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BACKGROUND: Pregnant and lactating women were excluded from RESULTS: Vaccine-induced antibody titers were equivalent in pregnant

initial coronavirus disease 2019 vaccine trials; thus, data to guide vaccine

decision making are lacking.

OBJECTIVE: This study aimed to evaluate the immunogenicity and

reactogenicity of coronavirus disease 2019 messenger RNA vaccination

in pregnant and lactating women compared with: (1) nonpregnant

controls and (2) natural coronavirus disease 2019 infection in

pregnancy.

STUDY DESIGN: A total of 131 reproductive-age vaccine recipients

(84 pregnant, 31 lactating, and 16 nonpregnant women) were enrolled in a

prospective cohort study at 2 academic medical centers. Titers of severe

acute respiratory syndrome coronavirus 2 spike and receptor-binding

domain immunoglobulin G, immunoglobulin A, and immunoglobulin M

were quantified in participant sera (n¼131) and breastmilk (n¼31) at

baseline, at the second vaccine dose, at 2 to 6 weeks after the second

vaccine, and at delivery by Luminex. Umbilical cord sera (n¼10) titers

were assessed at delivery. Titers were compared with those of pregnant

women 4 to 12 weeks from the natural infection (n¼37) by enzyme-linked

immunosorbent assay. A pseudovirus neutralization assay was used to

quantify neutralizing antibody titers for the subset of women who delivered

during the study period. Postvaccination symptoms were assessed via

questionnaire. Kruskal-Wallis tests and a mixed-effects model, with

correction for multiple comparisons, were used to assess differences

among groups.
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and lactating compared with nonpregnant women (pregnant, median,

5.59; interquartile range, 4.68e5.89; lactating, median, 5.74; inter-
quartile range, 5.06e6.22; nonpregnant, median, 5.62; interquartile
range, 4.77e5.98, P¼.24). All titers were significantly higher than those

induced by severe acute respiratory syndrome coronavirus 2 infection

during pregnancy (P<.0001). Vaccine-generated antibodies were present

in all umbilical cord blood and breastmilk samples. Neutralizing antibody

titers were lower in umbilical cord than maternal sera, although this finding

did not achieve statistical significance (maternal sera, median, 104.7;

interquartile range, 61.2e188.2; cord sera, median, 52.3; interquartile

range, 11.7e69.6; P¼.05). The second vaccine dose (boost dose)

increased severe acute respiratory syndrome coronavirus 2especific

immunoglobulin G, but not immunoglobulin A, in maternal blood and

breastmilk. No differences were noted in reactogenicity across the groups.

CONCLUSION: Coronavirus disease 2019 messenger RNA vaccines

generated robust humoral immunity in pregnant and lactating women,

with immunogenicity and reactogenicity similar to that observed in

nonpregnant women. Vaccine-induced immune responses were statisti-

cally significantly greater than the response to natural infection. Immune

transfer to neonates occurred via placenta and breastmilk.

Key words: antibodies, breastfeeding, breastmilk, cord blood, COVID-
19 vaccine, maternal immunity, mRNA, neonatal immunity, pregnancy
Introduction
More than 73,600 infections and 80
maternal deaths have occurred in preg-
nant women in the United States alone as
of March 1, 2021.1 Severe acute respira-
tory syndrome coronavirus 2 (SARS-
CoV-2) infection is more severe in
pregnant women compared with their
nonpregnant counterparts, with an
increased risk of hospital admission,
intensive care unit stay, and death.2

Despite their higher risk, pregnant and
lactating women were not included in
any initial coronavirus disease 2019
(COVID-19) vaccine trials, although the
first vaccine trial began in pregnant
women in February 2021 (Pfizer/Bio-
NTech, ClinicalTrials.gov identifier:
NCT04754594).
The COVID-19 pandemic has given

rise to hundreds of vaccine platforms in
development to fight SARS-CoV-2.3,4

However, few of these platforms have
been tested or are specifically designed to
elicit immunity in vulnerable pop-
ulations, including pregnant women.
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Pregnant women have long been left out
of therapeutic and vaccine research,
reportedly owing to heightened safety
concerns in this population.5e8

Although the American College of Ob-
stetricians and Gynecologists and the
Society for Maternal-Fetal Medicine
encouraged the Food and Drug Admin-
istration to include pregnant women in
the COVID-19 vaccine emergency use
authorization (EUA) owing to the risk of
increased disease severity in this popu-
lation, evidence about vaccine immu-
nogenicity to guide patient decision
making and provider counseling is
lacking.9e11 In particular, given the
novelty of the first emergency approved
COVID-19 vaccines, both of which use
messenger RNA (mRNA) to deliver
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Why was this study conducted?
Because pregnant and lactating women were excluded from initial coronavirus
disease 2019 (COVID-19) vaccine trials, data are lacking regarding vaccine effi-
cacy and infant humoral protection in this population.

Key findings
Pregnant and lactating women elicited comparable vaccine-induced humoral
immune responses with nonpregnant controls and generated higher antibody
titers than those observed after severe acute respiratory syndrome coronavirus 2
infection in pregnancy. Vaccine-generated antibodies were present in umbilical
cord blood and breastmilk after maternal vaccination.

What does this add to what is known?
This study provides data from a large cohort on maternal antibody generation in
response to COVID-19 vaccination, compares vaccine-generated immunity with
that from natural infection in pregnancy, and suggests that vaccination of
pregnant and lactating women can confer robust maternal and neonatal
immunity.
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SARS-CoV-2 spike to educate the im-
mune system,12,13 it remains unclear
whether this novel vaccine approach will
drive immunity in the context of preg-
nancy and whether antibodies will be
transferred efficiently to neonates via the
cord and breastmilk. Here, vaccine-
induced immunity was profiled in
vaccinated pregnant, lactating, and
nonpregnant controls compared with
women infected with SARS-CoV-2 dur-
ing pregnancy.

Materials and Methods
Study design
Women at 2 tertiary care centers were
approached for enrollment in an insti-
tutional review boardeapproved
COVID-19 pregnancy and lactation
biorepository study between December
17, 2020, and February 23, 2021. Eligible
women were: (1) pregnant, (2) lactating,
or (3) nonpregnant and of reproductive
age (18e45 years), 18 years old, able to
provide an informed consent, and
receiving the COVID-19 vaccine.

Participants and procedures
Eligible study participants were identi-
fied by practitioners at the participating
hospitals or were self-referred. A study
questionnaire was administered to assess
pregnancy and lactation status, previous
SARS-CoV-2 infection, timing of
1.e2 American Journal of Obstetrics & Gynecology
COVID-19 vaccine doses, type of
COVID-19 vaccine received (BNT162b2
Pfizer/BioNTech or mRNA-1273 Mod-
erna/National Institutes of Health
[NIH]), and side effects after each vac-
cine dose (injection site soreness, injec-
tion site skin reaction or rash, headache,
myalgias, fatigue, fever or chills,
allergic reaction, or others [reaction
detailed]). A cumulative symptom and
reactogenicity score was generated by
assigning 1 point to each side effect.

Sample collection and processing
Blood and breastmilk from lactating
women were collected at V0 (at the time
of the first vaccine dose/baseline), at V1
(at the time of the second vaccine dose/
“prime” profile), at V2 (2e6 weeks after
the second vaccine dose/“boost” profile),
and at delivery (for pregnant partici-
pants who delivered during the study
time frame). Umbilical cord blood was
also collected at delivery for pregnant
participants. The V2 time point reflects
full antibody complement, achieved 1
week after Pfizer/BioNTech and 2 weeks
after Moderna/NIH.12,13 Blood was
collected by venipuncture (or from the
umbilical vein following delivery for
cord blood) into serum separator tubes.
Blood was centrifuged at 1000 g for 10
min at room temperature. Sera were
aliquoted into cryogenic vials and stored
MONTH 2021
at �80�C. Breastmilk was collected by
the lactating participant into study-
provided breastmilk bottles or breast-
milk bags depending on volume.
Breastmilk was centrifuged at 2000 rpm
at 4�C for 25 minutes, supernatant was
aliquoted into cryogenic vials and stored
at �80�C.

Antibody quantification
Antibody quantification was performed
as described previously.14 Briefly, a
multiplexed Luminex assay was used to
determine relative titer of antigen-
specific isotypes and subclasses using
the following antigens: SARS-CoV-2 re-
ceptor-binding domain (RBD), S1, and
S2 (all Sino Biologic, Beijing, China),
and SARS-CoV-2 spike (LakePharma,
Inc, San Carlos, CA). Antigen-specific
antibody titers were log10 transformed
for time course analyses. Phosphate-
buffer saline (PBS) background in-
tensity was reported for each antigen as a
threshold for positivity. Titers resulting
from natural infection and vaccination-
induced antibodies against SARS-CoV-
2 RBD and spike were quantified from
the same plate using enzyme-linked
immunosorbent assay as previously
described.15 Additional detail regarding
antibody quantification may be found in
Supplemental Methods.

Antibody neutralization assay
On the morning of the experiment,
17,000 angiotensin-converting enzyme 2
(ACE2) cells were plated in each well of a
flat-bottom 96-well plate in 100 mL of
D10 (Dulbecco’s modified Eagle medi-
umþ10% fetal bovine serum). Notably, 6
hours later, the serum samples were heat
inactivated by incubation at 56

�
C for 1

hour. A solution containing virus at 1.9 ng
equivalent of p24 per mL was prepared in
D10. The heat-inactivated serum was
diluted in this virus-containing media
1:5-fold, and then 3-fold serial dilutions
were done in the same virus-containing
media. The virus and serum samples
were incubated at 37�C for 2 hours; 50mL
of the virus-serummix was then added to
the ACE2 cells. Therefore, the lowest final
dilution of each serum sample is 15-fold.
The cells were incubated at 37�C for 48
hours, and the red fluorescent proteinwas
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quantified using the flow cytometer (BD
Accuri C6, BDBiosciences, San Jose, CA).
Additional details about this assay may be
found in the Supplemental Methods.

Statistical analyses
Participant characteristics were summa-
rized with frequency statistics. Contin-
uous outcome measures were reported as
either mean (standard deviation) or me-
dian (interquartile range [IQR]). Corre-
lation analyses were performed using
Spearman coefficients. Within- and
between-group analyses of log10 trans-
formed antibody levels in serum or
breastmilk across multiple time points
were evaluated by a repeated measures
mixed-effects model, followed by post
hoc Tukey’s multiple comparisons test.
Differences between paired maternal and
cord sera immunoglobulin (Ig) G and
neutralization titers were evaluated by
Wilcoxonmatched-pairs signed rank test.
Statistical significance was defined as
P<.05. Statistical analyses were per-
formed using GraphPad Prism 9 (San
Diego, CA) and Stata/IC version 16.1
(College Station, TX).

Results
From December 17, 2020, to March 2,
2021, samples were obtained from 131
enrolled participants: 84 pregnant, 31
lactating, and 16 nonpregnant
reproductive-age women. Of the preg-
nant vaccine recipients, 13 delivered
during the study time frame, and cord
blood was collected at delivery from 10.
Banked sera from 37 pregnant women
infected with SARS-CoV-2 in pregnancy
and enrolled between March 24, 2020,
and December 11, 2020, were included
as a second comparison group.

Participant characteristics
Participant demographic and clinical
characteristics, sampling time points,
and side effect profiles are presented in
Table 1. The study population consisted
primarily of white, non-Hispanic
women, reflecting the healthcare
worker population at the 2 hospitals. A
total of 5 participants reported previous
SARS-CoV-2 infection: 2 pregnant, 2
lactating, and 1 nonpregnant. The
characteristics of the comparison group
with natural SARS-CoV-2 infection in
pregnancy are detailed in Supplemental
Table 1. These participants all had
symptomatic SARS-CoV-2 with known
timing of infection.

Vaccination characteristics
At the time of the study, 2 COVID-19
vaccines had received EUA: Pfizer/Bio-
NTech (Mainz, Germany) and Moderna
(Cambridge, MA). Both vaccines use
mRNA to deliver the SARS-CoV-2 spike
antigen to the immune system,12,13 rep-
resenting a novel vaccine platform never
before tested in pregnancy. Although
mRNA vaccines have shown highly
effective immune induction in nonpreg-
nant adults, the immunogenicity and
reactogenicity of this platform in preg-
nancy remain unclear. An equivalent
number of pregnantwomen receiving the
Pfizer/BioNTech and Moderna vaccines
were included in our study. Of pregnant
participants, the mean gestational age at
the first vaccine dose was 23.2 weeks,
with 11 women (13%) receiving their
first vaccine dose in the first trimester, 39
(46%) in the second trimester, and 34
(40%) in the third trimester. Side effect
profiles between participant groups
following vaccination were similar and
are detailed in Table 1. The cumulative
symptom score after the first dose in all 3
groups was low. After the second dose,
there was no significant difference be-
tween groups with respect to cumulative
symptom score (median, 2 (IQR, 1e3); 3
(IQR, 2e4); and 2.5 (IQR, 1e4.5) in
pregnant, lactating, and nonpregnant
groups respectively; P¼.40). Vaccine-
related fevers or chills were reported by
32% of pregnant women (25 of 77) after
the boost dose and 50% of nonpregnant
women (8 of 16) (P¼.25).

Delivery outcomes and
characteristics of lactating women
Delivery information for the 13 pregnant
participants who delivered during the
study period is detailed in Table 2. All 13
were vaccinated in the third trimester.
Notably, 3 women delivered at hospitals
other than the study sites, and cord
blood samples were not available. Of the
10 umbilical cord blood samples avail-
able for analysis, 9 of 10 mothers had
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received both vaccine doses (median,
36.5 days (IQR, 30e42) from the first
vaccine and 14 days (IQR, 11e16) from
the second vaccine). One participant
delivered 17 days after vaccine 1, with
spontaneous preterm labor at 35 weeks’
gestation. Lactating participant charac-
teristics are detailed in Table 2.

The maternal vaccine response
IgM, IgG, and IgA responses to the spike
(S), RBD, S1 segment of S, and S2
segment of S were measured. A signifi-
cant rise in all isotypes across all antigens
was observed from V0 to V1, with a
further rise in IgG levels from V1 to V2
in both the pregnant and lactating
groups (Figure 1, AeD; Supplemental
Figure 1). Spike titers rose more rapidly
than RBD titers after the first (V1/prime
time point) and second (V2/boost time
point) vaccine dose, but the magnitude
of the response did not differ across
pregnant or lactating women. In contrast
to IgG responses, IgM and IgA responses
were induced robustly after the prime
and were poorly induced after boosting,
across all groups (Figure 1, C and D).
Higher S- and RBD-specific IgA re-
sponses were noted in Moderna vacci-
nees than Pfizer/BioNTech vaccinees
(Supplemental Figure 2, AeC), poten-
tially related to the extended boosting
window used for the Moderna vaccine.
By 2 weeks after the second vaccine, the
dominant serum antibody response was
IgG for pregnant, lactating, and
nonpregnant women (Figure 1, E;
Supplemental Figure 1, C). Vaccine-
induced maternal antibody titers in
sera did not differ by trimester of vacci-
nation (Supplemental Figure 3). Strik-
ingly higher levels of SARS-CoV-2
antibodies were observed in all vacci-
nated women compared with pregnant
women with natural infection 4 to 12
weeks before (Figure 1, F) (Kruskal-
Wallis P<.001), highlighting the robust
humoral immune responses induced by
mRNA vaccination.

Impact of maternal vaccination on
breastmilk antibody transfer
mRNA vaccination resulted in the in-
duction of antibodies in the circulation
of vaccinated women (Figure 1).
erican Journal of Obstetrics & Gynecology 1.e3
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TABLE 1
Cohort demographic characteristics

Characteristic Nonpregnant (n¼16), n (%) Pregnant (n¼84), n (%) Lactating (n¼31), n (%)

Participant age, mean (SD), y 38.4 (8.3) 34.1 (3.3) 34.6 (2.6)

Race

White 12 (75) 75 (89) 27 (87)

Black 2 (12) 2 (2) 0 (0)

Asian 0 (0) 6 (7) 2 (6)

Multiracial 0 (0) 1 (1) 1 (3)

Other 1 (6) 0 (0) 1 (3)

Unknown 1 (6) 0 (0) 0 (0)

Ethnicity

Hispanic or Latino 0 (0) 5 (6) 2 (6)

Not Hispanic or Latino 14 (88) 79 (94) 28 (90)

Unknown or not reported 2 (12) 0 (0) 1 (3)

Maternal comorbidities

Chronic hypertension 1 (6) 3 (4) 3 (10)

Diabetes mellitus or gestational diabetes 0 (0) 3 (4) 3 (10)

BMI of >30 kg/m2 2 (12) 10 (12) 3 (10)

Asthma 2 (12) 16 (19) 7 (23)

Immunosuppression/cancer 0 (0) 3 (4) 0 (0)

Previous SARS-CoV-2 infection 1 (6) 2 (2) 2 (6)

Vaccine type

Pfizer-BioNTech 8 (50) 41 (49) 16 (52)

Moderna 8 (50) 43 (51) 15 (48)

Gestational age at first vaccine dose n/a 23.2 (16.3e32.1) n/a

Trimester of first vaccine dose n/a n/a

- First 11 (13)

- Second 39 (46)

- Third 34 (40)

Time points for blood collection

- Baseline/at first dose (V0) 1 (6) 31 (37) 14 (45)

- At second dose (V1) 15 (94) 78 (93) 26 (84)

- 2e5.5 wk after second dose (V2) 16 (100) 17 (20) 13 (42)

Time points for milk collection

- Baseline or at first dose (V0) — 3 (4) 16 (52)

- At second dose (V1) — 26 (31) 28 (90)

- 2e5.5 wk after second dose (V2) — 0 (0) 13 (42)

Gray et al. Coronavirus disease 2019 vaccination in pregnancy and lactation. Am J Obstet Gynecol 2021. (continued)
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However, whether these antibodies were
transferred efficiently to infants
remained unclear. Thus, we next exam-
ined the levels of antibodies in
1.e4 American Journal of Obstetrics & Gynecology
breastmilk of lactating mothers
(Figure 2, AeC). Robust induction of
IgG, IgA, and IgM was observed after the
prime and boost. Interestingly, IgA and
MONTH 2021
IgM levels did not increase with boost-
ing, in synchrony with a minimal boost
in these isotypes in serum (Figure 1, C
and D; Supplemental Figure 1, AeE).
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TABLE 1
Cohort demographic characteristics (continued)

Characteristic Nonpregnant (n¼16), n (%) Pregnant (n¼84), n (%) Lactating (n¼31), n (%)

Side effects at first vaccine dosea

- Injection site soreness 12 (75) 73 (88) 20 (67)

- Injection site reaction or rash 0 (0) 1 (1) 0 (0)

- Headache 5 (31) 7 (8) 9 (30)

- Muscle aches 2 (12) 2 (2) 4 (13)

- Fatigue 6 (38) 12 (14) 4 (13)

- Fever or chills 1 (6) 1 (1) 1 (3)

- Allergic reaction 0 (0) 0 (0) 0 (0)

- Otherb 2 (6) 3 (4) 0 (0)

Side effects at second vaccine dosec

- Injection site soreness 12 (75) 44 (57) 17 (61)

- Injection site reaction or rash 0 (0) 1 (1) 0 (0)

- Headache 6 (38) 25 (32) 11 (39)

- Muscle aches 7 (44) 37 (48) 16 (57)

- Fatigue 9 (56) 41 (53) 14 (50)

- Fever or chills 8 (50) 25 (32) 12 (43)

- Allergic reaction 0 (0) 1 (1) 0 (0)

- Otherd 2 (12) 7 (9) 7 (25)

BMI, body mass index; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SD, standard deviation.

a Not all participants provided side effect data after the first dose: 2 patients (1 pregnant, 1 lactating) did not provide information. Thus, percentages are based off of 16 nonpregnant, 79 pregnant, and
30 lactating participants; b “Other” side effects reported after vaccine dose 1: elevated heart rate, joint pain, nausea, swollen lymph node, or sore throat; c Not all participants received the second
dose at the time of analysis: 16 nonpregnant, 80 pregnant, and 29 lactating patients received the second dose. Of those who received the second dose, 4 did not provide side effect data (3 pregnant,
1 lactating). Thus, percentages are based off of 16 nonpregnant, 77 pregnant, and 28 lactating participants; d “Other” side effects reported after the vaccine dose 2: joint pain, nausea, sore throat,
dizziness/light headedness, stomach ache, night sweats, clogged ears, or swollen eyes.

Gray et al. Coronavirus disease 2019 vaccination in pregnancy and lactation. Am J Obstet Gynecol 2021.
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However, a boost in breastmilk IgG
levels was observed (Figure 2, A),
concomitant with the boost observed
systemically/in maternal serum
(Figure 1, A). IgG1 RBD rose signifi-
cantly from V0 to V2 (3.44e3.50;
P¼.002) but not V0 to V1 (3.44e3.45;
P¼.7) in breastmilk, and there was no
significant rise in anti-RBD IgA or IgM
in breastmilk after either dose
(Supplemental Figure 4). Overall, these
data suggest that the boost may drive
enhanced breastmilk transfer of IgG, in
the setting of consistent unboosted IgA
transfer.

Impact of maternal vaccination on
placental antibody transfer
Maternal IgG is also capable of crossing
the placenta to confer immunity to the
neonate. Spike- and RBD-specific IgG
were detectable in 10 of 10 umbilical
cords after maternal vaccination
(Figure 2, D and E). The cord with the
lowest spike- and RBD-specific IgG
belonged to a mother who delivered
between the first and second vaccine
doses and had received her first vaccine
dose 17 days before delivery, suggesting
that 2 doses may be essential to optimize
humoral immune transfer to the
neonate. Neutralizing antibody (NAb)
titers were lower in umbilical cord than
maternal serum, although this finding
did not achieve statistical significance
(Figure 2, F) (maternal sera, median,
104.7; IQR, 61.2e188.2; cord sera, me-
dian, 52.3; IQR, 11.7e69.6; P¼.05).
Notably, 2 umbilical cords had unde-
tectable NAbs: in 1 case, the mother had
not yet received vaccine 2 (17 days from
V1) and in the other, the mother was 7
MONTH 2021 Am
days from the boost dose. Interestingly,
there was a significant improvement of
transfer of S-, but not RBD-, specific
IgG1 into the cord with time from boost
(Figure 2, D and E), suggesting that time
from vaccination may be an important
determinant of transfer rates of specific
IgG subpopulations after immunization
in pregnancy (Supplemental Figure 5, A
and B).

Vaccine reactogenicity in
pregnancy and lactation
Composite reactogenicity score after
boost dose of vaccine was significantly
positively correlated with both maternal
serum and breastmilk antibody titers.
Composite symptom score after vacci-
nation was significantly positively
correlated with maternal serum spike-
and RBD-specific IgG1 and IgG3;
erican Journal of Obstetrics & Gynecology 1.e5
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TABLE 2
Characteristics of pregnant, delivered vaccine recipients and lactating
vaccine recipients

Pregnant, delivered vaccine recipients (n¼13)

Characteristic

Gestational age at delivery, median (IQR), wk 39.3 (39e40.3)

Days from the first vaccine to delivery, median (IQR) 36.5 (30e42)

Days from the second vaccine to delivery, median (IQR)a 14 (11e16)

Labor 11 (85)

Mode of delivery

Vaginal 10 (77)

Cesarean 3 (23)

Birthweight, g 3452 (563)

Adverse pregnancy outcome

Fetal growth restriction 0 (0)

Preeclampsia/gestational hypertension 0 (0)

Preterm delivery 1 (8)

- Spontaneous 1

- Medically indicated 0

Composite infant morbidityb

Supplemental oxygen/CPAP 1 (8)

TTN 1 (8)

Special care nursery admission 0

NICU admission 2 (15)

Respiratory distress syndrome 0

Necrotizing enterocolitis 0

Sepsis 0

Assisted ventilation 0

Seizure 0

Grade 3/4 intraventricular hemorrhage 0

Death 0

Lactating vaccine recipients (n¼31)

Characteristic

Months after delivery, median (IQR) 7.3 (3.8e10.8)

Months after delivery

0e3 5 (16)

3e6 6 (19)

6e>9 18 (58)

Unknown 2 (6)

Values are expressed as number (percentage) unless indicated otherwise.

CPAP, continuous positive airway pressure; IQR, interquartile range; NICU, neonatal intensive care unit; TTN, transient
tachypnea of the newborn.

a Two patients delivered before receiving the second dose (17 days after V1 and 14 days after V1, cord blood only available for the
patient delivering 17days after V1); b The 1 preterm delivery accounted for the documented cases of supplemental oxygen, TTN, and
1 of the 2 NICU admissions. The otherNICU admissionwas a term infant with growth restriction admitted for persistent hypoglycemia.

Gray et al. Coronavirus disease 2019 vaccination in pregnancy and lactation. Am J Obstet Gynecol 2021.
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breastmilk anti-spike IgG1, IgG3, and
IgA; and breastmilk anti-RBD IgG1
(Supplemental Table 2). Within the
pregnant women, medical comorbidities
were not significantly associated with
maternal serum antibody titers,
although there were relatively few med-
ical comorbidities in this group.

Discussion
Principal findings
Here, robust and comparable IgG titers
were observed across pregnant, lactating,
and nonpregnant controls, all of which
were significantly higher than those
observed in pregnant women with pre-
vious SARS-CoV-2 infection. Boosting
resulted in augmented IgG levels in the
blood, translating to transfer of IgG to
the neonate through the placenta and
breastmilk.

Results
The lack of boosting of IgM was likely
related to an expected class switching to
IgG, observed with increasing IgG titers
observed after the boost. Conversely, the
lack of boosting of IgA observed across
all women in this study was unexpected.
This lack of IgA augmentation may be
related to the intramuscular adminis-
tration of the vaccine, which triggers a
robust induction of systemic, but not
mucosal, antibodies. However, higher
levels of IgAwere noted after the boost in
pregnant Moderna recipients, poten-
tially attributable to enhanced class
switching after a longer boosting inter-
val. Robust IgG levels were noted in all
vaccinees, and vaccine-induced IgG was
transferred across the placenta to the
fetus, as has been noted in the setting of
influenza, pertussis, and other vaccina-
tion in pregnancy.16e18 The presence of
NAb transfer in nearly all cords and
improved transfer with increased time
from vaccination point to the promise of
mRNA vaccine-induced delivery of im-
munity to neonates. Transfer would
perhaps be optimized if vaccination is
administered earlier during gestation,
although this needs to be directly
examined in future studies. Although the
transferred levels of IgA through
breastmilk did not increase with boost-
ing, IgG transfer increased significantly
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FIGURE 1
Maternal vaccination induces a robust SARS-CoV-2especific antibody response

AeD, Violin plots show the log10 transformed mean fluorescence intensity (MFI) for (A) IgG spike-, (B) IgG RBD-, (C) IgA spike-, and (D) IgA RBDespecific
titers across V0, V1, and V2 time points collected from nonpregnant of reproductive age (blue), pregnant (orange), or lactating (purple) participants.
Participants who received BNT 162b2 from Pfizer/BioNTech are depicted as open circles, and participants who received mRNA-1273 from Moderna/NIH
are depicted as closed circles. Differences across time points and groups were assessed by repeated measures mixed-effects model followed by post hoc
Tukey’s multiple comparisons test. The asterisk indicates P<.05, the double asterisk indicates P<.01, the triple asterisk indicates P<.001, and the
quadruple asterisk indicates P<.0001. E, Line graph showing the log10 transformed relative spike-specific titers across V0, V1, and V2 time points
collected from nonpregnant (blue), pregnant (orange), or lactating (purple) participants for IgG (circles and solid lines), IgM (open triangles and dashed
lines), and IgA (squares and dotted lines). F, Violin plots show the IgG and IgM spikeespecific titer in nonpregnant (blue), pregnant (orange), lactating
(purple), and naturally-infected pregnant (yellow) participants. Participants who received BNT 162b2 from Pfizer/BioNTech are depicted as open circles,
and participants who received mRNA-1273 from Moderna/NIH are depicted as closed circles. Differences across groups were assessed by Kruskal-
Wallis test followed by post hoc Dunn’s multiple comparisons test. The quadruple asterisk indicates P<.0001 compared with natural infection in
pregnant women.
Ig, immunoglobulin; mRNA, messenger RNA; RBD, receptor-binding domain; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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with boost, resulting in the delivery of
high levels of IgG to the neonate through
breastmilk. Importantly, emerging data
point to a critical role for breastmilk IgG
in neonatal immunity against several
other vaccinatable viral pathogens
including HIV, respiratory syncytial vi-
rus, and influenza.19e21 In contrast, IgA
dominates breastmilk profiles in natural
SARS-CoV-2 infection.22 The different
isotype transfer profile for breastmilk
(IgG in vaccine, IgA in natural infection)
likely reflects differences in antibody
profile programming across mucosally
acquired natural SARS-CoV-2 infection
vs intramuscular vaccination. Whether
breastmilk IgG or IgA will be more
critical for neonatal protection remains
unclear.
Based on what is known about other

vaccines, the amount of maternal IgG
transferred across the placenta to the
cord is likely to differ by trimester of
vaccination.16,17 Based on data from
MONTH 2021 Am
natural infection,14 qualitative changes
in vaccine-elicited antibodies are likely
to profoundly alter antibody transfer,
and immunization with a de novo anti-
gen earlier in pregnancy is likely to in-
crease placental transfer. Understanding
vaccine-induced antibody transfer ki-
netics across all pregnancy trimesters
will be an important direction for future
research. Although timing maternal
COVID-19 vaccination may not be
possible during this phase of the
erican Journal of Obstetrics & Gynecology 1.e7
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FIGURE 2
Placental and breastmilk transfer of vaccine-induced SARS-CoV-2 antibodies
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pandemic, understanding optimal
timing of vaccination to augment
neonatal humoral immunity remains
important. Unlike vaccines that aim to
boost preexisting antibodies (eg, influ-
enza and pertussis vaccines), optimal
timing for de novo vaccine administra-
tion remains unclear. Thus, as the prev-
alence of SARS-CoV-2 community
spread decreases, different factors such
as optimizing neonatal immunity via
placental or breastmilk transfer may be
weighted more heavily to inform future
vaccine deployment.

After EUA for the COVID-19 mRNA
vaccines, safety information has been
1.e8 American Journal of Obstetrics & Gynecology
tracked by the Centers for Disease
Control and Prevention using the V-safe
smartphone application. Consistent
with our observations, the V-safe data
indicate no significant differences in
postvaccination reactions in pregnant vs
nonpregnant women at the age of 16 to
54 years.23 Although the side effect pro-
file of pregnant women receiving the
COVID-19 vaccines was not signifi-
cantly different from nonpregnant
women, the relatively high incidence of
fever (up to 32% after the second dose)
raises a theoretical concern for pregnant
recipients,24,25 although the level of risk
remains controversial.26
MONTH 2021
Clinical implications
When considering vaccination in preg-
nancy, evidence regarding maternal and
fetal benefit and potential maternal and
fetal harm and effects on pregnancy
outcomes should be weighed carefully.
Although the absolute risk of severe
COVID-19 is low in pregnant women,
pregnancy is a risk factor for severe dis-
ease.27,28 There are well-documented
maternal, neonatal, and obstetrical
risks of SARS-CoV-2 infection during
pregnancy.29e33 These data provide a
compelling argument that COVID-19
mRNA vaccines induce similar humoral
immunity in pregnant and lactating
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women as in the nonpregnant popula-
tion. These data do not elucidate po-
tential risks to the fetus.

Research implications
Future studies, in larger populations
spanning vaccine administration across
all 3 trimesters and evaluating associated
fetal/neonatal transfer of IgG via cord
and breastmilk, may enhance our ability
to develop evidence-based recommen-
dations for the administration of vac-
cines and particularly different platforms
during pregnancy. Although limited ev-
idence of antibody-dependent enhance-
ment has been observed in the context of
preexisting natural or vaccine immunity
in adults, future studies should carefully
examine the impact of transferred im-
munity on infant immune response and
should define the optimal window for
immunization to empower infants with
robust immunity.

Strengths and limitations
This study was limited by the select
population of primarily healthcare
workers from 1 city in the United States,
the focused time frame with limited
number of delivered participants,
inability to assess persistent immunity,
and the exclusive focus on antibody titers
rather than T celledriven or other
functional immunity. Future work
examining T cells and other immune
functions may provide additional in-
sights on mRNA vaccineeinduced im-
munity in pregnancy and lactation. The
strengths of this work include the pro-
vision of longitudinal data profiling
vaccine-induced immune response
across contemporaneously-recruited
pregnant, lactating, and nonpregnant
women; the ability to compare vaccine-
induced IgG titers to those from previ-
ous SARS-CoV-2 infection; and the in-
clusion of 10 maternal/neonatal dyads,
demonstrating transfer of vaccine-
induced IgG (including NAbs) to the
neonate, with improved cord titers ach-
ieved as interval from vaccination
increased.

Conclusions
COVID-19 vaccination in pregnancy
and lactation generated robust humoral
immunity similar to that observed in
nonpregnant women with similar side
effect profiles. Although humoral im-
mune response and side effects are only 2
of many considerations for pregnant
women and their care providers in
weighing whether or not to be vacci-
nated against COVID-19 in pregnancy,
these data confirm that the COVID-19
mRNA vaccines result in comparable
humoral immune responses in pregnant
and lactating women with those
observed in nonpregnant populations.n
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GLOSSARY

SARS-CoV-2: a single-stranded RNA virus that causes COVID-19
SARS-CoV-2 spike protein: a virus surface protein that mediates viral entry into cells and is composed of S1 and S2 subunits
SARS-CoV-2 receptor-binding domain (RBD): a region of the spike protein that binds to the angiotensin-converting enzyme 2 receptor on
human cells for viral entry into cells.
SARS-CoV-2 nucleocapsid (N) antigen: an antigen important for eliciting antibodies against SARS-CoV-2 during infection. A critical protein
in many parts of the viral life cycle.
COVID-19 mRNA vaccine: a vaccine designed by packaging messenger RNA (mRNA) that encodes for the SARS-CoV-2 spike protein into an
injection. The mRNA elicits an immune response against the spike protein which allows a vaccinated individual’s immune system to become
trained to recognize the spike protein and prevent infection with SARS-CoV-2.
Antibody titers: a measurement of the antibody levels generated in response to exposure to an antigen.
Immunoglobulins (IgG, IgM, IgA): antibodies are referred to by immunoglobulin type, including IgG, IgM and IgA. IgG is the most abundant
type of immunoglobulin– it is found in all body fluids and can cross the placenta. IgM is primarily found in blood and lymph and is the first
type of antibody to be generated in response to a new infection. IgA is found in mucous membranes including the respiratory and
gastrointestinal tracts, saliva, and tears. IgA is the main type of antibody found in breastmilk.
Prime vaccine dose: the first dose of a vaccine that “primes” the body to respond to a subsequent exposure.
Boost vaccine dose: an additional dose of vaccine given to “boost” the immune system. A boost dose is currently given for both approved
COVID-19 mRNA vaccines 3 to 4 weeks after the prime vaccine dose.
Immunogenicity: the ability of a foreign substance (eg, antigen or vaccine) to elicit an immune response in an individual.
Reactogenicity: the degree of physical effects following vaccination owing to the body’s immune response. These include the adverse
reaction of fever and injection site soreness.
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Supplemental Methods
Luminex-based antibody
quantification
Antibody quantification was performed
as described previously.14 Briefly, a
multiplexed Luminex assay was used to
determine relative titer of antigen-
specific isotypes and subclasses using
the following antigens: severe acute res-
piratory syndrome coronavirus 2 (SARS-
CoV-2) receptor-binding domain
(RBD), S1, S2 (all Sino Biologic), and
SARS-CoV-2 spike (LakePharma). An-
tigens were covalently linked to
carboxyl-modified Magplex Luminex
beads using Sulfo-NHS (N-hydrox-
ysulfosuccinimide, Pierce) and ethyl
dimethylaminopropyl carbodiimide hy-
drochloride. Antigen-coupled micro-
spheres were blocked, washed,
resuspended in phosphate-buffer saline
(PBS), and stored at 4�C.

To form immune complexes, appro-
priately diluted plasma (1:100 for
immunoglobulin (Ig) G2/3, IgA1, IgM;
1:500 for IgG1) or breastmilk (1:5 for
IgG1, IgA1, and IgM) was added to the
antigen-coupled microspheres, and
plates were incubated overnight at 4�C,
shaking at 700 rpm. The following day,
plates were washed with 0.1% BSA
0.02% Tween-20. PE-coupled mouse
antihuman detection antibodies
(Southern Biotech, Birmingham, AL)
were used to detect antigen-specific
antibody binding. Fluorescence was
acquired using an Intellicyt iQue, and
relative antigen-specific antibody titer
was log10 transformed for time course
blood and breastmilk analyses. PBS
background intensity was reported for
each antigen as a threshold for
positivity.

Antibody quantification using
enzyme-linked immunosorbent
assay
Antibodies against SARS-CoV-2 RBD
and spike were quantified using
enzyme-linked immunosorbent assay
(ELISA) as previously described.15

Briefly, plates were coated with 500
ng/mL per well of SARS-CoV-2 RBD,
1.e12 American Journal of Obstetrics & Gynecolo
SARS-CoV-2 spike, or SARS-CoV-2 N.
Plates were incubated for 30 minutes at
room temperature and washed in wash
buffer (0.05% Tween-20, 400 mM
NaCl, 50 mM Tris, pH 8.0). Plates were
blocked with a 1% BSA solution then
washed again with wash buffer. Serum
samples were diluted at 1:100 and
added to the plates. Plates were incu-
bated at 37�C for 30 minutes. After
incubation, plates were washed, and
antihuman IgG or antihuman IgM
coupled to horseradish peroxidase
(Bethyl Laboratories, Montgomery, TX)
was added for detection. Plates were
incubated for 30 minutes at room
temperature and washed. The ELISA
was developed with 3,30,5,50-tetrame-
thylbenzidine and stopped with sulfuric
acid. The signal was read at 450 nm and
background corrected from a reference
wavelength of 570 nm. Units had an
optical density of 450 to 570.

Neutralization assay
Cell lines
HEK-ACE2 are clonal cells expressing
ACE2 receptor and are generously pro-
vided by Michael Farzan.

Plasmids and viral constructs
The lentiviruses pseudotyped with the
spike protein of SARS-CoV-2 are made
by cotransfecting HEK293T cells with 3
plasmids: The psPAX2 was generously
provided by Didlier Trono (Addgene
Plasmid #12260, Addgene, Watertown,
MA) and is a second-generation lenti-
virus packaging vector. The pSin-DsRed-
IRES-Puro are a modification of the
pSin-EF-Sox2-Puro, which was gener-
ously provided by James Thomson
(Addgene plasmid # 16577). The sox2
ORF was replaced with DsRed using
standard cloning techniques. The vec-
tors expressing the spike are made from
PiggyBac (PB) vector generously pro-
vided by Sahand Hormoz. The codon-
optimized spike gene was amplified
from a plasmid obtained from Sino
Biologic (VG40589-UT) and cloned into
the PB vector. The C-terminal 19 amino
acids of the spike protein were deleted
gy MONTH 2021
and replaced with the HA tag
(YPYDVPDYA). The D614Gmutation is
then made in this vector using the
Quickchange XL Site-directed Muta-
genesis (Agilent Technologies, Inc, Santa
Clara, CA).

Pseudotyped virus production and
quantification
HEK293T cells were plated in T150
flasks 1 night before transfection at a
confluency of approximately 50%. The
next day, the cells were cotransfected
with the abovementioned 3 plasmids at
1:1:1 molar ratio for a total DNA con-
centration of 40 mg using the TransIT-
LT1 Transfection Reagent (Mirus Bio,
Madison, WI). Three days later, the su-
pernatant was collected and the virus
was pelleted by ultracentrifugation
(100,000�g over a 20% sucrose cushion,
for 2 hours). The virus was then quan-
tified using the Lenti-X p24 Rapid Titer
Kit (Takara BioMountain View, CA) and
aliquots were frozen at �80

�
C for future

use.

Neutralization assay
On the morning of the experiment,
17,000 ACE2 cells were plated in each
well of a flat-bottom 96-well plate in
100 mL of D10 (Dulbecco’s Modified
Eagle Mediumþ10% fetal bovine
serum). A total of 6 hours later, the
serum samples were heat inactivated
by incubation at 56

�
C for 1 hour. A

solution containing virus at 1.9 ng
equivalent of p24 per mL was prepared
in D10. The heat-inactivated serum
was diluted in this virus-containing
media 1:5-fold, and then 3-fold serial
dilutions were done in the same virus-
containing media. The virus and
serum samples were incubated at 37

�
C

for 2 hours. Notably, 50 mL of the
virus-serum mix was then added to
the ACE2 cells. Therefore, the lowest
final dilution of each serum sample is
15-fold. The cells were incubated at
37

�
C for 48 hours, and the red fluo-

rescent protein was quantified using
the flow cytometer (BD Accuri C6, BD
Biosciences, San Jose, CA).
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SUPPLEMENTAL FIGURE 1
Maternal vaccination induces robust SARS-CoV-2especific antibodies in maternal serum

AeB, Violin plots show the log10 transformed mean fluorescence intensity (MFI) for (A) IgM spikee and (B) IgM RBDespecific titers across V0, V1, and V2
time points collected from nonpregnant controls (blue), pregnant (orange), or lactating (purple) patients. Participants injected with BNT 162b2 from Pfizer/
BioNTech are depicted as open circles, and participants injected with mRNA-1273 from Moderna/NIH are depicted as closed circles. Differences across
time points and groups were assessed by repeated measures mixed-effects model followed by post hoc Tukey’s multiple comparisons test. The asterisk
indicates P<.05, the double asterisk indicates P<.01, the triple asterisk indicates P<.001, and the quadruple asterisk indicates P<.0001. The dotted
line depicts PBS background level. C, Line graph showing the log10 transformed relative spike-specific titers across V0, V1, and V2 time points collected
from nonpregnant controls (blue), pregnant (orange), or lactating (purple) patients for IgG (circles and solid lines) and IgA (squares and dotted lines). The
dotted line depicts PBS background level. DeI, Violin plots show the log10 transformed (D) IgM S1e, (E) IgM S2e, (F) IgG S1e, (G), IgG S2e, (H) IgA
S1e, and (I) IgA S2especific titers across V0, V1, and V2 time points collected from nonpregnant controls (blue), pregnant (orange), or lactating (purple)
patients. Participants injected with BNT 162b2 from Pfizer/BioNTech are depicted as open circles, and participants injected with mRNA-1273 from
Moderna/NIH are depicted as closed circles. Differences across time points and groups were assessed by repeated measures mixed-effects model
followed by post hoc Tukey’s multiple comparisons test. The asterisk indicates P<.05, the double asterisk indicates P<.01, the triple asterisk indicates
P<.001, the quadruple asterisk indicates P<.0001.
Ig, immunoglobulin; NIH, National Institutes of Health; PBS, phosphate-buffer saline; SARS-CoV-2, severe acute respiratory syndrome coronavirus.

Gray et al. Coronavirus disease 2019 vaccination in pregnancy and lactation. Am J Obstet Gynecol 2021.
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SUPPLEMENTAL FIGURE 2
mRNA-1273 (Moderna/NIH) induces a greater IgA response than does BNT 162b2 (Pfizer/BioNTech)

AeC, Violin plots show the log10 transformed mean fluorescence intensity (MFI) for (A) IgA spikee, (B) IgG spikee, and (C) IgM spikeespecific titers
across V1 and V2 time points collected from nonpregnant (blue), pregnant (orange), or lactating (purple) participants receiving either mRNA-1273
(Moderna) or BNT 162b2 (Pfizer). Differences across time points and groups were assessed by repeated measures mixed-effects model followed by
post hoc Tukey’s multiple comparisons test. The dotted line depicts PBS background level. The asterisk indicates P<.05, the double asterisk indicates
P<.01, the triple asterisk indicates P<.001, the quadruple asterisk indicates P<.0001.
Ig, immunoglobulin; mRNA, messenger RNA; NIH, National Institutes of Health; PBS, phosphate-buffer saline.

Gray et al. Coronavirus disease 2019 vaccination in pregnancy and lactation. Am J Obstet Gynecol 2021.

SUPPLEMENTAL FIGURE 3
Neither trimester of infection nor vaccination affect SARS-CoV-2 antibody
production

A, Violin plots show the IgG spikeespecific titer induced by vaccination during the first trimester
(red), second trimester (orange), or third trimester (yellow). Participants who received BNT 162b2
from Pfizer/BioNTech are depicted as open circles, and participants who received mRNA-1273 from
Moderna/NIH are depicted as closed circles. Differences across groups were assessed by Kruskal-
Wallis test. Kruskal-Wallis P¼.48. B, Violin plots show the IgG spikeespecific of naturally-infected
pregnant women infected during the second trimester (yellow) or third trimester (brown). Differences
across groups were assessed by Mann-Whitney test. Mann-Whitney P¼.48.
Ig, immunoglobulin; mRNA, messenger RNA; OD, optical density; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

Gray et al. Coronavirus disease 2019 vaccination in pregnancy and lactation. Am J Obstet Gynecol 2021.
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SUPPLEMENTAL FIGURE 4
Maternal vaccination induces SARS-CoV-2especific antibodies in breastmilk

AeI, Violin plots show the log10 transformed mean fluorescence intensity (MFI) for (A) IgG1 RBDe, (B) IgA RBDe, (C) IgM RBD, (D) IgG1 S1e, (E) IgA
S1e, and (F) IgM S1e, (G) IgG1 S2e, (H) IgA S2e, and (I) IgM S2especific breastmilk titers across V0, V1, and V2 time points. Differences across time
points were assessed with repeated measures mixed-effects model followed by post hoc Tukey’s multiple comparisons test. Participants injected with
BNT 162b2 from Pfizer/BioNTech are depicted as open circles, and participants injected with mRNA-1273 from Moderna/NIH are depicted as closed
circles. The dotted line depicts PBS background level. The asterisk indicates P<.05, the double asterisk indicates P<.01, the triple asterisk indicates
P<.001, and the quadruple asterisk indicates P<.0001.
Ig, immunoglobulin; PBS, phosphate-buffer saline; RBD, receptor-binding domain; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

Gray et al. Coronavirus disease 2019 vaccination in pregnancy and lactation. Am J Obstet Gynecol 2021.
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SUPPLEMENTAL FIGURE 5
Transfer of SARS-CoV-2especific antibodies from maternal to umbilical
cord blood following maternal vaccination

AeB, The x-axis shows the time from V2 until delivery and the y-axis shows cord blood log10
transformed titer for (A) IgG3 spike (purple) and (B) IgG3 RBD (turquoise). Significance and rho were
determined by Spearman’s correlation test.
Ig, immunoglobulin; MFI, mean fluorescence intensity; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

Gray et al. Coronavirus disease 2019 vaccination in pregnancy and lactation. Am J Obstet Gynecol 2021.

SUPPLEMENTAL TABLE 1
Characteristics of pregnant women with natural COVID-19 infection

Characteristic Natural COVID-19 infection in pregnancya (N¼37)

Participant age, mean (SD) 32.5 (5.3)

Race

White 14 (39)

Black 5 (14)

Asian 1 (3)

Multiracial 1 (3)

Other 14 (39)

Unknown 1 (3)

Ethnicity

Hispanic or Latino 16 (44)

Not Hispanic or Latino 19 (53)

Unknown or not reported 1 (3)

Gravidity (including current pregnancy), median (IQR) 2 (2e3)

Parity (excluding current delivery), median (IQR) 1 (0e1)

COVID severity

Mild 18 (50)

Moderate 11 (31)

Severe 7 (19)

Gestational age at COVID diagnosis in wk, median (IQR) 30.1 (26.9e33.8)

Days from symptom onset to blood draw in d, median
(IQR)

62.5 (39.5e84)

COVID-19, coronavirus disease 2019; IQR, interquartile range; RT-PCR, reverse transcription-polymerase chain reaction; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SD,
standard deviation.

a Only symptomatic women or those with clinical COVID-19 included for the timing of infection from symptom onset. All women had a positive RT-PCR test result for SARS-CoV-2 by nasopharyngeal
swab.

Gray et al. Coronavirus disease 2019 vaccination in pregnancy and lactation. Am J Obstet Gynecol 2021.
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SUPPLEMENTAL TABLE 2
SARS-CoV-2especific antibody titer correlation with composite participant symptom score after vaccine dose 2

V2 time point antibodies (2e6 wk after vaccination)

Spearman rho P value

Maternal serum

Spike IgG1 0.25 .05

Spike IgG3 0.45 .0003

RBD IgG1 0.29 .02

RBD IgG3 0.36 .005

Breastmilk

Spike IgG1 0.49 .04

Spike IgG3 0.42 .04

Spike IgA 0.42 .04

RBD IgG1 0.42 .04

Ig, immunoglobulin; RBD, receptor-binding domain; SARS-CoV-2, severe acute respiratory syndrome coronavirus.

Gray et al. Coronavirus disease 2019 vaccination in pregnancy and lactation. Am J Obstet Gynecol 2021.
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