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COVID-19 booster enhances IgG
mediated viral neutralization by
human milk in vitro
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Background: Facilitated by the inability to vaccinate, and an immature immune
system, COVID-19 remains a leading cause of death among children. Vaccinated
lactating mothers produce specific SARS-CoV-2 antibodies in their milk, capable
of neutralizing the virus in vitro. Our objective for this study is to assess the effect
of COVID-19 booster dose on SARS-CoV-2 antibody concentration and viral
neutralization in milk, plasma, and infant stool.

Methods: Thirty-nine mothers and 25 infants were enrolled from December
2020 to May 2022. Milk, maternal plasma, and infants’ stool were collected at
various time-points up to 12 months following mRNA COVID-19 vaccination. A
subgroup of 14 mothers received a booster dose. SARS-CoV-2 antibody levels
and their neutralization capacities were assessed.

Results: Booster vaccination led to significantly higher IgG levels within human
milk and breastfed infants’ stool. In vitro neutralization of VSV-gfp-SARS-CoV-
2-S-gp, a laboratory safe SARS-CoV-2 like pseudovirus, improved following the
booster, with a 90% increase in plasma neutralization and a 60% increase in milk
neutralization. We found that post-booster neutralization by human milk was
highly correlated to SARS-CoV-2 IgG level. In support of our correlation result,
Protein G column depletion of IgG in milk yielded a significant reduction in viral
neutralization (p = 0.04).

Discussion: The substantial increase in neutralizing 1gG levels in milk and
breastfed infants’ stool post-booster, coupled with the decrease in milk
neutralization capabilities upon 1gG depletion, underscores the efficacy of
booster doses in augmenting the immune response against SARS-CoV-2 in
human milk.
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Introduction

Maternal vaccination during pregnancy and breastfeeding
plays a crucial role in ensuring the health and protection of
mothers and infants. Current guidelines from the Centers for
Disease Control and Prevention recommend the whooping cough
vaccine (Tdap), Influenza, Respiratory syncytial virus (RSV) and
COVID-19 vaccinations for pregnant and/or lactating women
(1). Extensive research has demonstrated the efficacy of maternal
vaccination in safeguarding breastfeeding infants (2-5).

The initial two dose mRNA vaccination series has been shown
to significantly enhance immunogenicity and elicit protection
against COVID-19 infection in adults (6, 7) and children as young
as 6 months old (8, 9). Halasa et al. (10) found that maternal
vaccination during pregnancy was associated with lowered risk of
COVID-19 hospitalizations in infants under 6 months. Though,
our group and others show a waning of SARS-CoV-2 antibodies
6 months post vaccination completion (11-13), studies have
now shown that the mRNA booster dose significantly reduces
the incidence and severity of COVID-19 infections compared
to unvaccinated or placebo-treated controls among the general
population (14, 15). One study found that infants of mothers
receiving a third mRNA dose during pregnancy had shorter
hospital stays and decreased rates of hospitalizations compared to
infants of unvaccinated and unboosted mothers (16).

The predominant antibody isotype in human milk is IgA,
followed by IgG and IgM. IgA, particularly sIgA, plays an important
role in pathogen neutralization in mucosa with broad binding
activity (17). Although the placental transfer of IgG from pregnant
mothers to the infants’ systemic circulation is well established
(18, 19), little is known about the human milk IgG function as it
traffics to the infants” intestinal tract.

In our previous work, we have established the presence
of SARS-CoV-2 IgA and IgG antibodies in human milk and
breastfeeding infant stool following maternal mRNA COVID-19
vaccination during lactation (20, 21). Notably, we and others
observed a significant increase in these antibodies after the initial
two-dose series (22-26), with peak levels occurring 7 to 10 days
after the second dose and a subsequent decline at 6 months post-
vaccination (11). In this study, we aimed to analyze the SARS-CoV-
2 antibody titers and in-vitro neutralization capability in human
milk, maternal plasma, and infants’ stool at 12 months post-initial
vaccination series to investigate the potential booster effect.

Methods

Participants recruitment and study design

This prospective observational study was conducted at the
University of Florida with institutional review board approval. The
inclusion criteria comprised breastfeeding women aged 18 years
and older who had either pre- or post-COVID-19 vaccination
status and provided informed consent. Thirty-nine breastfeeding
mothers and 25 infants were recruited at different timepoints
between December 2020 and May 2022, either before or after
receiving COVID-19 vaccination from Pfizer/BioNTech, Moderna,
or Johnson & Johnson. Of those, 5 mother’s and 1 infant’s samples
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were not included in the analysis (3 mothers only participated at 1
time-point; and two participants received the J&J vaccine). Given
significant differences in effectiveness and antibody response with
J&J compared to mRNA vaccines, those two mother-infant dyads
were excluded. Participants completed a questionnaire collecting
maternal/infant demographics, medical and family history, and
vaccination side effects upon agreeing to participate.

Maternal plasma, milk and infant stool samples were collected
up to 7-time points relative to COVID-19 vaccination completion:
pre-vaccination, 15-30 days after the first vaccine dose and then at
7-30 days, 60-75 days, 90-105 days, 6 and 12 months following 2-
dose vaccination series completion (Supplementary Figure 1). Not
all participants contributed samples at every listed collection time
point. In our prior publications, we presented the results up to
6 months post-maternal vaccination. In this paper, data from 34
mothers and 24 infants was included with a focus on a subgroup
analysis of longitudinal samples collected at 6- and 12-months post-
vaccination series. We examined 9 paired milk samples and 13
paired maternal plasma samples to study the booster effect. These
samples were collected at 6 and 12 months, with the booster shot
administered in between.

Sample collection and processing

Maternal blood samples were collected via venipuncture or
finger prick in ethylenediaminetetraacetic acid-coated (EDTA)
tubes at designated time points and centrifugated at 2000 x g
for 10 min to separate plasma from cellular matter. Milk samples
(10 mL—30mL) were collected and stored at —20°C within 4
hours of collection. The samples were aliquoted and underwent
centrifugation (500 x g for 15 min) to separate the aqueous layer,
which was further centrifugated (3000 x g for 15 min) to obtain the
final aqueous layer stored at —20°C. Stool samples were collected
in diapers, refrigerated overnight or submitted on the same day,
and stored at —80°C. The stool samples were diluted in sterile
DPBS, vortexed, and centrifugated (1500 x g for 20 min) to obtain
the supernatant. This supernatant was then placed in a clean tube,
vortexed and centrifugated (10,000 x g for 10 min) to obtain the
final supernatant, which was stored undiluted at —20°C.

SARS-CoV-2 antibody measurement

Measurement of SARS-CoV-2-Specific IgA and

concentrations was

1gG
performed using previously validated
ELISA kits (20). Dilutions were made for plasma and milk samples,
while infant stool samples were run undiluted. Negative controls
and duplicate samples were included.

In vitro neutralization

The neutralization capability of milk and plasma samples
was assessed using SARS-CoV-2 spike glycoprotein-expressing
(VSV-gfp-SARS-CoV-2-S-gp)
infection competent BHK cells expressing the human ACE2

vesicular stomatitis virus and
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receptor in a fashion similar to those utilized in Stafford et al.
with modification (11). In short, serially diluted milk (1:5, 1:20,
1:80, 1:320, 1:1280) or plasma (1:20, 1:100, 1:500, 1:2500, 1:12500)
samples were incubated with VSV-gfp-SARS-CoV-2-S-gp for
1h and after incubation this sample/virus mixture was added to
BHK-ACE2 cells and incubated for 48 h. Following the 48 h, cell
proliferation was measured using the MTT assay. The MTT assay
is used to measure cellular metabolic activity as an indicator of
cell viability. Metabolically active cells reduce tetrazolium salt
[3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
or MTT] to purple formazan crystals (27, 28). Metabolically
active cells have NAD(P)H-dependent oxidoreductase activity
that assists in reducing MTT to formazan. The formazan crystals
are then dissolved in DMSO and OD is read at 570nm. OD
values were normalized to a scale of 0%—100% infectivity using
control values. Half maximal effective concentration (EC50), or
the sample concentration in which 50% of cells are viable, values
were calculated for each sample and used for quantitative analysis.
Samples were run in duplicate.

Plaque reduction assay

Plaque reduction assays, as described by Baer and Kehn-Hall
with modifications were used to confirm our MTT neutralization
results (29). Neutralization assays were initially set up as MTT
assays, however after 48h of infection, cells were fixed in 10%
formalin for 1h, followed by crystal violet staining for 15 min.
Plates were then washed, imaged, and optical density was measured.
EC50 values were calculated as stated above for quantitative
analysis. Samples were run in duplicate.

IgG depletion

IgG depletion was performed using NAb Spin Protein G
columns (ThermoFisher) using manufacturer’s instructions. Milk
samples were diluted 1:2 in sterile DPBS and passed through
Protein G columns to deplete samples of IgG. IgG-specific
depletion was confirmed using SARS-CoV-2 IgG and IgA ELISA
plates. Neutralization assays were then performed as described
above in paired diluted milk samples and Protein G-depleted
milk samples.

Statistical analysis

Descriptive statistics characterized the demographics and
clinical features of the study sample. Ordinary one-way ANOVA,
Mann-Whitney U-tests, and paired T-tests were employed for
comparisons, and Spearman correlation analysis was conducted to
explore relationships between variables. Statistical test results were
reported as p-values, and software such as SPSS and GraphPad
Prism 9 were used for analyses and figure creation. An alpha
threshold of < 5% (or p < 0.05) was used for declaring statistical
significance. Geometric mean values with geometric mean SD were
shown in the figures.
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TABLE 1 Study participants characteristics®.

N (%) or mean +
standards deviation

Maternal characteristics (n = 34)

Age (years) 34436
Race

White 33(97)
Asian 1(3)
Ethnicity

Non-Hispanic 23 (67)
Hispanic 6(18)
Not disclosed 309)
Body mass index (Kg/m?) 245439
History of allergies® 9 (26)
History of asthma® 4(12)
History of inadequate immune response to 2(6)
vaccine®

Family history of cancer® 17 (50)
Family history of autoimmune disorder® 3(9)
Antibiotic use in 6 months before 10 (29)
enrollment®

Time postpartum at enrollment (months) 53+5
Vaccine brand (first 2 doses)®

Moderna 13 (45)
Pfizer 20 (55)
Booster brand (third dose)

Moderna 8 (57)
Pfizer 6 (43)
Infant characteristics (n = 24)

Infant gender

Female 10 (42)
Male 14 (58)
Infant age at the time of first stool collection 48454
(months)

Infant age at 12 months stool sample 18+7
collection (months)

“Categorical data are given as the number of participants and, in parentheses, the percentage
of the total. Continuous data are provided as means + standard deviations.
“Missing data from 1 subject.

Results

To assess how SARS-CoV-2 vaccination influences antibody
composition, 39 lactating women and 25 infants were enrolled
in the study. We analyzed the data from 34 mothers and 24
infants, with a focus on a subgroup analysis of longitudinal
samples collected at 6- and 12-months post-vaccination series.
We examined 9 paired milk samples and 13 paired maternal
plasma samples to study the booster effect. These samples were
collected at 6 and 12 months, with the booster shot administered
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in between. Pre-vaccination samples consisted of 25 milk and 16
plasma samples; 7-30 days post second dose samples included
24 milk and 23 plasma samples; 6-month samples included 15
milk and 18 plasma samples; 12 months included 11 milk and 15
plasma samples. Due to the small number of participants, samples
from 60-75 days and 90-105 days timepoints were excluded from
the analysis. 40 infants stool samples were collected up to 12
months post-vaccination. The study population consisted primarily
of White non-Hispanic women in their mid-30s and their infants
with a median infant age of 10 months at enrollment (Table 1).

Predominant SARS-CoV-2 IgG response in
milk, plasma and breastfed infants’ stool
after mRNA COVID-19 booster

SARS-CoV-2 IgG and IgA concentrations were measured
in maternal milk and plasma at 6 and 12 months post-initial
vaccination series, with the booster administered in between.
After the mRNA booster, there was a significant increase in
SARS-CoV-2 IgG levels, evident in both human milk and plasma
compared to pre-booster samples (p < 0.0001 in both) (Figure 1).
Before the booster vaccination, SARS-CoV-2 IgG and IgA levels
peaked between 7-30 days after the 2-dose vaccine series, with a
predominant IgA response in milk. Although SARS-CoV-2 IgA
did not show a significant increase after the booster, it did remain
consistently above pre-vaccination levels, in which 9/11 (82%) milk
and 12/15 (80%) plasma samples were above the positive cutoff.
Throughout the 12-month period, we observed a less dynamic
response in IgA levels in both human milk and plasma. The
booster primarily triggered a rise in IgG levels, indicating a shift in
the immune response toward a stronger IgG-mediated protection
against SARS-CoV-2 (Figure 1).

Furthermore, a notable rise in SARS-CoV-2 IgG levels
was evident in infant stool samples following the mother’s
booster dose, in comparison to pre-COVID negative controls.
While we did not observe significant variations in antibody
levels across specific time-points, the significance emerged when
comparing the negative control group with all post-maternal
vaccination samples, particularly those after the booster (p = 0.002)
(Supplementary Figure 2).

SARS-CoV-2 antibodies concentration
positively correlate between milk and
plasma

Using Spearman correlations, we found that SARS-CoV-2
antibodies in milk and plasma were positively correlated pre-
and post-booster dose, where higher concentrations of milk
IgG correlated with higher concentrations of plasma IgG (p =
0.007, R = 0.61 for IgA and p < 0.0001, R = 0.83 for IgG)
(Supplementary Table 1).

Furthermore, we observed higher concentrations of SARS-
CoV-2 IgG in milk and plasma in individuals who received the
booster more recently, suggesting a time-dependent effect.
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Milk and plasma neutralization capabilities
increase after the mRNA booster

In this study we wanted to robustly assess the potential
of antibodies, present within the milk and plasma of booster
vaccinated individuals, to neutralize SARS-CoV-2 viral activity in
vitro. As such, we utilized two analysis methods to assess antibody-
mediated inhibition of viral activity, using a laboratory-safe SARS-
CoV-2-like pseudovirus. Whereas the MTT assay measured the
ability of the pseudovirus to inhibit cellular metabolic activity,
the plaque reduction assay was utilized to measure pseudovirus-
mediated cell death (determined by changes in levels of intact,
adherent cells).

In vitro viral neutralization significantly increased in plasma
by 90% after mRNA booster dose compared to pre-booster
(p=10.007), with a 60% increase in milk post booster dose
(p =0.08) (Figure 2A). These trends were confirmed using plaque
reduction assays (Figure 2B). We found that plasma neutralization
and plasma IgG concentration were significantly correlated (p
= 0.0005, R = —0.64) pre and post mRNA booster dose
(Supplementary Table 2). Milk neutralization and milk IgG and IgA
concentrations were also correlated (p = 0.02 and 0.03, R = —0.56
and —0.52, respectively). These significant, negative correlations
show the higher the SARS-CoV-2 IgG, the lower the EC50 value
and higher neutralization.

Our results, from both the plaque reduction assay and MTT,
show that cell survival and cellular activity is protected and
preserved in cells treated with boosted plasma or milk during in
vitro VSV-gfp-SARS-CoV-2-S-gp infection.

Milk IgG depletion significantly decrease
milk in-vitro neutralization capabilities

After observing the exponential increase in milk IgG
concentration post-booster, along with its correlation with viral
neutralization (Figures 3A, B), we aimed to investigate the role of
IgG in in vitro viral neutralization. To accomplish this, we depleted
IgG from milk samples using Protein G flow columns, which
specifically bind human IgG. Subsequently, we measured viral
neutralization using MTT assays. The results revealed a significant
reduction in viral neutralization after the removal of IgG from the
milk samples (p = 0.04) (Figure 3C).

To further validate our findings, we utilized SARS-CoV-2
IgG and IgA ELISAs, which confirmed that IgG concentrations
were notably decreased through Protein G depletion, while IgA
concentrations remained unaffected (Supplementary Figure 3).

Discussion

A recent publication shows that COVID-19 remains a leading
cause of death among children aged 0-19 from 2021 to 2022,
with COVID-19 in infants under 1 year old, ranking as the
seventh leading cause of death (30). A combination of emergent
strains of SARS-CoV-2, an immature infant immune system, and a
requirement for 6 months of age before vaccination, has prompted
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FIGURE 1
COVID-19 Booster promotes elevated SARS-CoV-2 specific IgG in human milk. Concentration of SARS-CoV-2 IgA and IgG in milk and plasma post
booster dose (top), and over 12-month vaccination course following initial COVID-19 vaccination (bottom). Y axis = log10-transformed unit/mL;
Graphs shown as geometric mean + SD. Pre vs. post booster statistical analysis = paired T-test; Longitudinal statistical analysis = Ordinary
one-way ANOVA.

the CDC to recommend COVID-19 vaccination for pregnant and
lactating mothers to combat infant risk during this critical life stage.
Indeed, Halasa et al. (10) indicated that maternal vaccination with
2 doses of mRNA vaccine was associated with reduced risks of
COVID-19 hospitalization, including critical illness among infants
younger than 6 months of age. We and others have previously
shown a significant increase in human milk derived SARS-CoV-2
IgA and IgG levels after initial mMRNA COVID-19 vaccination series
(20, 22-26). This increase was subsequently followed by a decline,
noted 6 months post-vaccination (11, 31, 32). Notably, in this paper
we show a significant increase in SARS-CoV-2 specific IgG within
human milk post-booster immunization. Similar observations have
been described by other researchers studying the humoral response
to COVID-19 vaccines (32-35). IgG in milk was highly correlated
to the increase in IgG present in the plasma post-booster. Notably,
the ability of the milk to neutralize viral activity post-booster
was highly IgG dependent, which drastically contrasted with pre-
booster milk derived neutralization which was IgG independent
(presumably IgA dependent).

Maternal immunity, primarily IgG, is transferred to the
fetus during pregnancy via the placenta. Antenatal vaccination
and/or infection infers pathogen-specific IgG transfer to the
fetus, that wane over time (36). A recent study showed that the
durability and quantity of placental derived IgG varied within
infants as COVID-19 vaccination resulted in significantly higher
transplacental persistence compared to infection after 6 months,
with only 8% of infants born to infected mothers possessing
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antibodies at that time. The transplacental transfer of COVID-
19 antibodies was also significantly lower at 6 months if the
vaccination/infection occurred during the 3rd trimester compared
to the second (37). Our study suggests that the consumption of
human milk, from individuals receiving the COVID-19 booster,
by infants may provide protection during the period of waning
transplacental antibodies and the development of the infant’s own
immune system.

Although a critical role of human milk derived IgA, in the
protection of postnatal infants has been well established, virus-
specific IgG concentrations in milk have also been shown to
be correlated with decreased risk for infant infection. Mazur
et al. found that RSV Prefusion-F protein (pre-F) specific IgGs
in human milk act as a clinical correlate for infant protection
against respiratory syncytial virus illness. Particularly, pre-F 1gG
are lower in mothers’ milk whose children became ill with RSV,
compared to mothers of infant that did not develop RSV (38).
Similarly, Fouda et al. found that milk-derived anti-HIV IgG has
been shown to be correlated with lowered risk of mother-to-
child transmission of HIV. Anti-HIV IgG in milk were positively
correlated to plasma IgG, and IgG purified from both sample
types had similar neutralizing capacity (39). These IgG in milk
were shown to be correlated with neutralization and induction of
antibody-dependent cellular cytotoxicity (36, 39).

Although there are lower levels of IgG compared to IgA in the
gastrointestinal tract, recent studies have uncovered that among
milk components, it is IgG, rather than IgA, that plays a crucial
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FIGURE 2
Inhibition of virus mediated cell death by milk (left) and plasma (right) pre and post mRNA COVID-19 booster dose. Neutralization of virus was
assessed by (A) MTT and (B) plaque reduction assays. Y-axis = EC50 (half maximal effective concentration, sample concentration at which 50% of
cells are protected from infection). Graph shown as geometric mean + SD; Statistical analysis = paired, T-test.

role in reducing pathogen loads and minimizing intestinal damage
in breastfed pups following maternal infection or immunization
in rodent models (40, 41). Caballero-Flores et al. (40) proved
that maternal IgG coats, promotes phagocytosis and reduces
pathogen attachment to intestinal mucosa in rodents pups (40).
Another possible mechanism is that IgG binds to a broader
microbial index (42). Indeed, Wang et al. (43) demonstrated
that mRNA COVID-19 vaccination and/or SARS-CoV-2 infection
significantly broadened the cross-reactivity of IgG in milk toward
other human coronaviruses. In contrast to mice, evidence in
humans has shown the passive diffusion of antibodies from the
gut to the lamina propria is prevented by tight junction closure
in infants born full-term (40 weeks) (44). Notably, however, it
has been demonstrated, that the human neonatal Fc receptor
(FcRn) was sufficient to promote transcytosis of IgG from the
intestinal lumen to the lamina propria in a bidirectional manner
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using transgenic mice (45). Additional evidence suggesting a role
of FcRn in modulating IgG mediated immunity at the lamina
propria/intestinal lumen interface is the demonstration that FcRn
receptors, present on the apical membrane of intestinal epithelial
cells, can bind to IgG molecules found in the amniotic fluid
following ingestion and facilitate endocytic transfer to the fetus
(46, 47). Although it is possible that IgG may passively transfer
from lumen to the lamina propria in extremely preterm infants
(who may have a permeable gut), it is tempting to speculate
that FcRn receptors may serve to actively transport maternal
IgG derived from milk feeding into the systemic circulation of
the infant.

We found a significant increase in SARS-CoV-2 IgG in the stool
of infants receiving human milk post-vaccination. Interestingly,
we previously found a statistically significant increase in SARS-
CoV-2 specific IgG in infant stool up to 6 months post-maternal
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effective concentration, sample concentration at which 50% of cells are protected from infection). Graph shown as geometric mean + SD; Statistical
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vaccination, even when the predominant human milk antibody
isotype was IgA (11). Notably, ACE2 is highly expressed on the
luminal surface of intestinal epithelial cells and SARS-CoV-2 is
able to infect mature enterocytes within the intestine through
expression of ACE2 (48, 49). Given the existing data, it is tempting
to speculate that maternally derived SARS-CoV-2 specific IgG
antibodies within the infant lumen may serve to inhibit viral
binding to ACE2 receptors. Although future studies are necessary
to fully elucidate the specific mechanisms whereby luminal IgG
confers infant protection, these works highlight the protective role
of maternal milk-derived IgG. Our current studies add to the
existing body of literature, further underscoring the importance of
human milk-derived IgA and IgG in promoting infant health.

Limitations

This study highlights the role of human milk IgG and the
transfer to breastfeeding infants after maternal mRNA vaccination.
There are limitations to some of the results. First, there was a
small sample size and limited diversity in this cohort of mothers.
Although participants contributed data at various time points,
no subjects contributed on all occasions. Furthermore, whether
infants or mothers might have had a previously undiagnosed
COVID infection, and how this may have interfered with results,
cannot be known. We did not test the IgA secretory component,
rather we assumed that IgA found in milk is majority secretory
IgA. We did not explore other immune factors in milk (i.e., cell
mediated immunity, cytokines, lactoferrin) that might be increased
after maternal vaccination and contribute to milk neutralization
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capabilities. The mean age of our infant subjects at the time of
enrollment was 5 months, and all were more than 6 months
old by the 12 months stool collection time-point. Based on age,
we assume that all of the enrolled infants had a mixed diet of
solid food and human milk by 12 months collection time-point;
this in combination with small sample size might have interfered
with the stool antibodies concentration and neutralization capacity
results, since exclusively breastfeeding infants may have higher
antibodies levels.

Although we detect sIgA in stool, we cannot say for sure they
are coming from milk rather than own infant intestinal mucosal
production. However, several previously published works report
that breastfeeding is positively associated with infant fecal sIgA
concentration in the first 4 months of life, most notably when
compared to sIgA in formula-fed fecal samples (50, 51).

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary material, further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving humans were approved by the University
of Florida Institutional Review Board 202003255. The studies were
conducted in accordance with the local legislation and institutional

frontiersin.org


https://doi.org/10.3389/fnut.2024.1289413
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Valcarce et al.

requirements. Written informed consent for participation in this
study was provided by the participants’ legal guardians/next of kin.

Author contributions

VVa: Conceptualization, Data curation, Funding acquisition,
Investigation, Methodology, Project administration, Resources,
Writing - original draft, Writing - review & editing. LS:
Conceptualization, Data curation, Formal analysis, Investigation,
Methodology, Resources, Software, Writing - original draft,
Writing - review & editing. JN: Conceptualization, Funding
acquisition, Project administration, Writing - review & editing.
LP: Conceptualization, Methodology, Writing — review & editing.
VVi: Investigation, Writing — review & editing. TC: Investigation,
Writing - review & editing. OD’A: Investigation, Writing -
review & editing. SD: Investigation, Writing - review &
editing. AH: Investigation, Writing - review & editing. JF:
Investigation, Writing - review & editing. MA: Investigation,
Writing - review & editing. AV: Investigation, Writing - review
& editing. NC: Conceptualization, Methodology, Writing - review
& editing. IK: Methodology, Writing - review & editing. JY:
Methodology, Writing - review & editing. JL: Conceptualization,
Data curation, Funding acquisition, Investigation, Methodology,
Resources, Supervision, Validation, Visualization, Writing -
original draft, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study
was supported by the Gerber Foundation and the Children’s
Miracle Network. Funding used for data processing methods and

References

1. CDC Guidelines. Pregnancy and Vaccination-Guidelines for Vaccinating Pregnant
Women (2023). Available online at: https://www.cdc.gov/vaccines/pregnancy/hcp-
toolkit/guidelines.html

2. Regan AK, de Klerk N, Moore HC, Omer SB, Shellam G, Effler P V. Effect
of maternal influenza vaccination on hospitalization for respiratory infections in
newborns. Pediatr Inf Dis J. (2016) 35:1097-103. doi: 10.1097/INF.0000000000001258

3. Henkle E, Steinhoff MC, Omer SB, Roy E, Arifeen SE, Raqib R, et al.
The effect of exclusive breast-feeding on respiratory illness in young infants in
a maternal immunization trial in Bangladesh. Pediatric Inf Dis J. (2013) 32:431-
5. doi: 10.1097/INF.0b013e318281e34f

4. Saul N, Wang K, Bag S, Baldwin H, Alexander K, Chandra M, et al. Effectiveness
of maternal pertussis vaccination in preventing infection and disease in infants:
the NSW public health network case-control study. Vaccine. (2018) 36:1887-92.
doi: 10.1016/j.vaccine.2018.02.047

5. Nascimento RM do, Baptista PN, Lopes KA de M, Pimentel AM, Cruz F da
SP, Ximenes RA de A. Protective effect of exclusive breastfeeding and effectiveness
of maternal vaccination in reducing pertussis-like illness. J Pediatria. (2021) 97:500-
7. doi: 10.1016/j.jped.2020.10.018

6. Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurtman A, Lockhart S, et al. Safety
and efficacy of the BNT162b2 mRNA COVID-19 vaccine. New Eng ] Med. (2020)
383:2603-15. doi: 10.1056/nejmoa2034577

7. Hall V, Foulkes S, Insalata F, Kirwan P, Saei A, Atti A, et al. Protection AGAINST
SARS-CoV-2 after COVID-19 vaccination and previous infection. New England ] Med.
(2022) 386:1207-20. doi: 10.1056/NEJMo0a2118691

Frontiersin Nutrition

10.3389/fnut.2024.1289413

supplies expenses. There is no role of the funding source for writing
the article or the decision to submit for publication.

Acknowledgments

We thank the
enthusiastic contribution.

participating  mothers  for  their

Conflict of interest

The authors declare that the research was conducted
in the absence of any commercial or financial relationships
that could be
of interest.

construed as a potential  conflict

Publisher’s note

All claims expressed in this article are solely those
of the authors and do not necessarily represent those of
those of the publisher,
the editors and the reviewers. Any product that may be
evaluated in this article, or claim that may be made by

their affiliated organizations, or

its manufacturer, is not guaranteed or endorsed by the
publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnut.2024.
1289413/full#supplementary-material

8. Anderson EJ, Creech CB, Berthaud V, Piramzadian A, Johnson K, Zervos M, et al.
Evaluation of mRNA-1273 vaccine in children 6 months to 5 years of age. New Eng |
Med. (2022) 387:1673-87. doi: 10.1056/NEJM0a2209367

9. Link-Gelles R, Ciesla AA, Rowley EAK, Klein NP, Naleway AL, Payne AB,
et al. Effectiveness of monovalent and bivalent mRNA vaccines in preventing
COVID-19-associated emergency department and urgent care encounters
among children aged 6 months—5 years — VISION network, United States,
July 2022-June 2023. MMWR. (2023) 72:886-92. doi: 10.15585/mmwr.mm
7233a2

10. Halasa NB, Olson SM, Staat MA, Newhams MM, Price AM, Boom JA,
et al. Effectiveness of maternal vaccination with mRNA COVID-19 vaccine during
pregnancy against COVID-19-associated hospitalization in infants aged. MMWR.
(2022) 71:264-70. doi: 10.15585/MMWR.MM7107E3

11. Stafford LS, Valcarce V, Henry M, Neu J, Parker L, Mueller M, et al.
Detection of SARS-CoV-2 IgA and IgG in human milk and breastfeeding infant
stool 6 months after maternal COVID-19 vaccination. | Perinatol. (2023) 12:1-
7. doi: 10.1038/s41372-022-01581-5

12. Levin EG, Lustig Y, Cohen C, Fluss R, Indebaum V, Amit S, et al. Waning immune
humoral response to BNT162b2 COVID-19 vaccine over 6 months. New Eng ] Med.
(2021) 385:e84. doi: 10.1056/NEJMoa2114583

13. Bayart J-L, Douxfils J, Gillot C, David C, Mullier E Elsen M, et al.
Waning of IgG, total and neutralizing antibodies 6 months post-vaccination with
BNT162b2 in healthcare workers. Vaccines. (2021) 9:1092. doi: 10.3390/vaccines9
101092

frontiersin.org


https://doi.org/10.3389/fnut.2024.1289413
https://www.frontiersin.org/articles/10.3389/fnut.2024.1289413/full#supplementary-material
https://www.cdc.gov/vaccines/pregnancy/hcp-toolkit/guidelines.html
https://www.cdc.gov/vaccines/pregnancy/hcp-toolkit/guidelines.html
https://doi.org/10.1097/INF.0000000000001258
https://doi.org/10.1097/INF.0b013e318281e34f
https://doi.org/10.1016/j.vaccine.2018.02.047
https://doi.org/10.1016/j.jped.2020.10.018
https://doi.org/10.1056/nejmoa2034577
https://doi.org/10.1056/NEJMoa2118691
https://doi.org/10.1056/NEJMoa2209367
https://doi.org/10.15585/mmwr.mm7233a2
https://doi.org/10.15585/MMWR.MM7107E3
https://doi.org/10.1038/s41372-022-01581-5
https://doi.org/10.1056/NEJMoa2114583
https://doi.org/10.3390/vaccines9101092
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Valcarce et al.

14. Andrews N, Stowe J, Kirsebom FE Toffa S, Sachdeva R, Gower C,
et al. Effectiveness of COVID-19 booster vaccines against COVID-19-related
symptoms, hospitalization and death in England. Nat Med. (2022) 28:831-
7. doi: 10.1038/s41591-022-01699-1

15. Moreira ED, Kitchin N, Xu X, Dychter SS, Lockhart S, Gurtman A, et al. Safety
and efficacy of a third dose of BNT162b2 COVID-19 vaccine. New Eng ] Med. (2022)
386:1910-21. doi: 10.1056/NEJM0a2200674

16. Lipschuetz M, Guedalia J, Cohen SM, Sompolinksy Y, Shefer G, Melul E, et al.
Maternal third dose of BNT162b2 mRNA vaccine and risk of infant COVID-19
hospitalization. Nat Med. (2023) 29:1155-63. doi: 10.1038/s41591-023-02270-2

17. Czosnykowska-Lukacka M, Lis-Kuberka J, Krélak-Olejnik B, Orczyk-Pawitowicz
M. Changes in human milk immunoglobulin profile during prolonged lactation. Front
Pediatr. (2020) 8:428. doi: 10.3389/fped.2020.00428

18. Nir O, Schwartz A, Toussia-Cohen S, Leibovitch L, Strauss T, Asraf K, et al.
Maternal-neonatal transfer of SARS-CoV-2 immunoglobulin G antibodies among
parturient women treated with BNT162b2 messenger RNA vaccine during pregnancy.
Am ] Obstetr Gynecol MEM. (2022) 4:100492. doi: 10.1016/].AJOGMF.2021.100492

19. Meng Q-H, Liu Y, Yu J-Q Li L-J, Shi W, Shen Y-J, et al
Seroprevalence of maternal and cord antibodies specific for diphtheria, tetanus,
pertussis, measles, mumps and rubella in Shunyi, Beijing. Sci Rep. (2018)
8:13021. doi: 10.1038/s41598-018-31283-y

20. Valcarce V, Stafford LS, Neu J, Cacho N, Parker L, Mueller M, et al. Detection of
SARS-CoV-2-specific IgA in the Human Milk of COVID-19 Vaccinated Lactating Health
Care Workers. (2021). Available online at: (accessed
August 20, 2021).

21. Narayanaswamy V, Pentecost BT, Schoen CN, Alfandari D, Schneider S, Baker
R, et al. Neutralizing antibodies and cytokines in breast milk after coronavirus
disease 2019 (COVID-19) mRNA vaccination. Obstet Gynecol. (2022) 139:181-
91. doi: 10.1097/A0G.0000000000004661

22. Baird JK, Jensen SM, Urba W], Fox BA, Baird JR. SARS-CoV-2
antibodies detected in mother’s milk post-vaccination. J Hum Lact. (2021)
2021:089033442110301. doi: 10.1177/08903344211030168

23. Perl SH, Uzan-Yulzari A, Klainer H, Asiskovich L, Youngster M, Rinott E,
et al. SARS-CoV-2-specific antibodies in breast milk after COVID-19 vaccination of
breastfeeding women. JAMA. (2021) 12:5782. doi: 10.1001/jama.2021.5782

24. Ramirez DSR, Pérez MML, Pérez MC, Hernandez MIS, Pulido SM, Villacampa
LP, et al. SARS-CoV-2 antibodies in breast milk after vaccination. Pediatrics. (2021)
2021:€2021052286. doi: 10.1542/PEDS.2021-052286

25. Juncker HG, Mulleners SJ, van Gils MJ, Bijl TP, de Groot CJ, Paijkrt
D, et al. Comparison of SARS-CoV-2-specific antibodies in human milk
after mRNA-Based COVID-19 vaccination and infection. Vaccines. (2021)
9:1475. doi: 10.3390/vaccines9121475

26. Low JM, Gu Y, Ng MSE, Amin Z, Lee LY, Ng YPM, et al. Codominant IgG and IgA
expression with minimal vaccine mRNA in milk of BNT162b2 vaccinees. NPJ Vaccines.
(2021) 6:105. doi: 10.1038/s41541-021-00370-2

27. Vistica DT, Skehan P, Scudiero D, Monks A, Pittman A, Boyd MR. Tetrazolium-
based assays for cellular viability: a critical examination of selected parameters affecting
formazan production. Cancer Res. (1991) 51:2515-20.

28. Mosmann T. Rapid colorimetric assay for cellular growth and survival:
application to proliferation and cytotoxicity assays. ] Immunol Methods. (1983) 65:55-
63. doi: 10.1016/0022-1759(83)90303-4

29. Baer A, Kehn-Hall K. Viral concentration determination
plaque assays: using traditional and novel overlay systems. JoVE.
(93):¢52065. doi: 10.3791/52065

30. Flaxman S, Whittaker C, Semenova E, Rashid T, Parks RM, Blenkinsop A,
et al. Assessment of COVID-19 as the underlying cause of death among children
and young people aged 0 to 19 years in the US. JAMA Netw Open. (2023)
6:€2253590. doi: 10.1001/jamanetworkopen.2022.53590

31. Cassidy AG, Li L, Golan Y, Gay C, Lin CY, Jigmeddagva U, et al. Assessment
of adverse reactions, antibody patterns, and 12-month outcomes in the mother-infant
dyad after COVID-19 mRNA vaccination in pregnancy. JAMA Netw Open. (2023)
6:€2323405. doi: 10.1001/jamanetworkopen.2023.23405

32. Golan Y, Ilala M, Li L, Gay C, Hunagund S, Lin CY, et al. Milk
antibody response after 3rd COVID-19 vaccine and SARS-CoV-2 infection and

through
(2014)

Frontiersin

09

10.3389/fnut.2024.1289413

implications for infant protection. iScience. (2023) 26:107767. doi: 10.1016/j.isci.2023.
107767

33. Mulleners SJ, Juncker HG, Ruhé EJM, Korosi A, van Goudoever JB, van
Gils MJ, et al. Comparing the SARS-CoV-2-specific antibody response in human
milk after homologous and heterologous booster vaccinations. Commun Biol. (2023)
6:100. doi: 10.1038/s42003-023-04455-4

34. Bender JM, Lee Y, Cheng WA, Marentes Ruiz CJ, Pannaraj PS. Coronavirus
disease 2019 vaccine booster effects are seen in human milk antibody response. Front
Nutr. (2022) 9:898849. doi: 10.3389/fnut.2022

35. Henle AM. Increase in SARS-CoV-2 RBD-specific IgA and IgG antibodies in
human milk from lactating women following the covid-19 booster vaccination. ] Hum
Lact Off ] Int Lact Consult Assoc. (2023) 39:51-8. doi: 10.1177/08903344221134631

36. Atyeo C, Alter G. The multifaceted roles of breast milk antibodies. Cell. (2021)
184:1486-99. doi: 10.1016/J.CELL.2021.02.031

37. Beharier O, Mayo RP, Raz T, Sacks KN, Schreiber L, Suissa-Cohen
Y, et al. Efficient maternal to neonatal transfer of antibodies against SARS-
CoV-2 and BNT162b2 mRNA COVID-19 vaccine. J Clin Inv. (2021)
131:319. doi: 10.1172/JCI150319

38. Mazur NI, Horsley NM, Englund JA, Nederend M, Margaret A, Kumar A,
et al. Breast milk prefusion F immunoglobulin G as a correlate of protection against
respiratory syncytial virus acute respiratory illness. J Inf Dis. (2018) 219:59-67.
doi: 10.1093/infdis/jiy477

39. Fouda GG, Yates NL, Pollara J, Shen X, Overman GR, Mahlokozera T,
et al. HIV-specific functional antibody responses in breast milk mirror those in
plasma and are primarily mediated by IgG antibodies. J Virol (2011) 85:9555-
67. doi: 10.1128/JV1.05174-11

40. Caballero-Flores G, Sakamoto K, Zeng MY, Wang Y, Hakim J, Matus-Acuna V,
et al. Maternal immunization confers protection to the offspring against an attaching
and effacing pathogen through delivery of IgG in breast milk. Cell Host Microbe. (2019)
25:313-23. doi: 10.1016/j.chom.2018.12.015

41. Zheng W, Zhao W, Wu M, Song X, Caro E Sun X, et al. Microbiota-targeted
maternal antibodies protect neonates from enteric infection. Nature. (2020) 577:543-
8. doi: 10.1038/s41586-019-1898-4

42. Castro-Dopico T, Clatworthy MR. IgG and Fcy receptors in intestinal immunity
and inflammation. Front Immunol. (2019) 1:8050. doi: 10.3389/fimmu.2019.00805

43. Wang J, Young BE, Li D, Seppo A, Zhou Q, Wiltse A, et al. Broad cross-reactive
IgA and IgG against human coronaviruses in milk induced by COVID-19 vaccination
and infection. Vaccines. (2022) 10:980. doi: 10.3390/vaccines10060980

44. Neal-Kluever A, Fisher J, Grylack L, Kakiuchi-Kiyota S, Halpern W. physiology
of the neonatal gastrointestinal system relevant to the disposition of orally administered
medications. Drug Metab Disp. (2019) 47:296-313. doi: 10.1124/dmd.118.
084418

45. Yoshida M, Claypool SM, Wagner JS, Mizoguchi E, Mizoguchi A, Roopenian
DC, et al. Human neonatal Fc receptor mediates transport of IgG into luminal
secretions for delivery of antigens to mucosal dendritic cells. Immunity. (2004) 20:769-
83. doi: 10.1016/j.immuni.2004.05.007

46. Israel EJ, Taylor S, Wu Z, Misoguchi E, Blumber RS, Bhan A, et al. Expression
of the neonatal Fc receptor, FcRn, on human intestinal epithelial cells. Immunology.
(1997) 92:69-74. doi: 10.1046/j.1365-2567.1997.00326.x

47. Westrém B, Arévalo Sureda E, Pierzynowska K, Pierzynowski SG, Pérez-Cano
FJ. The immature gut barrier and its importance in establishing immunity in newborn
mammals. Front Immunol. (2020) 11:1153. doi: 10.3389/fimmu.2020.01153

48. Ni W, Yang X, Yang D, Bao J, Li R, Xiao Y, et al. Role of
angiotensin-converting enzyme 2 (ACE2) in COVID-19. Critical Care. (2020)
24:422. doi: 10.1186/s13054-020-03120-0

49. Guney C, AKARF. Epithelial and endothelial expressions of ACE2: SARS-CoV-2
entry routes. ] Pharm Pharmac Sci. (2021) 24:84-93. doi: 10.18433/jpps31455

50. Janzon A, Goodrich JK, Koren O, Waters JL, Ley RE. Interactions between the
gut microbiome and mucosal immunoglobulins A, M, and G in the developing infant
gut. mSystems. (2019) 4:19. doi: 10.1128/mSystems.00612-19

51. Maruyama K, Hida M, Kohgo T, Fukunaga Y. Changes in salivary and fecal
secretory IgA in infants under different feeding regimens. Pediatrics Int. (2009) 51:342—
5. doi: 10.1111/j.1442-200X.2008.02748.x


https://doi.org/10.3389/fnut.2024.1289413
https://doi.org/10.1038/s41591-022-01699-1
https://doi.org/10.1056/NEJMoa2200674
https://doi.org/10.1038/s41591-023-02270-2
https://doi.org/10.3389/fped.2020.00428
https://doi.org/10.1016/J.AJOGMF.2021.100492
https://doi.org/10.1038/s41598-018-31283-y
https://homeliebertpubcom/bfm
https://doi.org/10.1097/AOG.0000000000004661
https://doi.org/10.1177/08903344211030168
https://doi.org/10.1001/jama.2021.5782
https://doi.org/10.1542/PEDS.2021-052286
https://doi.org/10.3390/vaccines9121475
https://doi.org/10.1038/s41541-021-00370-z
https://doi.org/10.1016/0022-1759(83)90303-4
https://doi.org/10.3791/52065
https://doi.org/10.1001/jamanetworkopen.2022.53590
https://doi.org/10.1001/jamanetworkopen.2023.23405
https://doi.org/10.1016/j.isci.2023.107767
https://doi.org/10.1038/s42003-023-04455-4
https://doi.org/10.3389/fnut.2022
https://doi.org/10.1177/08903344221134631
https://doi.org/10.1016/J.CELL.2021.02.031
https://doi.org/10.1172/JCI150319
https://doi.org/10.1093/infdis/jiy477
https://doi.org/10.1128/JVI.05174-11
https://doi.org/10.1016/j.chom.2018.12.015
https://doi.org/10.1038/s41586-019-1898-4
https://doi.org/10.3389/fimmu.2019.00805
https://doi.org/10.3390/vaccines10060980
https://doi.org/10.1124/dmd.118.084418
https://doi.org/10.1016/j.immuni.2004.05.007
https://doi.org/10.1046/j.1365-2567.1997.00326.x
https://doi.org/10.3389/fimmu.2020.01153
https://doi.org/10.1186/s13054-020-03120-0
https://doi.org/10.18433/jpps31455
https://doi.org/10.1128/mSystems.00612-19
https://doi.org/10.1111/j.1442-200X.2008.02748.x
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

	COVID-19 booster enhances IgG mediated viral neutralization by human milk in vitro
	Introduction
	Methods
	Participants recruitment and study design
	Sample collection and processing
	SARS-CoV-2 antibody measurement 
	In vitro neutralization 
	Plaque reduction assay
	IgG depletion 
	Statistical analysis

	Results
	Predominant SARS-CoV-2 IgG response in milk, plasma and breastfed infants' stool after mRNA COVID-19 booster 
	SARS-CoV-2 antibodies concentration positively correlate between milk and plasma
	Milk and plasma neutralization capabilities increase after the mRNA booster
	Milk IgG depletion significantly decrease milk in-vitro neutralization capabilities 

	Discussion
	Limitations
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


