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Background. Early coronavirus disease 2019 (COVID-19) vaccine trials excluded pregnant women, resulting in limited data
about immunogenicity and maternal-fetal antibody transfer, particularly by gestational timing of vaccination.

Methods. In this multicenter observational immunogenicity study, pregnant and nonpregnant women receiving COVID-19
vaccines were prospectively enrolled. Participants had sera collected before vaccination, at 14-28 days after each vaccine dose, at
delivery (umbilical cord and peripheral), and from their infants at 3 and 6 months. Geometric mean titers (GMTSs) of severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) IDs, neutralizing antibody (nAb) against D614G-like viruses were
compared by participant characteristics.

Results.  Overall, 23 nonpregnant and 85 pregnant participants (trimester of first vaccine dose: 10 first, 47 second, 28 third) were
enrolled. Ninety-three percent (76/82 with blood samples) of pregnant participants had detectable SARS-CoV-2 nAb after 2 vaccine
doses, but GMTSs (95% confidence intervals) were lower in pregnant participants than nonpregnant participants (1722 [1136-2612]
vs 4419 [2012-9703]; P = .04). By 3 and 6 months, 28% and 74% of infants, respectively, of vaccinated participants had no detectable
nAb to D614G-like viruses. Among the 71 pregnant participants without detectable nAb before vaccination, cord blood GMTs at
delivery were 5-fold higher among participants vaccinated during the third versus first trimester, and cord blood nAb titers
appeared inversely correlated with weeks since first vaccine dose (R*> = 0.06, P = .06).

Conclusions. Though most pregnant women develop nAb after 2 doses of mRNA COVID-19 vaccines, this analysis suggests
that infant protection from maternal vaccination varies by gestational timing of vaccination and wanes. Additional prevention
strategies such as caregiver vaccination may warrant consideration to optimize infant protection.
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Although pregnant individuals are no more or less likely to
contract a severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection than are other working-age adults
[1], pregnancy increases the risk of severe coronavirus disease
2019 (COVID-19) requiring hospitalization, intensive care,
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and mechanical ventilation [2-4] and may be associated with
increased risks of some adverse pregnancy outcomes [2, 4, 5].
In addition, infants aged <6 months are the only age group
for whom COVID-19 vaccines are not authorized, leaving
them vulnerable to SARS-CoV-2 infection. Although young in-
fants appeared to be at relatively low risk for severe COVID-19
during the early pandemic [6], more recent data suggest that
the burden of SARS-CoV-2 infections has shifted, with an in-
creasing impact on younger age groups during recent
SARS-CoV-2 waves [7].

Prenatal vaccination has been used as a strategy to protect
both pregnant women and their infants from infection and as-
sociated complications from other pathogens such as influenza
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and pertussis [8, 9]. COVID-19 vaccines have been available
and recommended in the United States (US) for pregnant
women in recommended target groups, such as essential work-
ers, since December 2020 [10]. In August 2021, the Centers for
Disease Control and Prevention (CDC)
COVID-19 vaccines specifically for pregnant women [11].

recommended

However, early trials of COVID-19 vaccines excluded pregnant
women. Thus, data remain limited about the immunogenicity
and efficacy of COVID-19 vaccines during pregnancy and
about transfer and durability of maternal vaccine-induced an-
tibodies in infants of vaccinated women [12]. In particular,
there are few data about whether the amount and durability
of maternal antibody transferred to infants varies by gestational
timing of vaccination during pregnancy [13], because available
studies are small and have focused on COVID-19 vaccination
during later pregnancy [14-16].

We conducted a multicenter observational immunogenicity
study of pregnant and nonpregnant women who received mes-
senger RNA (mRNA) COVID-19 vaccines as well as the infants
of women who received these vaccines during pregnancy. We
used study data to compare SARS-CoV-2 neutralizing antibody
(nAD) titers after vaccination by pregnancy status and to com-
pare nAb over time among pregnant women and their infants
up through 6 months of age by maternal prevaccination nAb
status and gestational timing of vaccination (stratified by tri-
mester). We also used data from a concurrent SARS-CoV-2
surveillance study among pregnant women from the same
source populations to compare SARS-CoV-2 nAb titers at de-
livery after prenatal COVID-19 vaccination versus natural in-
fection. For all analyses, we assessed nAb responses against
the D614G strain representative of the original SARS-CoV-2
strain that circulated before the emergence of variants. We
also assessed nAb against 5 variants that have circulated region-
ally or nationally in the US (Alpha B.1.1.7, Delta B.1.617.2, Iota
B.1.526, Omicron B.1.1.529, and Omicron B.1.1.529.2).

METHODS

Participants and Study Setting

This analysis included participants who were enrolled in 2 con-
current studies conducted at 3 US medical centers located in Salt
Lake City, Utah; New York City, New York; and Birmingham,
Alabama. During August 2020-February 2021, sites enrolled a
cohort of pregnant women into a prospective SARS-CoV-2 sur-
veillance study called the Epidemiology of SARS-CoV-2 in
Pregnancy and Infancy (ESPI) study. As previously described,
women in the ESPI cohort participated in systematic surveil-
lance for asymptomatic and symptomatic SARS-CoV-2 infec-
tion confirmed by reverse-transcription polymerase chain
reaction (RT-PCR) testing and provided information about re-
ceipt of COVID-19 vaccine, which was verified with electronic
medical record documentation. All women in the ESPI cohort

reached end of pregnancy by October 2021, before the
Omicron variants emerged and began circulating in the US.

During March-July 2021, sites enrolled pregnant women from
the ESPI cohort and a convenience sample of pregnant and non-
pregnant women from the broader community into an observa-
tional COVID-19 immunogenicity study. To be eligible for the
immunogenicity study, women had to be aged 18-50 years and
able to speak and read in English or Spanish; additional eligibility
criteria were specific as to whether women were pregnant or not
pregnant and, if pregnant, whether they were already enrolled in
the ESPI cohort (Supplementary Methods). Women were exclud-
ed if they were previously diagnosed with COVID-19, had been
told they had antibodies that indicated a previous infection with
SARS-CoV-2, or were already enrolled in a COVID-19 vaccine tri-
al. Pregnant women in the immunogenicity substudy could
choose whether to consent to infant blood collection.

Data and Sample Collection Procedures

Women provided written informed consent to study participa-
tion. At enrollment, all participants completed web-based or
telephone surveys about their sociodemographic characteristics,
past medical and obstetrical histories, and prenatal care. During
the study periods, participants were asked about receipt of
COVID-19 vaccine. Vaccination information was verified with
electronic medical records and/or local vaccine registries.

Participants in the ESPI cohort self-collected swab speci-
mens every week during pregnancy [1]. They used study-
provided kits and materials to ship specimens on ice packs by
overnight courier to a central laboratory for testing for
SARS-CoV-2 by RT-PCR. Participants also collected additional
swab specimens if they experienced onset of COVID-19-like
illness symptoms, defined as 1 or more of measured or subjec-
tive fever, cough, shortness of breath, sore throat, diarrhea,
muscle aches, chills, or change in taste or smell.

Participants in the ESPI cohort had blood collected at enroll-
ment, at approximately 26-30 weeks’ gestation (if enrolled at
<24 0/7 weeks’ gestation), and at end of pregnancy (delivery of
a live infant, pregnancy termination, stillbirth, or miscarriage);
blood was not collected from infants under the ESPI cohort pro-
tocol. Participants in the COVID-19 vaccine immunogenicity
substudy had baseline blood samples collected within 7 days be-
fore (or within 28 days before, if in the ESPI cohort) to 1 day after
the first dose of COVID-19 vaccine, postvaccination at 14-28
days after each dose, and within 7 days before or after end of
pregnancy (if pregnant). Pregnant participants in the immuno-
genicity substudy also had umbilical cord blood collected at
the end of pregnancy and their infants had blood collected at 3
and 6 months of age if they consented to infant blood collection.

Laboratory Methods
Blood samples were processed for serum collection. Sera were
stored at —80°C, thawed, and heat-inactivated for 60 minutes at
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Table 1. Baseline Characteristics of Participants by Pregnancy and Coronavirus Disease 2019 Vaccination or Severe Acute Respiratory Syndrome

Coronavirus 2 Infection Status

Pregnant and

Not Pregnant and

Pregnant and

Vaccinated Vaccinated Infected
Characteristic (n=385) (n=23) (n=78)
Baseline characteristics
Age, y, median (IQR) 32 (28-34) 27 (24-31) 30 (26-32)
Race/ethnicity
Hispanic/Latina 26 (31) 6 (26) 32 (41)
White, non-Hispanic 37 (43) 7 (30) 85 (45)
Black, non-Hispanic 10 (12) 8 (35) 6 (8)
Other, non-Hispanic 9 (11) 2 (9) 1 (1)
Missing 3 (3) 0 (0) 4 (5)
Underlying medical conditions®
None 68 (80) 15 (65) 68 87)
At least 1 17 (20) 7 (30) 9 (12)
Missing 0 (0) 1 (4) 1 (1)
Pregnancy characteristics
Trimester at vaccine dose 1 or infection
First (0 to 13 6/7 wk) 10 (12) 4 (5)
Second (14 to 27 6/7 wk) 47 (55) 44 (56)
Early second (14 to 19 6/7 wk) 20 (24) 13 (17)
Late second (21 to 27 6/7 wk) 27 (32) 31 (40)
Third (>28 wk) 28 (33) 30 (39)
Early third (28 to 31 6/7 wk) 26 (31) 14 (18)
Late third (>32 wk) 2 (2) 16 (21)
Trimester when fully vaccinated
First (0 to 13 6/7 wk gestation) 1 (1)
Second (13 6/7 to 27 6/7 wk gestation) 45 (53)
Third (>28 wk gestation) 36 (42)
Not fully vaccinated 3 (4)
Self-reported breastmilk and formula feeding practices at 4-6 wk postpartum
Only breastmilk 35 (41) 29 (37)
Mostly breastmilk or equivalent amounts of breastmilk and formula 20 (24) 20 (26)
Mostly formula but some breastmilk 3 (4) 11 (14)
Only formula 9 (11) 6 (8)
Missing 18 (21) 12 (15)
Multiple gestation pregnancy
Yes 4 (5) 1 (1)
No 81 (95) 77 (99)
Gestational age at delivery, wk, mean (range) 38 (32-41) 38 (28-41)
Vaccination characteristics
Vaccine type (dose 1)
BNT162b2 (Pfizer) 81 (95) 23 (100)
mRNA-1273 (Moderna) 4 (5) 0 (0)
No. of doses
1 3 (4) 0 (0)
2 82 (96) 23 (100)
Blood collection intervals, mean (range)
Dose 1 to postvaccination blood draw 18 (10-28) 18 (14-27)
Dose 2 to postvaccination blood draw 20 (13-77) 18 (9-28)
Last vaccine dose or infection to delivery blood collection 89 (19-203) 94 (7-208)

Data are presented as No. (column %) unless otherwise indicated.

Abbreviation: IQR, interquartile range.

#Underlying medical conditions classified by the Centers for Disease Control and Prevention as conferring an increased risk for severe COVID-19, including cancer, chronic kidney disease,
chronic lung disease, dementia or neurological conditions, diabetes (types 1 or 2), Down syndrome, heart conditions including hypertension, human immunodeficiency virus (HIV) infection,
immunocompromised state, liver disease, sickle cell disease or thalassemia, solid-organ or blood stem cell transplant, and stroke or cerebrovascular disease. Centers for Disease Control and
Prevention list available at: https://www.cdc.gov/coronavirus/2019-ncov/need-extra-precautions/people-with-medical-conditions.html.
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56°C. Sera were tested at Labcorp-Monogram Biosciences for
SARS-CoV-2 nAb against the following strains: D614G (original
Wouhan strain), B.1.1.7 (Alpha variant), B.1.617.2 (Delta variant),
B.1.526 (Iota variant), B.1.1.529 (Omicron variant), and
B.1.1.529.2 (Omicron variant). The B.1.526 variant was included
because it was the predominant strain that circulated in parts of
New York City during the ESPI cohort study period.

Testing was performed using the PhenoSense SARS-CoV-2
nAb assay. The assay uses lentivirus particles pseudotyped
with full-length SARS-CoV-2 spike protein and a firefly lucifer-
ase reporter gene for quantitative measurements of infection by
relative luminescence units, as previously described [17].
Neutralization was performed in 96-well plates by incubating
pseudovirus with 10 serial 3-fold dilutions of serum samples
for 1 hour at 37°C. The dilution series was based on a 1:20 start-
ing dilution, which was reported as 1:40 after addition of virus.
Neutralization titers represent the inhibitory dilution of serum
samples at which relative luminescence units were reduced by
50% (IDs) compared to virus alone (no serum samples) and
are presented in international units per milliliter.

Analytic Populations and Statistical Analysis

Two participant populations were included in this analysis: (1)
pregnant and nonpregnant participants in the COVID-19 vac-
cine immunogenicity substudy who had blood collected after
each vaccine dose and (2) pregnant participants in the ESPI co-
hort who had RT-PCR-confirmed SARS-CoV-2 infection
identified by study surveillance, did not receive prenatal
COVID-19 vaccine, and had blood collected at the end of preg-
nancy. Participants’ baseline characteristics, self-reported
breastfeeding practices at 4-6 weeks postpartum, and blood
collection time intervals relative to vaccination were summa-
rized using descriptive statistics.

SARS-CoV-2 nAb titers in international units per milliliter
were log;, transformed for analyses. A titer of 1:5 was assigned
to participants with undetectable (<1:20) nAb responses to vac-
cine. Geometric mean titers (GMTs) at each timepoint were
first examined by selected participant characteristics (age
group, presence of underlying medical conditions, and pre-
pregnancy body mass index) to confirm that nAb responses
were similar across groups (data not shown). GMTs were
then compared using Student ¢ test for the following compari-
sons: (1) nAb responses after COVID-19 vaccination among
pregnant versus nonpregnant participants; (2) nAb titers at de-
livery among pregnant women who received a 2-dose series of
vaccine after excluding those with prevaccination nAb (ie, prior
infection) versus those with prenatal RT-PCR-confirmed
SARS-CoV-2 infection; and (3) nAb titers after COVID-19 vac-
cination among pregnant women and their infants at 3 and 6
months of age by maternal prevaccination nAb status (positive
vs negative), trimester of first maternal COVID-19 vaccine
dose, and variant target. For infants with a reported diagnosis

of COVID-19 during the infant’s first 6 months of life, blood
samples collected after the diagnosis date were excluded
(n=4 samples collected at 6 months of age). Participants
with detectable prevaccination nAb titers were excluded from
the analyses stratified by trimester of vaccination because the
proportion of participants with prevaccination nAb titers
varied by trimester of vaccination. SARS-CoV-2-positive respi-
ratory specimens from participants with infections were not se-
quenced, precluding analysis of nAb responses by homologous
versus heterologous virus in the group with natural infection.

The antibody transfer ratio after prenatal COVID-19 vaccina-
tion was defined as the GMT ratio of nAb in umbilical cord blood
divided by maternal peripheral blood at delivery. Antibody trans-
fer ratios were stratified by trimester of vaccination among wom-
en who had both types of blood samples collected.

All tests were 2-tailed with a level of significance of .05.
Analyses were conducted in SAS version 9.4 software (SAS
Institute, Cary, North Carolina).

Patient Consent Statement

The study protocol was reviewed and approved by the
Columbia University Irving Medical Center Institutional
Review Board (IRB), which served as the central IRB for all
study sites. The CDC IRB relied on the review of the
Columbia University Irving Medical Center IRB (see 45 Code
of Federal Regulations [C.F.R.] part 46; 21 C.F.R. part 56).
Informed consent was obtained from all study participants.

RESULTS

Participant Characteristics

Overall, 186 participants were included in the analysis: 85 preg-
nant participants who received prenatal COVID-19 vaccine (in-
cluding 44 with infant blood collection from 47 infants), 23
nonpregnant participants who received vaccine, and 78 pregnant
participants who had prenatal RT-PCR~-confirmed SARS-CoV-2
infection (Supplementary Figure 1). Baseline demographic and
health characteristics of participants are summarized in Table 1.
Among the 108 vaccinated participants, all received mRNA
COVID-19 vaccines (104 BNT162b2 [Pfizer] and 4 mRNA-1273
[Moderna]), and 105 (97%) received a complete 2-dose series.

SARS-CoV-2 nAb Responses After Vaccination by Pregnancy Status

Among the 108 participants who received COVID-19 vaccine, the
proportions of participants with detectable nAb to D614G-like vi-
ruses at baseline were similar among pregnant and nonpregnant
participants (16% [14/85] vs 13% [3/23], P=.78; Figure 1). The
mean days from vaccination to postvaccination blood collection
for each dose was also similar among pregnant and nonpregnant
participants (after vaccine dose 1: 18 vs 18 days, P =.77; after vac-
cine dose 2: 20 vs 18 days, P=.40; Table 1). Compared to non-
pregnant participants, pregnant participants had similar nAb
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Figure 1. Severe acute respiratory syndrome coronavirus 2 neutralizing antibody titers to D614G-like viruses at baseline (prevaccination) and 14-28 d after each corona-

virus disease 2019 vaccine dose among pregnant and nonpregnant participants (n = 108). A titer of 1:5 was assigned to participants with undetectable (<1:20) neutralizing
antibody responses to vaccine. Error bars indicate the 95% confidence intervals of the logg titers. P values compare the logyq titer between pregnant and nonpregnant
participants at each timepoint. Abbreviations: Cl, confidence interval; IDsg, inhibitory dilution of serum samples at which relative luminescence units were reduced by 50%.

GMTs against D614G-like viruses after dose 1 (88 [95% confi-
dence interval {CI}, 24-331] vs 97 [95% CI, 49-193]; P =.90)
but lower GMTs after dose 2 (4419 [95% CI, 2012-9703] vs
1722 [95% CI, 1136-2612]; P=.04) (Figure 1). After vaccine
dose 2, 6 of 82 (7%) pregnant participants had nondetectable
nAb titers, whereas none of the nonpregnant participants had
nondetectable titers.

SARS-CoV-2 nAb Responses at Delivery After Prenatal Vaccination Versus
Infection

Of the 85 participants who received prenatal COVID-19 vac-
cine, 20 were excluded from analyses comparing nAb at deliv-
ery after prenatal vaccination versus after SARS-CoV-2
infection (16 with detectable prevaccination SARS-CoV-2
nAb to any analysis lineage type [14 to D614G and 2 to other
lineages], 3 who received only 1 dose of COVID-19 vaccine,
and 1 without a delivery blood sample). Among the remaining
65 COVID-19-vaccinated pregnant participants and the 78
participants with RT-PCR-confirmed SARS-CoV-2 infection
(60 symptomatic and 18 asymptomatic), the mean number of
days between last vaccine dose or SARS-CoV-2 infection to

end of pregnancy blood collection was similar (92 vs 94 days,
P = .80; data not shown). Compared to participants with prena-
tal SARS-CoV-2 infection, those who received prenatal
COVID-19 vaccine had higher nAb GMTs at the end of preg-
nancy against D614G-like viruses (131 [95% CI, 81-209] vs 270
[95% CI, 161-453]; P =.04) and against the Alpha B.1.1.7 and
Iota B.1.526 strains; titers among the 2 groups were similar
against Delta B.1.617.2 and were similar and low against
Omicron B.1.1.529 and Omicron B.1.1.529.2 (Figure 2).

SARS-CoV-2 nAb Responses After Prenatal COVID-19 Vaccine

Among the 85 pregnant participants who received prenatal
COVID-19 vaccine, 14 had detectable prevaccination nAb to
D614G-like viruses despite no history of known prior infection.
Compared to participants without prevaccination nAb, those
with prevaccination nAb had higher GMTs against
D614G-like viruses after each COVID-19 vaccine dose and at
delivery (Figure 3). Similarly, infants of participants with de-
tectable prevaccination nAb had higher GMTs at 3 and 6
months of age compared to infants of participants without
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Figure 2. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) neutralizing antibody titers to D614G-like and variant viruses at delivery among pregnant par-
ticipants who received coronavirus disease 2019 vaccine or had prenatal SARS-CoV-2 infection confirmed by reverse-transcription polymerase chain reaction testing
(n'=143). Variant names: B.1.1.7 (Alpha), B.1.617.2 (Delta), B.1.526 (lota), B.1.1.529 (Omicron BA.1), B.1.1.529.2 (Omicron BA.2). A titer of 1:5 was assigned to participants
with undetectable (<1:20) neutralizing antibody responses to vaccine. Error bars indicate the 95% confidence intervals of the logyq titers. Pvalues compare the logyg titer
between pregnant and nonpregnant participants at each timepoint. Abbreviations: Cl, confidence interval; IDsg, inhibitory dilution of serum samples at which relative

luminescence units were reduced by 50%.

detectable prevaccination nAb. Overall, SARS-CoV-2 nAb
GMTs declined over time after COVID-19 vaccine dose 2
among both participants and their infants, and maternal post-
vaccination titers were higher than infant titers (Figure 4).
Among infants of all 85 vaccinated pregnant women (including
those with detectable prevaccination nAb), by 3 and 6 months
of age, 28% (13/46) and 74% (23/31), respectively, had no de-
tectable nAb to D614G-like viruses (Figure 3).

Among the 85 pregnant participants who received COVID-19
vaccine, 10 (12%) received their first dose during the first trimes-
ter, 47 (55%) during the second trimester, and 28 (33%) during the
third trimester (Table 1). The proportion of COVID-19-vaccinat-
ed pregnant participants with detectable prevaccination
SARS-CoV-2 nAb to D614G-like viruses varied by trimester of
vaccination (1/10 [10%] among those who received their first dos-
es in the first trimester, 8/47 [17%] second trimester, and 5/28
[25%] third trimester; data not shown). After excluding the 14 par-
ticipants with prevaccination nAb to D614G-like viruses, 71 par-
ticipants were included in the analysis of nAb responses by
trimester of vaccination. Neutralizing antibody GMTs were simi-
lar by trimester of vaccination at 14-28 days after each vaccine
dose, but umbilical cord blood GMTs at delivery were 5-fold high-
er among participants vaccinated during the third versus first

trimester (1089 [95% CI, 483-2452] vs 198 [95% CI, 63-624]; P
=.048) (Figure 4). End of pregnancy umbilical cord blood log;o
titers were inversely correlated with weeks since first COVID-19
vaccination dose (R*=0.06, P=.06), although the correlation
did not reach statistical significance (Figure 5). However, there
was no significant difference in umbilical cord/parenteral anti-
body transfer ratios by trimester of maternal vaccination (first tri-
mester: 1.25 [95% CI, .8—-1.75] vs second trimester: 1.45 [95% CI,
1.2-1.7], P=.75; or vs third trimester: 1.05 [95% CI .7-14], P
=.80; data not shown).

Supplementary Figure 2 summarizes nAb GMTs by variant
type among COVID-19-vaccinated pregnant participants and
their infants. In general, nAb GMTs against all variant types
trended lower than GMTs against D614G-like viruses after 2
doses of vaccine, at delivery, and among infants at 3 months
of age with the lowest nAb GMTs against the Omicron
B.1.1.529 and B.1.1.529.2 strains.

DISCUSSION

In this multicenter observational immunogenicity study, we ex-
amined the relationship between prenatal COVID-19 vaccina-
tion timing and delivery and infant nAb titers at 3 and 6
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Figure 3. Severe acute respiratory syndrome coronavirus 2 neutralizing antibody titers to D614G-like viruses among coronavirus disease 2019—vaccinated pregnant par-
ticipants and their infants by maternal baseline (prevaccination) neutralizing antibody status (n = 85). A titer of 1:5 was assigned to participants with undetectable (<1:20)
neutralizing antibody responses to vaccine. Error bars indicate the 95% confidence intervals of the logy titers. Pvalues compare the logyq titer between pregnant and non-
pregnant participants at each timepoint. Abbreviations: Cl, confidence interval; IDs, inhibitory dilution of serum samples at which relative luminescence units were reduced

b\/ 50%.

months of age. There was a trend toward an inverse correlation
between time since prenatal COVID-19 vaccination and deliv-
ery umbilical cord blood nAb titers. In addition, by 3 months of
age, 1 in 3 infants of vaccinated pregnant women had no detect-
able SARS-CoV-2 nAb to D614G-like viruses represented in
the vaccine, and by 6 months of age, most infants had no detect-
able nAb. These findings add to the growing body of evidence
that although maternal COVID-19 vaccination provides pro-
tection to young infants, protection wanes and infants should
receive recommended COVID-19 vaccines when they become
eligible for vaccination at 6 months of age. In addition, other
prevention strategies such as vaccination of caregivers and
household contacts may warrant consideration as adjuncts to
maternal COVID-19 vaccination to optimize protection of in-
fants during their first 6 months of life. Further exploration of
novel maternal COVID-19 vaccination approaches to protect
young infants, such as COVID-19 booster vaccination during
the third trimester, might also be warranted [18].

We also examined SARS-CoV-2 nAb titers after vaccination
with monovalent nRNA COVID-19 vaccines among pregnant
women and their infants and nonpregnant women of repro-
ductive age. After a 2-dose series of COVID-19 vaccine, post-
vaccination nAb titers to D614G-like viruses were lower
among pregnant persons than nonpregnant persons for unclear
reasons. Two previous small observational studies also found
lower postvaccination antibody levels among pregnant versus

nonpregnant persons [19, 20]. One of these studies also report-
ed differences in antibody kinetics and profiles between preg-
nant and nonpregnant persons, suggesting that pregnancy
may influence the type and magnitude of immune response
to vaccination [19]. In contrast, previous studies comparing an-
tibody responses to seasonal influenza vaccination in pregnant
versus nonpregnant persons of childbearing age have generally
reported similar responses in the 2 groups [21]. Despite these
findings, our study and others show that pregnant persons still
mount relatively robust postvaccination nAb responses to the
vaccine strain (D614G) even fif titers are lower than in nonpreg-
nant persons. Additionally, multiple studies have shown that pre-
natal COVID-19 vaccination is associated with a subsequent
lower risk of severe illness from SARS-CoV-2 during pregnancy
[22-25]. One of these studies also found that COVID-19 vaccina-
tion later in pregnancy was associated with more protection
against SARS-CoV-2 hospitalizations in infants <6 months of
age [26], which is consistent with the trend that we observed to-
ward an inverse correlation between umbilical cord blood
SARS-CoV-2 nAb titers and weeks since vaccination.

In this study, compared to prenatal natural infection, prena-
tal COVID-19 vaccination elicited higher nAb titers to
D614G-like viruses and the Alpha and Iota variants at delivery.
This is consistent with findings from other studies in both preg-
nant [27] and nonpregnant populations [28] documenting
higher nAb responses to COVID-19 vaccination compared to
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Figure 4. Severe acute respiratory syndrome coronavirus 2 neutralizing antibody titers to D614G-like viruses among coronavirus disease 2019 (COVID-19)-vaccinated preg-
nant participants and their infants by trimester of receipt of first COVID-19 vaccine dose (n = 71). Fourteen COVID-19-vaccinated participants with detectable nAb to D-
614G-like viruses at baseline (prevaccination) were excluded from this analysis. A titer of 1:5 was assigned to participants with undetectable (<1:20) neutralizing
antibody responses to vaccine. Error bars indicate the 95% confidence intervals of the logyq titers. P values compare the logyq titer between pregnant and nonpregnant
participants at each timepoint. Infants of participants who received their first doses of COVID-19 vaccine during the first and second trimesters were combined because
of small sample sizes (at 3 mo: 1 infant with maternal first-trimester vaccination and 25 with second-trimester vaccination; at 6 mo: 3 infants with maternal first-trimester
vaccination and 15 with second-trimester vaccination). Abbreviations: Cl, confidence interval; IDsg, inhibitory dilution of serum samples at which relative luminescence units

were reduced by 50%.
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Figure 5. Umbilical cord blood logq titers against D614G-like virus at delivery by weeks since first dose of prenatal coronavirus disease 2019 vaccine. Abbreviations: Cl,
confidence interval; IDs, inhibitory dilution of serum samples at which relative luminescence units were reduced by 50%.
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infection. However, pregnant women with detectable prevacci-
nation SARS-CoV-2 nAb suggestive of previous infection had
higher nAb titers after 2 doses of vaccine than those without pre-
vaccination nAb, which is also consistent with data from other
studies in nonpregnant persons [29-32]. This suggests that nat-
ural infection primes the immune response, and importantly, in-
dicates that those with a history of natural infection still benefit
from COVID-19 vaccination through a boost in nAb titers.
Delivery nAb titers after prenatal COVID-19 vaccination or
SARS-CoV-2 infection were low against the more recently circu-
lating Omicron variants (B.1.1.529 and B.1.1.529.2), underscor-
ing the importance of booster vaccination with more recently
available bivalent COVID-19 vaccines that contain components
from the original D614G-like strain and Omicron sublineages.

Strengths of this study include enrollment of a diverse mul-
ticenter population of pregnant women and high study comple-
tion rates including infant blood collection from >50% of
pregnant vaccinated persons. This study also included preg-
nant women who received COVID-19 vaccine during the first
and early second trimesters, a population that has been under-
represented in previous immunogenicity studies of prenatal
COVID-19 vaccination. However, several limitations should
be considered. First, the overall sample size in this analysis was
relatively small as study sites reported that many pregnant per-
sons at their centers declined COVID-19 vaccination during
the study period, particularly during early pregnancy.
Nonetheless, findings from our analysis are largely consistent
with and add to the growing body of evidence related to humoral
immune responses to COVID-19 vaccination during pregnancy.
Second, this analysis examined responses to monovalent mRNA
COVID-19 vaccines relatively early in the course of vaccine
availability to the general population in the US. Thus, results
may not be directly generalizable to the bivalent COVID-19 vac-
cine or other COVID-19 vaccine types and to persons who are
pregnant now, who are more likely to have had previous natural
infection. Third, infant COVID-19 infection status may have
been misclassified in instances of undiagnosed infection because
infection status was identified based on parental report of
COVID-19 diagnosis.

In this multicenter observational immunogenicity study, we
found that prenatal COVID-19 vaccination elicited detectable
umbilical cord blood antibody titers in most vaccinated wom-
en, but a third of infants of women who received COVID-19
vaccine during pregnancy had no detectable nAb by 3 months
of age, and infant nAb titers were highest in those whose moth-
ers received their first doses of vaccine later in pregnancy in the
third trimester. These findings suggest that timing of maternal
vaccination during pregnancy is an important predictor of pro-
tective nAb titers in infants of vaccinated women and infant
protection from maternal COVID-19 vaccination wanes dur-
ing the early months of life. Thus, other prevention strategies
such as vaccination of caregivers and household contacts of

young infants may warrant consideration as adjuncts to maternal
COVID-19 vaccination to optimize protection of infants <6
months of age. We also found that a 2-dose series of monovalent
mRNA COVID-19 vaccine elicited higher nAb responses than
natural infection against multiple strains of SARS-CoV-2 that
circulated during the study period, but nAb responses to both
COVID-19 vaccine and natural infection elicited similar and
low nAb responses to more recently circulating Omicron vari-
ants by the time of delivery. These findings highlight the impor-
tance of booster vaccination for pregnant persons to optimize
their protection against severe illness from more recently circu-
lating SARS-CoV-2 viruses.
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