIZON 1).

National Institute for Health Research. COVID-19 Vacc Maternal
Immunisation. Available at: https://www.nihr.ac.uk/news/first-covid-19-
vaccine-study-for-pregnant-women-launches-in-the-uk/27684

Preg-CoV. 7th September 2021. Available at: https://www.gov.uk/government/
news/new-study-into-covid-19-vaccine-dose-interval-for-pregnant-women
Esteve-Palau E, Gonzalez-Cuevas A, Guerrero ME, Garcia-Terol C, Alvarez MC,
Casadevall D, et al. Quantification of Specific Antibodies Against SARS-CoV-2 in
Breast Milk of Lactating Women Vaccinated With an mRNA Vaccine. JAMA
Netw Open (2021) 4:¢2120575. doi: 10.1001/jamanetworkopen.2021.20575
Lechosa-Muiiiz C, Paz-Zulueta M, Mendez-Legaza JM, Irure-Ventura J,
Cuesta Gonzalez R, Calvo Montes J, et al. Induction of SARS-CoV-2-
Specific IgG and IgA in Serum and Milk With Different SARS-CoV-2
Vaccines in Breastfeeding Women: A Cross-Sectional Study in Northern
Spain. Int ] Environ Res Public Health (2021) 18. doi: 10.3390/ijerph18168831
Nir O, Schwartz A, Toussia-Cohen S, Leibovitch L, Strauss T, Asraf K, et al.
Maternal-Neonatal Transfer of SARS CoV-2 IgG Antibodies Among Parturient
Women Treated With BNT162b2 mRNA Vaccine During Pregnancy. Am ]
Obstet Gynecol MFM (2021) 100492. doi: 10.1016/j.ajogmf.2021.100492

Perl SH, Uzan-Yulzari A, Klainer H, Asiskovich L, Youngster M, Rinott E,
et al. SARS-CoV-2-Specific Antibodies in Breast Milk After COVID-19
Vaccination of Breastfeeding Women. JAMA (2021) 325:2013-4. doi:
10.1001/jama.2021.5782

Ramireza DSR, Pérez MML, Pérez MC, Isis M, Hernandez S, Hospital SMP,
et al. SARS-CoV-2 Antibodies in Breast Milk After Vaccination. Pediatrics
(2021) 148:€2021052286. doi: 10.1542/peds.2021-052286

Fox A, DeCarlo C, Yang X, Norris C, Powell RL. Comparative Profiles of
SARS-CoV-2 Spike-Specific Milk Antibodies Elicited by COVID-19 Vaccines
Currently Authorized in the USA. medRxiv (2021) 07:19.21260794.
doi: 10.1101/2021.07.19.21260794

Calil VMLT, Palmeira P, Zheng Y, Krebs VL], Carvalnho WB, Carneiro-
Sampaio M. CoronaVac can Induce the Production of Anti-SARS-CoV-2 IgA
Antibodies in Human Milk. Clinics (Sao Paulo) (2021) 76:e3185. doi: 10.6061/
clinics/2021/e3185

Frontiers in Immunology | www.frontiersin.org

December 2021 | Volume 12 | Article 808064


https://doi.org/10.1136/archdischild-2020-321074
https://doi.org/10.1136/archdischild-2020-321074
https://doi.org/10.1101/2020.06.12.20127944
https://doi.org/10.1128/mBio.03192-20
https://www.who.int/publications/i/item/WHO-2019-nCoV-Sci_Brief-Breastfeeding-2020.1
https://www.who.int/publications/i/item/WHO-2019-nCoV-Sci_Brief-Breastfeeding-2020.1
https://www.cdc.gov/coronavirus/2019-ncov/if-you-are-sick/pregnancy-breastfeeding.html
https://www.cdc.gov/coronavirus/2019-ncov/if-you-are-sick/pregnancy-breastfeeding.html
http://vax.pregnancyethics.org/prevent-guidance
https://www.who.int/publications/i/item/who-sage-roadmap-for-prioritizing-uses-of-covid-19-vaccines-in-the-context-of-limited-supply
https://www.who.int/publications/i/item/who-sage-roadmap-for-prioritizing-uses-of-covid-19-vaccines-in-the-context-of-limited-supply
https://www.who.int/publications/i/item/who-sage-roadmap-for-prioritizing-uses-of-covid-19-vaccines-in-the-context-of-limited-supply
https://doi.org/10.1097/01.aoa.0000796052.11696.42
https://doi.org/10.1016/j.ajog.2021.03.023
https://doi.org/10.1001/jama.2021.7563
https://doi.org/10.1016/j.ajog.2021.06.007
https://doi.org/10.1038/s41591-021-01490-8
https://doi.org/10.1016/j.reprotox.2021.05.007
https://www.fda.gov/media/144673/download
https://www.fda.gov/media/144673/download
https://www.cdc.gov/media/releases/2021/s0811-vaccine-safe-pregnant.html
https://www.cdc.gov/media/releases/2021/s0811-vaccine-safe-pregnant.html
https://doi.org/10.1002/uog.23729
https://doi.org/10.1056/NEJMc2113891
https://doi.org/10.1056/NEJMe2107070
https://doi.org/10.1016/j.ajog.2021.03.023
https://doi.org/10.1016/j.ajog.2021.03.035
https://doi.org/10.1016/j.ajog.2021.03.035
https://doi.org/10.1001/jama.2014.3633
https://doi.org/10.1001/jama.2014.3633
https://doi.org/10.1097/AOG.0000000000004438
https://doi.org/10.22541/au.162023176.65260617/v1
http://www.clinicaltrials.gov/NCT04754594
http://www.clinicaltrials.gov/NCT04754594
https://www.nihr.ac.uk/news/first-covid-19-vaccine-study-for-pregnant-women-launches-in-the-uk/27684
https://www.nihr.ac.uk/news/first-covid-19-vaccine-study-for-pregnant-women-launches-in-the-uk/27684
https://www.gov.uk/government/news/new-study-into-covid-19-vaccine-dose-interval-for-pregnant-women
https://www.gov.uk/government/news/new-study-into-covid-19-vaccine-dose-interval-for-pregnant-women
https://doi.org/10.1001/jamanetworkopen.2021.20575
https://doi.org/10.3390/ijerph18168831
https://doi.org/10.1016/j.ajogmf.2021.100492
https://doi.org/10.1001/jama.2021.5782
https://doi.org/10.1542/peds.2021-052286
https://doi.org/10.1101/2021.07.19.21260794
https://doi.org/10.6061/clinics/2021/e3185
https://doi.org/10.6061/clinics/2021/e3185
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Abu-Raya et al.

COVID-19 Immunization During Pregnancy

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Golan Y, Prahl M, Cassidy A, Lin CY, Ahituv N, Flaherman V], et al. COVID-
19 mRNA Vaccine is Not Detected in Human Milk. medRxiv (2021)
2021.03.05.21252998. doi: 10.1101/2021.03.05.21252998

Goldshtein I, Nevo D, Steinberg DM, Rotem RS, Gorfine M, Chodick G, et al.
Association Between BNT162b2 Vaccination and Incidence of SARS-CoV-2
Infection in Pregnant Women. JAMA (2021) 326:728-35. doi: 10.1001/
jama.2021.11035

Theiler RN, Wick M, Mehta R, Weaver AL, Virk A, Swift M. Pregnancy and
Birth Outcomes After SARS-CoV-2 Vaccination in Pregnancy. Am ] Obstet
Gynecol MFM (2021) 3:100467. doi: 10.1016/j.ajogmf.2021.100467
ClinicalTrials.gov. Study to Evaluate the Safety, Tolerability, and
Immunogenicity of SARS CoV-2 RNA Vaccine Candidate (BNT162b2)
Against COVID-19 in Healthy Pregnant Women 18 Years of Age and Older.
Available at: https://www.clinicaltrials.gov/ct2/show/NCT04754594?term=
NCT04754594&draw=2&rank=1 (Accessed October 09, 2021).
ClinicalTrials.gov. A Study of Ad26.COV2.S in Healthy Pregnant Participants
(COVID-19) (HORIZON 1). Available at: https://www.clinicaltrials.gov/ct2/
show/NCT047653842term=NCT04765384&draw=2&rank=1 (Accessed
October 09, 2021).

ClinicalTrials.gov. Moderna COVID-19 Vaccine mRNA-1273 Observational
Pregnancy Outcome Study. Available at: https://clinicaltrials.gov/ct2/show/
NCT04958304 (Accessed October 09, 2021).

Public Health Scotland COVID-19 Statistical Report as at 4 October 2021. 6 Oct
2021 . Available at: https://www.publichealthscotland.scot/media/9591/21-10-
06-covid19-publication_report.pdf.

Tacobucci G. Covid-19 and Pregnancy: Vaccine Hesitancy and How to
Overcome it. BMJ (2021) 375:n2862. doi: 10.1136/bmj.n2862

Razzaghi H, Meghani M, Pingali C, Crane B, Naleway A, Weintraub E, et al.
COVID-19 Vaccination Coverage Among Pregnant Women During Pregnancy
— Eight Integrated Health Care Organizations, United States, December 14,
2020-May 8, 2021 Weekly / June 18, 2021, Vol. 70. pp. 895-9.

Abu-Raya B. Vaccination of Pregnant Women Against COVID-19
Neoreviews (2021) 22(9) e570-3. doi: 10.1542/neo0.22-9-e570

Conflict of Interest: SE: Research support from GSK, Sanofi and Vifor. Speaker’s
fees from GSK, Pfizer, Novartis, Sanofi Pasteur and MSD in the past three years.
BA is supported by Michael Smith Health Research BC. MO’R: Received research
funding for Phase III Covid-19 vaccine trial from Janssen; Received research
funding for Phase II Pneumococcal conjugate vaccine trial from Pfizer. VD-B: no
conflict of interest to declare. SM: Institution received funding on COVID-19 from
BMGF, South African Medical Research Council and Novavax. Also, participating
in clinical trials of Pfizer/Biontech and JJ Covid-19 vaccines in pregnant women.
MS is a member of the data safety and monitoring board for Janssen and CEPI and
received research grants and/or consultancy fees from Astra Zeneca, Janssen,
Pfizer, Sanofi, Seqirus, Takeda, MSD and GSK. KF is a member of the Australian
Technical Advisory Group on Immunisation noting that this paper represents her
own personal view; received honoraria as a member of the vaccine advisory boards
for Seqiris and Sanofi Pasteur in the last 5 years.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
contflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Abu-Raya, Madhi, Omer, Amirthalingam, Giles, Flanagan,
Zimmermann, O’Ryan, Safadi, Papaevangelou, Maertens, Wanlapakorn, Diaz-
Brito, Tommelein and Esposito. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

December 2021 | Volume 12 | Article 808064


https://doi.org/10.1101/2021.03.05.21252998
https://doi.org/10.1001/jama.2021.11035
https://doi.org/10.1001/jama.2021.11035
https://doi.org/10.1016/j.ajogmf.2021.100467
https://www.clinicaltrials.gov/ct2/show/NCT04754594?term=NCT04754594&draw=2&amp;rank=1
https://www.clinicaltrials.gov/ct2/show/NCT04754594?term=NCT04754594&draw=2&amp;rank=1
https://www.clinicaltrials.gov/ct2/show/NCT04765384?term=NCT04765384&draw=2&amp;rank=1
https://www.clinicaltrials.gov/ct2/show/NCT04765384?term=NCT04765384&draw=2&amp;rank=1
https://clinicaltrials.gov/ct2/show/NCT04958304
https://clinicaltrials.gov/ct2/show/NCT04958304
https://www.publichealthscotland.scot/media/9591/21-10-06-covid19-publication_report.pdf
https://www.publichealthscotland.scot/media/9591/21-10-06-covid19-publication_report.pdf
https://doi.org/10.1136/bmj.n2862
https://doi.org/10.1542/neo.22-9-e570
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Global Perspectives on Immunization Against SARS-CoV-2 During Pregnancy and Priorities for Future Research: An International Consensus Paper From the World Association of Infectious Diseases and Immunological Disorders
	1 Introduction
	2 Incidence and Burden of COVID-19 in Pregnant Women
	3 Burden of COVID-19 in Neonates and Infants
	4 Transfer of Anti-SARS-CoV-2 Antibodies Following Infection in Pregnancy
	4.1 Fetal Immune Response to Intrauterine Exposure to SARS-CoV-2

	5 Transfer of SARS-CoV-2 and Anti- SARS-CoV-2 Antibodies in Breast Milk Following Infection in Pregnancy
	6 Immunization During Pregnancy
	6.1 Ethics of Immunization Against COVID-19 in Pregnancy
	6.2 Safety
	6.3 Immunogenicity
	6.3.1 Antibody Immune Response in Pregnant vs. Non Pregnant Women
	6.3.2 Number of Doses and Timing of Immunization During Pregnancy
	6.3.3 Induction of Vaccine-Induced Antibodies in Breast Milk
	6.3.4 Cellular Immune Response


	7 Real-World Vaccine Effectiveness
	8 Consensus on Immunization During Pregnancy and Future Directions
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


