S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



International Journal of Infectious Diseases 130 (2023) 126-135

Contents lists available at ScienceDirect

—~

. . us Di 1510
International Journal of Infectious Diseases \:{Q\ ) FOR wFEcrious
journal homepage: www.elsevier.com/locate/ijid
Vaccination from the early second trimester onwards gives a robust n

SARS-CoV-2 antibody response throughout pregnancy and provides
antibodies for the neonate

Sanne ].M. Zilver '**, Christianne J.M. de Groot?> Marloes Grobben*>,

Sharon Remmelzwaal®, Esmee Burgers', Daniela Nunez Velasco? Hannah G. Juncker?’,
Britt ]. van Keulen?’, Johannes B. van Goudoever?’, Robert A. de Leeuw>, Marit J. van
Gils*?, Carrie Ris-Stalpers®>, Elisabeth van Leeuwen?>

T Amsterdam UMC location Vrije Universiteit Amsterdam, department of obstetrics and gynecology, Amsterdam, The Netherlands

2 Amsterdam Reproduction and Development research institute, Amsterdam, The Netherlands

3 Amsterdam UMC location University of Amsterdam, department of obstetrics and gynecology, Amsterdam, The Netherlands

4 Department of Medical Microbiology, Amsterdam UMC, University of Amsterdam, Amsterdam, The Netherlands

5 Amsterdam Institute for Infection and Immunity, Infectious diseases, Amsterdam, The Netherlands

6 Amsterdam UMC location Vrije Universiteit Amsterdam, Epidemiology and Data Science, Amsterdam, The Netherlands

7 Amsterdam UMC location Vrije Universiteit, University of Amsterdam, department of pediatrics, Emma Children’s Hospital, Amsterdam, The Netherlands

ARTICLE INFO ABSTRACT

ArtiC{e history: Objectives: Preventive measures against COVID-19 are essential for pregnant women. Pregnant women
Received 1 October 2022 are particularly vulnerable to emerging infectious pathogens due to alterations in their physiology. We
Revised 16 February 2023 aimed to determine the optimum timing of vaccination to protect pregnant women and their neonates
Accepted 21 February 2023 from COVID-19

Methods: A prospective observational longitudinal cohort study in pregnant women who received COVID-

Keywords:

COVID-19

Antispike 1gG

Virus neutralization
Pregnancy

Placental antibody transfer
Vaccination

19 vaccination. We collected blood samples to evaluate levels of antispike, receptor binding domain and
nucleocapsid antibodies against SARS-CoV-2 before vaccination and 15 days after the first and second vac-
cination. We determined the neutralizing antibodies from mother-infant dyads in maternal and umbilical
cord blood at birth. If available, immunoglobulin A was measured in human milk.

Results: We included 178 pregnant women. Median antispike immunoglobulin G levels increased signifi-
cantly from 1.8 to 5431 binding antibody units/ml and receptor binding domain from 6 to 4466 binding
antibody units/ml. Virus neutralization showed similar results between different weeks of gestation at
vaccination (P >0.3).

Conclusion: We advise vaccination in the early second trimester of pregnancy for the optimum balance
between the maternal antibody response and placental antibody transfer to the neonate.

© 2023 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.

This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction

Due to the extensive global health and economic impact of
COVID-19, vaccines have been developed with unprecedented ra-
pidity [1]. Vaccination data on pregnant women are important
because they are particularly vulnerable to emerging infectious
pathogens due to alterations in immune, respiratory, and cardio-
vascular physiology during pregnancy [2]. In addition, pregnant
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women are more vulnerable to complications of COVID-19, espe-
cially during the third trimester [3-5]. Although severe COVID-
19 is uncommon, compared with nonpregnant women, pregnant
women show increased rates of intensive care unit admission,
invasive ventilation, extracorporeal membrane oxygenation, and
higher mortality rates [6-9]. The Centers for Disease Control and
Prevention data indicate that infants aged O to 2 months covered
20% of all COVID-19 hospitalizations among children aged below
18 years [10].

A safety study including pregnant women vaccinated by mes-
senger RNA (mRNA) vaccines started in December 2020 in the
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United States. More than 35,000 participants showed similar side
effect patterns compared with the general population [11,12]. Con-
sequently, the American College of Obstetrics and Gynecology,
the society of maternal fetal medicine, and European guidelines
strongly recommend pregnant and lactating women to get vacci-
nated [13,14]. Since then, a number of studies have reported on
the safety, immunogenicity, and effectiveness of COVID-19 vaccines
in pregnant and lactating women [15].

In terms of vaccine response, several small studies indicate that
the administration of the mRNA vaccines results in a robust ma-
ternal humoral response [16,17]. Furthermore, immunoglobulin (Ig)
G antibodies efficiently cross the placenta, resulting in relatively
high titers in the fetus [14,17], which should attribute to the pre-
vention of neonatal COVID-19. A few smaller cross sectional and
case control studies have shown that maternal IgG levels against
SARS-CoV-2 were linearly associated with cord blood IgG levels
[16]. Furthermore, the placental transfer ratio was positively cor-
related with the number of weeks elapsed since maternal vaccina-
tion [16,18]. COVID-19 vaccination of lactating women has resulted
in long-lasting presence of antibodies in breastmilk [19,20].

However, data are still scarce regarding the optimal timing of
vaccination in pregnancy in terms of maternal antibody response
and placental antibody transfer to the fetus and additional protec-
tion of maternal vaccination in breast-fed children.

This study aimed to describe the antibody response during and
after COVID-19 vaccination in pregnant women and the antibody
transfer to the neonate during pregnancy through umbilical cord
blood and human milk. In addition, we aimed to define the opti-
mum timing of vaccination during pregnancy, considering antibody
levels and virus neutralization in mothers and their children.

Methods
Setting and sample

We performed a prospective, observational, longitudinal co-
hort study in pregnant women who received COVID-19 vaccina-
tion through the Dutch vaccination program. The approved vac-
cines for pregnant women included mRNA vaccines (Pfizer BioN-
Tech BNT162b2 and Moderna mRNA-1273).

Pregnant women living in the Netherlands were invited to par-
ticipate from June 6, 2021 to June 20, 2021 through social media,
including Facebook, Instagram, and LinkedIn. The inclusion criteria
were age >18 years and scheduled for COVID-19 vaccination. The
exclusion criteria were COVID-19 vaccination before inclusion, no
written informed consent, or no mastery of the Dutch language.
Written informed consent was obtained from all participants. We
conducted this study in compliance with the principles of the dec-
laration of Helsinki, the International Council for Harmonisation of
Technical Requirements for Pharmaceuticals for Human Use Guide-
line for Good Clinical Practice Guidelines, and the Regulation on
Medical Research Involving Human Subjects, after approval was ac-
quired from the Independent Ethics Committee on May 26, 2021
(METc 2021.0278).

Data collection

Blood samples were collected at four different time points dur-
ing home visits. The first blood sample was collected between 1
and 3 days before the first vaccination (t0). A second blood sample
was obtained 15 days after the first vaccination (t1) and another
sample 15 days after the second vaccination (t2). The second vac-
cinations were administered around 35 days after the first vaccina-
tion. Women who recently had COVID-19 received one vaccination
only.
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At birth, a sample of cord (venous) blood was collected by the
treating physician (t3). An appointment was scheduled within 7
days to pick up the cord blood and to withdraw the t3 serum
sample from the participant. Plasma was harvested and samples
were stored at the Amsterdam University Medical Center, at -80°C.
Breastfeeding women provided a sample of 1-10 ml human milk at
t3, after additional consent was obtained. The milk samples were
stored at -20°C. A copy of the vaccination certificate was used to
confirm the vaccination status, date, type of vaccination, and lot
number.

Luminex assays

To assess the IgG levels specific for SARS-CoV-2 antigens, re-
combinant prefusion stabilized spike protein and monomeric re-
ceptor binding domain (RBD) were produced in HEK293F cells, as
previously described [21]. The nucleocapsid antigen was provided
by Gestur Vidarsson and Federica Linty of Sanquin Research, Am-
sterdam, the Netherlands. The antigens were covalently coupled
to MagPlex beads (Luminex) using a two-step carbodiimide reac-
tion with a ratio of 75 pg protein to 12.5 million beads, as de-
scribed previously [22]. Antigen-specific IgG levels were assessed
using a previously established custom Luminex assay [22]. For hu-
man milk, the Luminex assay did not specifically distinguish be-
tween subtype IgA with and without a secretory component. In
short, 1: 100,000 diluted serum or 1: 100 diluted human milk
and 15 of each bead per pl were incubated overnight at 4°C.
Goat-Anti-Human IgG-PE (Southern Biotech) were used as the sec-
ondary antibody and incubated for 2 hours at room temperature.
The PE signal was detected on a MAGPIX machine (Luminex). The
resulting median fluorescence intensity values were background-
corrected by subtraction of the median fluorescence intensity val-
ues of buffer-only controls for each antigen separately. A titration
of serum or human milk of an adult convalescent COVID-19 pa-
tient was included to compare data between plates. Beads with no
antigen coupled were included to confirm the absence of antibod-
ies binding to beads or blocking components for each individual
sample. Positive and negative control sera were included on each
plate. We ran replicate assays on a selection of samples to assess
the robustness of the data.

SARS-CoV-2 pseudovirus neutralization assay

The neutralizing antibody levels were assessed using a pseu-
dovirus neutralization assay, as described previously [23]. In short,
HEK293T cells expressing the SARS-CoV-2 receptor angiotensin
converting enzyme-2 (ACE2; HEK293T/ACE2) [24] were seeded in
96-well plates coated with poly-L-lysine. The next day, triplicate
serial dilutions of heat inactivated serum were mixed 1: 1 with
the pseudovirus and incubated for 1 hour at 37°C before adding
to the HEK293T/ACE2 cells in a 1: 1 ratio with the medium. Af-
ter 48 hours, the cells were lysed and the Luciferase signal was
measured using the Nano-Glo Luciferase Assay System (Promega)
with a Glomax system (Turner BioSystems). The resulting rela-
tive luminescence units were normalized to relative luminescence
units from SARS-CoV-2 pseudovirus-infected cells in the absence
of serum. The neutralization titers were calculated as the serum
dilution where infectivity was inhibited by 50%. The neutralization
assays were done in triplicates.

Questionnaires

Baseline characteristics were retrieved at t0 and self-reported
side effects after vaccination (t1 and t2) by filling out question-
naires that were sent using the data management system CAS-
TOR. The last questionnaire was sent at birth (t3) for obstetri-
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cal and neonatal outcomes. Two additional questions were later
added to the last questionnaire regarding having a SARS-CoV-
2 infection in the interval between vaccination and birth and
regarding booster vaccination during pregnancy. These questions
were not initially included in the questionnaires because it was
not clear in the design of this study that SARS-CoV-2 infections
could occur despite vaccination nor did we know that booster
vaccination would be necessary to maintain protective antibody
levels.

Statistical analysis

Demographic characteristics were described using descriptive
statistics. The antibody levels were log base 10-transformed be-
cause the data were skewed. The differences in antibody levels be-
tween the different time points were determined by one-way anal-
ysis of variance and differences between specific time points were
determined by post hoc paired t-tests and Wilcoxon signed rank
tests for skewed data. The correlation analyses were performed us-
ing Pearson to determine correlations between log-transformed an-
tispike and RBD IgA in human milk in relation to weeks since the
last vaccination and antispike IgG and RBD IgG at birth in relation
to weeks since the last vaccination. The gestational age at vacci-
nation was categorized into six groups: 11-15 weeks, 16-20 weeks,
21-25 weeks, 26-30 weeks, 31-35 weeks, and above 35 weeks. To
determine the optimal timing of vaccination for spike IgG levels
and neutralizing antibody levels, we performed a mixed-analysis of
variance analyses, with groups of gestational age at vaccination as
the between-subject factor and repeated measurements over time
as within-subject factor. The data were analyzed using R (version
4.0.3).

Results

After screening, 178 women were eligible to participate
(Figure 1). At baseline, 176 women provided a sample before vac-
cination (t0), 165 women provided a sample 2 weeks after the
first vaccination (t1), 137 women provided a sample 2 weeks af-
ter the second vaccination (t2), and 155 women provided a sam-
ple at birth (t3), with 142 concomitant umbilical cord samples and
58 human milk samples. The baseline characteristics are displayed
in Table 1. The majority of women were multiparous, highly edu-
cated, and had few comorbidities [25,26]. The baseline sample (t0)
was collected at a mean gestational age of 23.1 + 7.2 (SD) weeks,
tl at 254 + 7.4 (SD) weeks, and t2 at 29.5 + 6.3 (SD) weeks
pregnancy. A total of 151 women received two vaccinations and
27 women received one vaccination; 14 (7.9%) due to a previous
SARS-CoV-2 infection and 13 (7.3%) gave birth before the second
vaccination. At baseline, eight women had nucleocapsid IgG above
the threshold, indicating a previous SARS-CoV-2 infection. Women
with a previously polymerase chain reaction-confirmed SARS-CoV-
2 infection had this infection on average 30 weeks before the sam-
ple collection. Furthermore, for nine women, an increase of nu-
cleocapsid IgG levels above the threshold was observed, in seven
cases at t1 and in two cases at t3, indicative of a SARS-CoV-2
breakthrough infection. Only two of 178 (1.1%) women reported
a polymerase chain reaction-confirmed SARS-CoV-2 infection be-
tween vaccination and birth and reported only mild symptoms;
seven women were not aware of having had a SARS-CoV-2 infec-
tion. Four (2%) women received an additional booster vaccination
while pregnant.

Side effects and obstetric outcomes

The first and second questionnaire regarding side effects after
vaccination were filled in by 171 (96.1%) and 135 (89.4%) women
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Table 1

Baseline characteristics of the participants.

Characteristics

Participants N = 178 (%)

General
Age (years), mean (SD) 32.7 (3.3)
Educational level

- Low 2 (1.1)

- Average 19 (10.7)

- High 156 (87.6)
Prepregnancy body mass index >30 25 (14.0)
Maternal comorbidity

- Chronic hypertension 2(1.1)

- Immunosuppression/cancer 4(2.2)

- Psychological/psychiatric disorders 5(2.8)

- Other 26 (14.6)
Medication 67 (37.6)
Previous COVID-19

- Suspected 22 (12.4)

- Diagnosed 14 (7.9)
Pregnancy related
Parity

- Nulliparity 74 (41.6)

- Multiparity 104 (58.4)
Conception

- Naturally 160 (89.9)

- Medically assisted 18 (10.1)
Complications current pregnancy

- Hypertensive disorders 5(2.8)

- Hyperemesis gravidarum 2(1.1)

- Gestational diabetes 1 (0.6)

- Other 13 (7.3)
Antenatal care

- Midwife 157 (88.2)

- Hospital 21 (11.8)
Obstetric history

- Prematurity <37 weeks 10 (5.6)

- Miscarriage 46 (25.8)

- Hypertensive disorders 9 (5.1)

- Other 24 (13.5)

Table 2

Reported side effects after the first and second vaccination.

Side effects

First vaccination

Second vaccination

(n =171) N = 135 (%)
Injection side pain 139 (81.3) 105 (77.8)
Injection side swelling 9 (5.3) 9 (6.7)
Injection side redness 4(2.3) 3(2.2)
Fatigue 58 (33.9) 59 (43.7)
Headache 34 (19.9) 41 (30.4)
Nausea 16 (9.4) 14 (10.4)
Vomiting 2 (1.2) 3(2.2)
Fever (>37.5°C) 5(2.9) 8 (5.9)
Myalgia 59 (34.5) 57 (42.2)

(Table 2). The questionnaire at birth was filled in by 130 (73.0%)
women.

Pain at the injection site was the most frequently reported side
effect; 81% and 78% after the first and second vaccination, respec-
tively (Table 2). The other frequently reported side effects were
myalgia: 35% and 42%, fatigue: 34% and 44%, and headache: 20%
and 30%, respectively. Fever was reported by 3% and 6% of the par-
ticipants, respectively.

Obstetric outcomes are displayed in Table 3. The infants were
born at a mean gestational age of 40.0 + 1.4 (SD) weeks, with an
average birthweight of 3617 grams.



SJ.M. Zilver, CJ.M. de Groot, M. Grobben et al.

Participants
N=178
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t0 (baseline)
N=176

- Laboratory error (N = 2)

-On vacation (N = 3)

- Logistical issues (N = 3)
-Unknown (N =7)

t1 (after first vaccination)
N=165

- Gave birth prior to second
vaccination (N =13)
- No second vaccination due to

t2 (after second vaccination)
N=137

previous Sars-CoV-2 infection (N = 14)
-Uknown (N = 14)

- Laboratory error (N = 5)

- No blooddraw due to major
haemorrage (N =1)

- No blooddraw due to Sars-CoV-2

t3 (maternal after giving birth)
N=155

infection at the time (N = 2)

- Unspecified complications during
labor (N =1)

- Unknown (N = 14)

- Laboratory error (N =13)
- Emergency C-section (N =1)

t3 (cord blood)
N =142

Human milk samples
N =258

- Problem with blooddraw (N = 8)
- Unknown (N = 14)

Figure 1. Included patients and blood draw at each time point.

Antibody response

Significant differences in antispike IgG (P <0.001) and RBD IgG
(P <0.001) were observed across the different time points. A signif-
icant rise from 1.8 (interquartile range [IQR] 1.8-2.9) and 6 (IQR 6-
14) binding antibody units (BAU)/ml to 386 (IQR 181-848) and 101
(IQR 54-243) BAU/ml in antispike IgG and RBD IgG, respectively,
was observed between baseline and t1 (P <0.001), with a further
rise to 5431 (IQR 3248-9222) and 4446 (IQR 2215-7380) BAU/mL
at t2 (P <0.001, Figure 2). The antispike IgG was 5376 (IQR 3130-
9222) and the RBD IgG 4406 (IQR 2195-7380) BAU/ml on average
when excluding the eight samples with a nucleocapsid IgG above
the threshold. Six women displayed antispike IgG and 26 RBD IgG
above the threshold at t0 without having nucleocapsid IgG. The
results on the antibody titers were similar when leaving out the
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26 women with an RBD IgG above the threshold. The mean time
between t2 and t3 was 88.6 + SD 48 days, and a significant de-
crease was observed in maternal blood from 5431 (IQR 3248-9222)
and 4446 (IQR 2215-7380) BAU/ml to 910 (IQR 455-2553) and 795
(IQR 385-2010) BAU/ml of antispike and RBD IgG, respectively (P
<0.001).

In addition, the neutralizing antibody levels at t3 in maternal
blood were 82 (29-218) IU/ml.

Antibody transfer to the neonate

Figure 3, panels a and b, displays the IgG antibody transfer to
the neonate in cord blood in comparison to the antibody levels in
maternal blood at t3. The level of antispike and RBD IgG antibodies
in venous cord blood were 1932 (992-4112) and 1550 (858-3589)
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Table 3
Obstetric outcomes.

Participants

N = 130 (%)
Gestational age at delivery (weeks), median (IQR) 40 (39-41)
Mode of delivery 107 (82.3)
Spontaneous vaginal delivery 13 (10.0)
Assisted vaginal delivery 4(3.1)
Primary cesarean section 6 (4.6)
Emergency cesarean section
Preterm birth 1(0.8)
Still birth 0 (0)
Gender 69 (53.1)61
- Male (46.9)
- Female
APGAR score, median (IQR) 9 (9-9)
- After 1 minute 10 (10-10)
- After 5 minutes
Birthweight 12 (9.3)
-p<10 47 (36.2)
- p10 - p50 53 (40.8)
- p50 - p90 9 (6.9)
- p90 - p95 9 (6.9)
-p>95
Neonatal hospital admission 11 (8.5)

IQR, interquartile range.

BAU/ml, respectively; both were significantly higher than the cor-
responding maternal antibodies at t3 (P <0.003). The transfer ratio
for antispike was 2.3 (IQR 1.4-3.6), RBD 2.3 (IQR 1.4-3.3), and virus
neutralization 2.1 (IQR 1.4-3.3). There was a moderate correlation
between cord blood and maternal blood for antispike IgG (r = 0.66,
P <0.0001) and RBD IgG (r = 0.74, P <0.001).

The neutralizing antibody levels in cord blood were 153 (71-
400) IU/ml, which were significantly higher than maternal blood
at t3 (P >0.001), as shown in Figure 3, panel c. There was a strong
correlation between maternal and cord blood neutralizing antibody
levels (r = 0.78, P <0.0001). In 15 mother-infant dyads, no neutral-
izing antibodies were detected.

Specific IgA antibodies were measured in 58 human milk sam-
ples (collected before day 10 after birth). The level of antispike IgA
in human milk was 466.5 (IQR 182-1428) BAU/ml, and the level of
RBD IgA in human milk was 1663 (IQR 663-3805) BAU/ml.

Relationship between gestational age at vaccination and antibody
levels at and after birth

Figure 4 displays the relationship between the gestational age
at the last vaccination and maternal SARS-CoV-2 IgG levels at birth.
Women were appointed to six groups in correspondence with their
gestational age at the last vaccination. Women vaccinated in the
third trimester (groups 5 and 6 in Figure 4) had similar anti-
body levels of SARS-CoV-2 antispike IgG (P = 0.39) and RBD IgG
(P = 0.27) on average in comparison to other first and second
trimester gestational age groups, that is 1427 (IQR 823-3847) and
1221 (IQR 698-3868) BAU/ml, respectively at t3.

The virus neutralization showed similar results between differ-
ent weeks of gestation at vaccination (P >0.3; Figure 5).

The timing of vaccination, however, was negatively associated
with cord blood IgG at birth (antispike IgG: -0.029 [-0.037, -0.01];
P = 0.001, RBD IgG: -0.019 [-0.023, -0.004]; P = 0.01).

Antibody transfer after birth through human milk showed no
significant association with gestational age at vaccination (anti-
spike IgA: -0.021 [95% confidence interval: -0.057; 0.008]; P = 0.14,
RBD IgA: -0.015 [95% confidence interval: -0.052; 0.017]; P = 0.31,
Figure 6).

Similar results were obtained when we analyzed the samples
from only women who received the BNT162b2 vaccine by ex-
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Figure 2. Evaluation of Logyo antispike IgG (panel a), RBD IgG (panel b) at baseline
(before vaccination), t1 (15 days after the first vaccination) and t2 (15 days after the
second vaccination) and t3 (final blood sample from the participant at birth). Col-
ored lines indicate the median. Dashed lines indicate detection limits. Differences
in antibody levels between the different time points were determined by one-way
analysis of variance and differences between specific time points were determined
by post hoc paired t-tests and Wilcoxon signed rank tests for skewed data.

A women who received a booster vaccination during pregnancy ) women who
had a SARS-CoV-2 infection between vaccination and giving birth

BAU, binding antibody unit; Ig, immunoglobulin; RBD, receptor binding domain.

cluding the women vaccinated with mRNA-1273 (n = 9; data not
shown).

Discussion

In our study, maternal antenatal vaccination led to high titers
of antispike IgG and RBD IgG antibodies against COVID-19, with a
decline in maternal and cord blood antibody titers with an increas-
ing last vaccination-birth interval. Similar antibody levels were ob-
served when excluding samples from women with positive nu-
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Figure 5. Virus neutralization antibodies in maternal blood in relation to gestational age at the time of the last vaccination before delivery, divided into six groups (11-15
weeks N = 4, 16-20 weeks N = 24, 21-25 weeks N = 27, 26-30 weeks N = 35, 31-35 weeks, N = 33, >35 weeks N = 20).

cleocapsid IgG at t0, indicative of a previous SARS-CoV-2 infec-
tion. Maternal antibody levels at birth did not differ significantly
between the different vaccination-gestational age intervals. High
virus neutralization titers were observed in both maternal serum
and in cord blood samples. Virus neutralization was absent in 15
mother-infant dyads. SARS-CoV-2-specific IgA antibodies were also
present in human milk but were not associated with gestational
age at vaccination. None of the pregnant women experienced se-
vere COVID-19 infection, and the pregnancy outcomes in this co-
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hort were good. Only mild side effects of vaccination were ob-
served.

Our study design allowed us to follow the vaccine responses in
pregnant women of different gestational ages and included data on
antibody levels in cord blood and human milk. In addition, virus
neutralization provides a robust estimation of the humoral vaccine
response. We gathered vaccination data and adverse effects and
had a high response rate for the questionnaires and a low num-
ber of women lost to follow-up. Our study population was quite
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homogeneous. We performed separate analyses for women who
received the BNT162b2 vaccine to make sure that the data were
not influenced by women using mRNA-1273 and were generaliz-
able for both mRNA vaccines. We also analyzed our data without
the 26 women with an RBD antibody level above the threshold at
TO, with similar results.

A single analysis was done for the samples, but replicate assays
were done on a selection of samples with the same results. Neu-
tralizing assays were performed in triplicates. Therefore, we are
confident about the robustness of our data.

From our study, we are unable to identify the differential
population response and subgroup analysis due to the over-
representation of highly educated Caucasian women. Only four of
178 women received a booster vaccination during the study pe-
riod; so, we are unable to define the impact of booster vaccination
during pregnancy. During the study, we specifically looked at the
humoral response but not the cellular B and T cell responses and
are therefore unable to comment on the attribution of the cellu-
lar response to vaccine efficacy and timing of vaccination. We did
not compare maternal serum SARS-CoV-2 IgG responses with IgA
responses in human milk because the assays were not comparable.
Lastly, the outcomes of this study are limited by the fact that only
a few women in the first trimester were included. However, it is
expected that an increased time lapse between the last vaccination
and birth results in lower virus neutralization at birth.

An RBD antibody level above the threshold at tO was observed
in 26 women, of whom only six also had antispike antibody lev-
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els above the threshold at t0, without having nucleocapsid IgG, in-
dicative of a previous SARS-CoV-2 infection. An RBD antibody level
above the threshold without antispike antibodies may be explained
by inaccuracy of the RBD assay rather than a previous SARS-CoV-2
infection because RBD is a part of the spike protein. Probably 20
women were thus RBD-positive without having had a SARS-CoV-2
infection and six may have had a SARS-CoV-2 infection a long time
ago, of which they were not aware. The RBD antibody levels in
these 26 women were similar at t1 in comparison to women with-
out detectable RBD antibodies at t0. An enormous increase in an-
tibody levels after vaccination after a recent SARS-CoV-2 infection
was observed in several studies [27]. Because we did not observe
such an antibody response, these women were not excluded from
the overall analysis. False-positive baseline antibody results from
immunoassay interference have been described previously [28].
The current vaccination study showed a robust antibody re-
sponse and protection from severe COVID-19 at the cost of only
mild side effects from vaccination. A recent paper by Halasa et al.
showed that maternal vaccination protects both mother and in-
fants aged younger than 6 months from severe COVID-19 disease
[29]. In line with the general population, all women had good ob-
stetric outcomes. As expected from other studies [30], fever was
reported in only a low percentage of women. This is especially im-
portant because pregnant women are sometimes hesitant to take
a vaccine out of fear of fever and its association with contractions
and premature birth. Overall, pregnant women showed comparable
antibody levels compared with nonpregnant women [30,31]. After
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the second vaccination, antibody titers were comparable for all the
pregnancy intervals. Women vaccinated in the second and third
trimester had similar antibody levels of SARS-CoV-2 antispike IgG
and RBD IgG on average at birth, despite a longer time lapse be-
tween the last vaccination and birth for the second trimester vac-
cination. Probably the vaccination-birth time interval was too short
during pregnancy for antibodies to decline significantly over time
[32]. Our results are in line with the paper of Atyeo et al. who
studied SARS-CoV-2 antibody response in 158 pregnant individu-
als and neutralizing antibodies in 175 mother-infant dyads after
vaccination. They concluded that the trimester of vaccination did
not have a significant impact on the proportion of individuals with
neutralizing antibodies against Omicron pseudovirus [17].

Our human milk data are in line with a previous study in 84
pregnant, 31 lactating, and 16 nonpregnant women, in whom a ro-
bust antibody response after vaccination was observed [33]. Vac-
cines in pregnancy are known to protect the newborn infant in
a period when their humoral response is still inefficient. In ad-
dition, human milk helps provide antibodies to the neonate to
protect against various infectious diseases. Previous research has
shown that milk antibodies are still present in the first months af-
ter birth after maternal vaccination during pregnancy, which is in
accordance with our findings [34,35].

With increasing time lapse between the last vaccination and
birth, we observed lower antibody levels and an expected de-
cline in transplacental transfer. This is in conflict with a study of
171 pregnant women showing an increased transplacental anti-
body transfer after vaccination early in the third trimester com-
pared with late in the third trimester [36]. This may be due to the
short interval between vaccination in the late third trimester and
birth when the vaccine response is ongoing and antibodies have
not reached their maximum levels. IgG is the only antibody class
that significantly crosses the human placenta [37].

Because COVID-19 vaccines do not contain a live attenuated
virus, animal reproductive toxicology and postvaccination studies
suggest that COVID-19 vaccines are safe for use in pregnancy [38].
Another study showed no traces of mRNA vaccine products in pla-
centa tissue and cord blood after birth [39]. The transfer of im-
mune antibodies from the mother to the fetus after COVID-19 vac-
cination in pregnancy is estimated at 94-100% [40]. There was a
strong correlation between maternal and cord blood neutralizing
antibody levels (r = 0.78, P <0.0001). Although the correlation co-
efficient r was 0.78, we considered the correlation strong because
this is not a standard diagnostic assay. Living cells in general dis-
play various responses and a great variation within the assays.

The level of antispike and RBD IgG antibodies in cord blood
at birth were significantly higher than the corresponding mater-
nal antibodies. Umbilical cord levels to maternal serum ratios of
1.5-2 have been described previously, especially after the second
trimester vaccination, with higher ratios after vaccination than af-
ter natural infection [41,42]. The fact that umbilical cord blood was
collected 5 days before maternal blood cannot explain the mea-
sured difference in antibody titers.

Maternal antibody response was good throughout all the ges-
tational intervals. The timing of vaccination was thus negatively
associated with cord blood IgG at birth because of the expected
decline in antibodies between the last vaccination and birth. Based
on these results, we conclude that the optimal timing of vaccina-
tion is right after 16 weeks of pregnancy because this offers ma-
ternal protection throughout pregnancy, specifically in the third
trimester, when the risks and complications rates are higher for
pregnant women. In addition, it establishes specific antibody trans-
fer to the neonate through the cord blood and human milk. Due to
the small number of women in the week 11-15 interval, we were
not able to give strong recommendations for the first trimester.
However, the vaccination advice of pregnant women should also
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consider the number of ongoing COVID-19 infections in the com-
munity, the virulence of the SARS-CoV-2 variant, and disease bur-
den.

In conclusion, pregnant women show a robust immune re-
sponse after vaccination in the second and third trimester, with
virus neutralization that lasts until birth and antibody transfer to
the neonate during and after birth. The early second trimester of
pregnancy can be considered the optimal window of COVID-19
vaccination that balances maternal and fetal protection. No serious
side effects nor adverse pregnancy outcomes occurred.

The outcomes of this study will hopefully assist pregnant
women and clinicians to balance the benefits of vaccination and
risks of COVID-19 for pregnant women and their children.
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