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Human milk contains three antibody classes that confer mucosal immunity to the
breastfed infant: secretory IgA (SIgA), secretory IgM (SIgM), and IgG. Influenza and
pertussis vaccines administered during pregnancy induce pathogen specific SIgA and
IgG responses in human milk that have been shown to protect the breastfed infant from
these respiratory illnesses. In addition, mRNA vaccines against the SARS-CoV-2 virus
administered during pregnancy and lactation induce anti-SARS-CoV-2 IgG and IgA
responses in human milk. This review summarizes the immunologic benefits of
influenza, pertussis, and COVID-19 vaccines conferred by human milk. Additionally,
future research direction in human milk immunity and public health needs to improve
lactational support are discussed.

Keywords: human milk, COVID - 19, influenza, pertussis, vaccination, infant health, immunization
INTRODUCTION

Human milk has been shown to have numerous benefits for infants (1–5) as well as for breastfeeding
mothers which experience short-term and long-term health benefits (5–8). The World Health
Organization recommends exclusive breastfeeding for the first six months after birth, and up to two
years with the introduction of complementary foods (9). Unfortunately, due to systemic and
structural barriers such as racism, lack of workplace accommodations, and inequitable access to
human milk feeding resources, breastfeeding disparities and inequities remain (10–12). In general,
breastfeeding initiation and duration rates are higher among Asian and White mothers and lower
among Black and Indigenous mothers in the U.S (13).
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Vaccination during pregnancy and lactation not only has
immune protection for the mother, but also provides
immunologic benefits for their child through the transfer of
immune factors in utero and through human milk. Pregnant
women and those who have recently given birth may face
increased vulnerability to infections and severe illness (14, 15).
Thus, vaccines serve as a critical component of preventative
healthcare for pregnant and lactating women and an important
public health intervention (16, 17). However, inequities and
disparities also extend to vaccinations. Presently, in the U.S.,
children, adolescents, and adults who are uninsured, living in
rural communities, have lower levels of income, and identify as a
person of color, experience lower rates of recommended
vaccination (18–20). Given the benefits and significance of
human milk, lactation, and vaccines across the life course, the
barriers need to be addressed to make certain that all mothers
and infants, especially those most marginalized, have access to
critical resources and supports during the perinatal period.

In this review, we discuss the barriers that need to be
addressed to improve equity, and summarize the literature
regarding humoral immunity in the human milk after
influenza and pertussis vaccinations, as well as the latest data
on human milk immunity conferred by the mRNA-based
COVID-19 vaccines.
ANTIBODIES IN HUMAN MILK

For the first few months of life, the infant’s immune system is
immature and they therefore rely on maternal passive immunity
for protection and to distinguish pathogenic from commensal
bacteria (21). During pregnancy, specific maternal IgG
antibodies are transferred from the mother through the
placenta to the fetal bloodstream to provide systemic immunity
that confers protection for the first few months of infancy.
Maternally-derived antibodies gradually decrease during the
first year of life while the infant builds protective immune
responses through vaccination and early life pathogen
exposure (22). After birth, lactating mothers continue to
transfer milk-derived antibodies to their newborn which
provide passive mucosal immunity. Human milk contains
protective immunologic components including immune cells,
cytokines, glycoproteins (e.g. lactoferrin), human milk
oligosaccharides, and antibodies such as maternal secretory
IgA (SIgA), secretory IgM (SIgM), and IgG (21, 23, 24). In
humans, mucosal barriers close shortly after birth, and therefore
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human milk antibodies are prevented from passing into the
bloodstream due to decreasing permeability of the gut. As a
result, milk antibodies predominately provide mucosal
immunity (25, 26).

Serum IgA is a monomer, whereas mucosal IgA is a dimer.
The IgA dimers in the mammary gland bind to polymeric
immunoglobulin receptor (pIgR) on the basolateral surface of
the epithelial cells and travel across the cell to the apical surface
(27). There, the external domain of the pIgR bound to the
dimeric mucosal IgA is cleaved, and the remaining compound
is secreted into the human milk as SIgA (26). SIgA provides first
line protection along mucosal surfaces including the respiratory
and digestive tracts (27). It has also been shown to be protective
against various diarrheal diseases as infants consuming human
milk with higher SIgA levels were more likely to be
asymptomatic for these diseases (24, 28–31). Pentameric
secretory IgM usually produces the primary antibody response
to an antigen and activates the complement cascade upon
antigen binding. SIgM is delivered to human milk through the
same mechanism as SIgA. IgG is the least prominent antibody in
human milk. Monomeric IgG from maternal blood is delivered
in human milk through binding of the neonatal Fc receptor
(FcRn) on epithelial cells in the mammary gland (32–35).
Human milk-derived maternal IgG binds intraluminal
pathogens in the infant’s gut and helps protect against enteric
infections (36, 37). Milk antibodies main functions are
summarized in Table 1.
ANTIBODY COMPOSITION IN
HUMAN MILK POST-INFLUENZA
AND PERTUSSIS VACCINATION

Influenza Vaccination
Influenza (flu) viruses are RNA viruses (38), that can cause
severe illness, particularly in pregnant people who are at high risk
for infectious complications leading to hospitalization (39).
Influenza vaccines are updated annually to optimize protection
against circulating influenza viruses that are predicted to be the
most common in the upcoming year (40). Currently in the U.S.,
inactivated virus quadrivalent vaccines are recommended for
pregnant individuals, which protect against four different types
of flu viruses. There is year-to-year variability in vaccine efficacy,
due to a number of factors including antigenic mismatch, pre-
existing immunity, and the limited ability to predict the
dominant viruses each year. However, the efficiency of the flu
TABLE 1 | Function and location of human milk antibodies.

Antibodies Structure Location Function

SIgA Dimer Mucosal sites including respiratory and digestive tracts -Intracellular neutralization (forming complexes with the viral proteins)
-Virus excretion through transcytosis of immune complexes to the intestine lumen.
-Immune exclusion to prevent pathogens penetration.

SIgM Pentamer Mucosal sites including respiratory and digestive tracts -Intracellular neutralization
-Ability to activate complement

IgG Monomer Primarily in blood -Pathogenic neutralization including viruses and bacteria
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vaccines typically ranges between 50-70% in pregnancy but may
be less for other populations (41, 42).

Influenza vaccination during pregnancy leads to a 40%
decreased risk of influenza-related hospitalization in pregnant
women (43), as well as a significant increase in maternal and
infant serum influenza IgG levels (44, 45). In addition, numerous
studies have shown a decrease in the incidence of influenza in
infants born to vaccinated mothers up to 6 months post-delivery
(45–48). This protection is mostly attributed to transplacentally-
derived IgG antibodies which are transferred during pregnancy,
and wanes in the infants typically three to six months after
delivery (44, 45, 49–51). However, in breastfed infants, human
milk-derived antibodies may also provide additional layer of
influenza protection in the infant during the breastfeeding
period. A recent study evaluated longitudinal levels of anti-
influenza IgA in human milk, samples were collected from
lactating individuals after administering the trivalent
inactivated influenza vaccine or a 23-valent pneumococcal
polysaccharide vaccine (control) to pregnant women in the
third trimester (52). Human milk anti-influenza IgA levels in
milk were maintained at a significantly higher level in those who
received the influenza vaccine for at least 6 months after delivery
compared to controls (52). In addition to IgA, anti-influenza IgM
and IgG are also present in milk but at lower levels (53). Human
milk also contains varying levels of immune cells including
innate cells, memory T cells, and plasma B cells (54–58), but
limited data exists on the antigen-specificity of these cells and
response to infection or vaccination. A prior study demonstrated
influenza-specific CD8 T cells in human milk (57, 59). However,
the degree of protection conferred by milk immune cells remains
unknown. Breastfeeding exclusivity is associated with lower rate
of infant febrile respiratory illness (52, 60) compared to non-
exclusively breastfed infant. Additional studies are needed to
understand the various factors in milk that confer this protection
to infants.

Pertussis Vaccination
Pertussis (also known as whooping cough) is a childhood
respiratory illness caused by the bacterium Bortadella pertussis.
Pertussis (PT) booster immunization during the late second or
third trimester of pregnancy is an important public health
strategy to reduce the morbidity and mortality from whooping
cough in neonates. Since 2010, the pertussis vaccine has been
recommended for all pregnant people between 27- and 36-weeks
of gestation in order to provide protective antibodies to the fetus
for protection against pertussis, in the critical early months of the
infant’s life when they are most at risk for serious disease (61, 62).
In the U.S., this is typically administered through the combined
Tdap vaccine, which also provides protection against tetanus,
diphtheria, in addition to pertussis (63).

Studies have demonstrated that after maternal vaccination
high levels of anti-PT IgG is present in newborn blood due to
transplacental transfer frommother to infant (64). After delivery,
pertussis-specific IgA as well as IgG are present in colostrum and
mature human milk and are detected for at least 8 weeks
postpartum after maternal vaccination during pregnancy
(65, 66).
Frontiers in Immunology | www.frontiersin.org 3
The effectiveness of maternal vaccination in infant protection
against PT infection at the first months of life ranges from 88 to
93% (67–70). Further, infants with pertussis whose mothers
received the TdaP vaccine had lower risks of hospitalization,
ICU admission, and shorter hospital stays compared to mothers
who were not vaccinated (71). In summary, vaccination with
Tdap during or shortly after pregnancy greatly increases the level
of anti-PT antibodies in human milk (64–66, 72, 73) and may
contribute to the protection provided to the infant against
pertussis infection.
IMMUNE RESPONSES IN HUMAN MILK
FOLLOWING COVID-19 VACCINATION

BNT162b2 (BioNTech and Pfizer) and mRNA-1273 (Moderna)
are mRNA-based vaccines approved by the Food and Drug
Administration (FDA) to use against COVID-19 (74, 75). In
addition, two vector-based vaccines AZD1222 (Oxford/
AstraZeneca) and Ad26.COV2.S (Johnson & Johnson/Janssen)
are widely used worldwide (76–80). However, due to the timing
of vaccine approval, there is currently limited data on vector-
based vaccines in pregnancy and lactation, and for purposes of
this review we will focus on mRNA vaccines. BNT162b2 and
mRNA-1273 vaccines contain the mRNA sequence of the SARS-
CoV-2 Spike protein, coated by a lipid-nanoparticle envelope.
Upon administration, the lipid nanoparticles are absorbed by
cells, and the mRNA sequence is released into the cytoplasm,
where it is translated into Spike protein that is presented on the
cell surface of vaccinated cells. This Spike protein is recognized
by immune cells to generate a robust and specific immune
response against the Spike protein (81, 82). These vaccines
have been found to be highly efficient in prevention of severe
COVID-19 disease (83, 84) and to be safe for administration
during pregnancy and lactation (85–95).

For mothers that were vaccinated while pregnant, their
infants had detectable levels of anti-SARS-CoV-2 IgG
antibodies in cord blood and in infant follow up blood
samples, demonstrating transfer of these IgG antibodies via the
placenta to the fetal bloodstream (96–98). Similar to influenza
and pertussis vaccination during pregnancy (44, 46), SARS-CoV-
2 vaccination during pregnancy reduced the risk of infant
hospitalization for COVID-19 up to 4-6 months of age by 30-
70% (99, 100). In contrast, infants born to mothers vaccinated
after pregnancy did not have anti-SARS-CoV-2 IgG in their
blood (25, 101). However, COVID-19 vaccination during
pregnancy and lactation both elicited transfer of anti-SARS-
CoV-2 antibodies to human milk (25, 96, 97, 102–105).

Since SARS-CoV-2 is a novel pathogen, the implementation
of COVID-19 vaccines has provided a unique opportunity to
understand primary immune responses in humanmilk to a novel
antigen in lactating people. We have summarized multiple
studies that have evaluated mRNA vaccination during lactation
and human milk antibodies (Table 2). Most studies have found
an initial increase of milk IgG 14-21 days after the first dose of
vaccine, with further robust increased levels peaking at 7 days
July 2022 | Volume 13 | Article 910383
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TABLE 2 | Summary of various studies evaluating vaccination during lactation and human milk antibodies with regards to the mRNA-1273 and BNT162b2 vaccines
including sample size of lactating women, timepoints measured, and mean infant age.

Author Vaccines Measured anti-
bodies (Ab) in
human milk

Sample
size

(lactating
women)

Timepoints Mean
infant
age

Findings overall Findings on milk
IgG

Findings on milk
IgA

Kelly et al.
(102)

BNT162b2 Anti-spike IgG
and IgA Ab
levels

5 1. Pre-
vaccine
2. 10-19 days
post
vaccination
3. 20-29 days
post
vaccination
4. 30-39 days
post
vaccination
5. >40 days
post
vaccination

9.8
months

-Both IgG and IgA levels were
increased post vaccination

-Anti-spike IgG
remained
significantly
increased 20 days
post dose 1 to >40
days compared to
pre-vaccine levels

-Anti-spike specific
IgA were significantly
increased 2 weeks
post dose 1 to >40
days compared to
pre-vaccine levels,
although a
decreasing level of
mean IgA was
observed at >40
days post dose 1

Perl et al.
(103)

BNT162b2 Anti-spike IgG
and IgA Ab
levels

84 Pre-vaccine
and weekly
samples up to
6 weeks after
first dose.

10.32
months

-Both IgG and IgA levels remained
elevated in human milk 6 weeks
post vaccination

-Mean anti-COVID
specific IgG levels
were low until week
3, and dramatically
increased at week
4 and remained
elevated at weeks 5
and 6

-Mean anti-COVID
specific IgA levels
increased
significantly at 2
weeks post-first
dose, decreased
before the 2nd dose,
and increased
sharply 1 week post-
second dose at
week 4.
-IgA levels remained
elevated throughout
the rest of the time
points although
steadily decreased.

Rosenberg-
Friedman
et al. (104)

BNT162b2 Anti-spike and
RBD IgG and
IgA Ab
levels compared
with a pre-
pandemic
control
population

10
healthcare
workers

1. 7 days
post-first
dose
2. 14 days
post-first
dose
3. 7 days
post-second
dose
4. 14 days
post-second
dose

5.13
months

-IgG: IgA ratios were calculated and
suggested that IgA was the greatest
at all time points, although the ratio
increased significantly at 7 and 14
days post second dose, suggesting
an increase in IgG over time post
second dose. IgG and IgA levels
increased at each time point and
stopped increasing on 14 days
post-second dose.
- IgA production rate decreased 14
days post-second dose. IgG
peaked at 14 days post-second
dose whereas IgA showed a small
decline at 14 days post-second
dose.

-Anti-spike IgG at 7
days after first dose
did not increase
significantly
compared to the
controls, although
increased
significantly on day
14. Levels peaked
on 7 days post
second dose.
-Anti-RBD IgG had
a similar trend as
above

-Anti-spike IgA
increase significantly
compared to
controls 14 days
after first dose.
Levels peaked 7
days after second
dose.
-Anti-RBD IgA had a
significant increase 7
days post second
dose compared to
controls.

Gray et al.
(96)

mRNA-
1273 and
BNT162b2

Anti-spike and
RBD IgG, IgA,
and IgM Ab
levels

31 1. Before first
dose
2. After 1st
dose: day of
and before
the 2nd dose
3. 2-6 weeks
post-second
dose

7.3
months
(median)

-A significant increase of COVID
specific IgG, IgA, and IgM was
measured after first and after
second dose compared to baseline.

-Increase in IgG
was measured after
second dose
suggesting the
boost facilitated an
increase in transfer
of IgG to human
milk.

-IgA transfer in
human milk did not
increase after
second dose
compared to IgA
levels after first dose.

Young
et al. (105)

mRNA-
1273 and
BNT162b2

Anti-RBD IgG
and IgA Ab
levels

30 1. pre-vaccine
2. 18 days
post-first
dose

7.5
months

-Both IgG and IgA levels were
increased post vaccination

-Large increase in
IgG 18 days post-
first dose and an
additional increase

-IgA levels increased
at 18 days post-first
dose, and didn’t

(Continued)
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after the second dose and remaining elevated for at least 6 weeks
(78, 96, 102–105). In most lactating people, 4-10 weeks after the
second dose, anti-SARS-CoV-2 IgG levels in milk were still
significantly higher compared to their levels before vaccination
(25, 105). Additionally, IgA levels generally peak at 14-18 days
after the first dose, increase slightly for one week after the second
dose, but decrease thereafter (96, 102–105). In contrast to the
significant increases in IgG levels after the second dose, studies
have shown that IgA levels in milk do not rise further when
measured > 18 days after the second dose (25, 101, 105).

Studies on the association between blood and milk levels after
SARS-CoV-2 vaccination during lactation have found a positive
correlation between serum and human milk SARS-CoV-2 IgG
levels measured at 4-10 weeks after second dose (25, 106).
Interestingly, one study measured milk IgG and IgA in
pregnant women who were vaccinated for both SARS-CoV-2
and TdaP during pregnancy and found similar levels between
anti-Spike (SARS-CoV-2) antibodies and anti-tetanus toxoid
(TT) antibodies (104). These findings further strengthen our
Frontiers in Immunology | www.frontiersin.org 5
knowledge about the mechanism and absolute level of
transferred IgG antibodies from the serum to human milk via
FcR transfer in the mammary gland (107).

Mothers who were infected with COVID-19 during
pregnancy or lactation had a universally rapid anti-SARS-CoV-
2 IgA secretion in human milk, lasting >90 days after diagnosis.
In contrast, vaccination during pregnancy or lactation results in a
robust anti-SARS-CoV-2 IgG secretion to milk with a less
dominant IgA response (97, 105, 107–109). Though antibody
functional responses may be similar after SARS-CoV-2
vaccination vs infection, as was demonstrated by comparable
levels of neutralizing antibodies (97, 105). These findings suggest
that exposure through natural infection leads to increased
secretion of mucosal related IgA antibodies in mucosal organs,
such as the mammary gland, which may be a distinct immune
response than what is generated after mRNA-based vaccines. In
animal models, additional intranasal vaccination induces
mucosal boost immunity in addition to the systemic immunity
that is induced after mRNA-based vaccines (110). Approaches
TABLE 2 | Continued

Author Vaccines Measured anti-
bodies (Ab) in
human milk

Sample
size

(lactating
women)

Timepoints Mean
infant
age

Findings overall Findings on milk
IgG

Findings on milk
IgA

3. 18 days
post-second
dose
4. 90 days
post-second
dose

18 days after the
second dose. It
was followed by a
decline at 90 days
post-second dose.

further increase
post-second dose

Golan et al.
(25)

mRNA-
1273 and
BNT162b2

Anti-RBD IgG
and IgA Ab
levels in human
milk and IgG
and IgM in
serum

50 1. Pre-
vaccine
2. After first
dose: day of
and before
the second
dose
3. 4-10
weeks after
the second
dose

4.7
months
(median)

-Both IgG and IgA levels were
increased post vaccination
-IgG levels were positively
correlated between blood and milk
between 4-10 weeks after the
second dose

-IgG levels
increased after the
first dose and had a
greater increase
after the second
dose.

- IgA levels
significantly increase
after the first dose,
with no further
increase 4-10 weeks
after second dose.

Lechosa-
Muñiz et al.
(79)

BNT162b2,
mRNA-
1273 and
ChAdOx1-S

Anti-RBD IgG
and IgA Ab
levels in human
milk and serum

110 30 days after
the second
dose of the
vaccine (or
after first dose
for ChAdOx1-
S)

15.9
months

Significantly higher levels of IgG and
IgA were found after mRNA-based
vaccine vs. ChAdOx1-S.

Selma-
Royo et al.
(80)

BNT162b2,
mRNA-
1273 and
ChAdOx1

Anti-RBD IgG
and IgA Ab
levels in human
milk

86 pre-
vaccination, 1
week, 2
weeks, and
3–4 weeks
post the
1st dose of
vaccine; 1
week, 2
weeks, and
3–4 weeks
post
2nd dose.

11-14.3
months

-Significant increase in IgA and IgG
in milk with higher levels after
second dose.
-Antibody levels depend on vaccine
type.

-IgG levels
increased after the
first dose with
greater increase
after the second
dose.

- IgA levels after
vaccination were
lower compared to
milk from COVID-19-
infected women.
July 2022 | Volum
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boosting mucosal immunity may be useful to increase secretion
of antibodies to human milk, however further research is needed
in this area.

Similar to other vaccinations and infections, there is limited
data on the presence SARS-CoV-2 antigen-specific human milk
immune cells on infant protection against disease (111). Using
animal models, it was shown that cells from milk can survive the
digestive tract and can traffic into infant organs (112, 113).
Interestingly two recent studies have demonstrated the
presence of SARS-CoV-2 specific Spike-reactive T cells in
human milk after vaccination (111, 114). However, it is
unknown if human milk cells provide immune protection to
the respiratory tract or gastrointestinal tract of human infants or
if they are taken up in the infant gut into systemic circulation.
The role of these antigen-specific immune cells in human milk in
regard to infant protection requires further study.

Protection of Infants
Further studies are needed to evaluate the protective effects of
breastfeeding and milk SARS-CoV-2 antibodies against COVID-
19 infection in infants. Exclusively breastfed infants usually
consume human milk every 1-3 hours, providing them with
frequent doses of milk antibodies. Upon weaning, milk
antibodies decay rapidly in the infant, and this mode of passive
immunity ends. Neonates and infants with COVID-19 often
present with gastrointestinal symptoms (115). However, there is
limited information to date on whether SARS-CoV-2 achieves
gastrointestinal viral invasion or whether SARS-CoV-2 causes
bystander mucosal inflammation that contributes to these
symptoms (116–118). Interestingly, anti-SARS-CoV-2 IgA and
IgG have been detected in one-third of 24 infant stool samples
after maternal vaccination (119). Further studies are needed to
determine the impact of local mucosal protection by human milk
derived SARS-CoV-2 antibodies in the infant gut.

COVID-19 Vaccines Safety During
Lactation
COVID-19 vaccination for lactating women is recommended by
the Centers for Disease Control and Prevention (CDC) to reduce
the risk of complications from COVID-19, and theWorld Health
Organization (WHO) recommends continuing of breastfeeding
after vaccination (120, 121). Maternal vaccination during
lactation protects the mother from severe COVID-19 disease
and as discussed above may also protect the infant. A large
survey-based study including over 10,000 lactating individuals
found minimal disruption of lactation after vaccination (around
2% of the individuals), with 6% of individuals reporting decrease
in milk supply (122). Reduction in milk supply was reported in 5-
7% of the women, which was more common after the second
dose. Most symptoms resolved within 24-72 hours after
vaccination (25, 122, 123). Symptoms in the breastfed infant in
the short term after maternal vaccination were reported in 2-7%
the cases, with sleepiness and fussiness being the most common
symptom (25, 122, 123). Other symptoms such as fever and
gastrointestinal symptoms were reported in 1-2% of the infants
(25, 122, 123). Few studies examined transfer of vaccine particles
Frontiers in Immunology | www.frontiersin.org 6
to human milk after vaccination (101, 124) and found minimal
transfer of vaccine mRNA to human milk in less than 2% of the
samples (out of 309 samples examined). In addition, a single
study measured polyethylene glycol (PEG) which is present in
the lipid nanoparticles of the mRNA-based vaccines in milk and
found no significant increase in PEG in milk after vaccination
(25). It is not clear whether the infant symptoms reported are
specifically related to vaccine particle transfer, and further
research is needed in this area. There is a lack of clinical trials
that carefully examine infant side effects after vaccination in this
vulnerable population of lactating dyads. Future trials should
include these populations and outcomes. However, based on the
data collected so far in multiple prospective studies, the benefits
of vaccination outweigh the risk for mother and her infant.

COVID-19, Lactation, and Equity Issues
Despite the known maternal and infant health benefits of
breastfeeding and vaccination, significant inequities persist
among the most vulnerable groups that are presented with
unique challenges to lactation support and vaccine access.
There are a lack of studies examining barriers to breastfeeding
during the COVID-19 pandemic. Access to commercial tele-
lactation companies offering online lactation support is limited
especially for those who have lost their jobs and may not be able
to afford lactation or internet services (117). It is essential to
provide resources to the communities and populations
purposively marginalized. For instance, in certain parts of large
cities with previous inequitable health care access, such as the
South Side of Chicago, the COVID-19 pandemic has exacerbated
the reduction of open hospitals (118). Hospitals are typically the
primary source of breastfeeding education and in communities
with already low rates of breastfeeding. Barriers of marginalized
populations are being aggravated rather than reduced during the
pandemic. There is also inadequate funding to lactation services
in institutions and agencies. Addressing systemic and structural
barriers and increasing funding to lower resourced communities
can begin to reduce health care disparities by providing essential
services, such as open hospitals and consistent breastfeeding
education so that families understand the short- and long-term
importance of vaccination and breastfeeding.
DISCUSSION

Future Directions
The studies presented here have demonstrated the benefits of
influenza, pertussis, and SARS-CoV-2 vaccination for pregnant
and lactating individuals and the presence of anti-pathogens
antibodies in human milk following vaccination. Further
epidemiological studies are needed to determine the level of
disease protection to infants against COVID-19 provided by
maternal vaccination through human milk. Additionally, the
quantity of human milk required to be ingested to confer a
protective effect in an infant is unknown. To address this
question, detailed study of infant feeding patterns is needed to
distinguish between various quantities and patterns of human
July 2022 | Volume 13 | Article 910383
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milk consumption. Current studies usually compare only
exclusively breastfed to nonexclusively breastfed infants as a
group. In addition, studies that measure the durability of milk
antibodies in infant mucosal surfaces, such as the oropharynx,
are necessary to better understand the protection of milk
antibodies against pathogens that are transmitted via
these organs.

Longitudinal studies to evaluate the persistence of human
milk antibodies after vaccination, and the effect of a third and
fourth mRNA-based vaccine doses on human milk are needed.
Similarly, long-term follow up on infants of COVID-19
vaccinated mothers is needed as the pandemic evolves to
provide more data on protection of these infants with
continued breastfeeding.

In summary, while the immunologic benefits of breastfeeding
have long been promoted, there is still much to learn regarding
the dynamics of immune responses during lactation. More work
is needed to understand the precise mechanisms of immune
protection seen in breastfed infants. However, the potential
benefits of breastfeeding and human milk are nullified if there
is not equitable access and support for lactation, particularly in
Frontiers in Immunology | www.frontiersin.org 7
vulnerable communities. Research and financial support for
qualitative studies and community-engaged programs are
needed to improve advocacy for education and resources in
lactating communities of color.
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114. Gonçalves J, Juliano AM, Charepe N, Alenquer M, Athayde D, Ferreira F,
et al. Secretory IgA and T Cells Targeting SARS-CoV-2 Spike Protein are
Transferred to the Breastmilk Upon mRNA Vaccination. Cell Rep Med
(2021) 2:100468. doi: 10.1016/j.xcrm.2021.100468

115. Cao Q, Chen Y-C, Chen C-L, Chiu C-H. SARS-CoV-2 Infection in Children:
Transmission Dynamics and Clinical Characteristics. J Formos Med Assoc
(2020) 119:670–3. doi: 10.1016/j.jfma.2020.02.009

116. Yonker LM, Gilboa T, Ogata AF, Senussi Y, Lazarovits R, Boribong BP, et al.
Multisystem Inflammatory Syndrome in Children is Driven by Zonulin-
Dependent Loss of Gut Mucosal Barrier. J Clin Invest (2021) 131(14):
e149633. doi: 10.1172/jci149633

117. Xiao F, Tang M, Zheng X, Liu Y, Li X, Shan H. Evidence for Gastrointestinal
Infection of SARS-CoV-2. Gastroenterology (2020) 158:1831–1833.e3. doi:
10.1053/j.gastro.2020.02.055

118. Zhang Y, Geng X, Tan Y, Li Q, Xu C, Xu J, et al. New Understanding of the
Damage of SARS-CoV-2 Infection Outside the Respiratory System. BioMed
Pharmacother (2020) 127:110195. doi: 10.1016/j.biopha.2020.110195

119. Narayanaswamy V, Pentecost BT, Schoen CN, Alfandari D, Schneider SS,
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/AOG.0000000000004661

120. CDC. COVID-19 Vaccines While Pregnant or Breastfeeding (2022). Centers
for Disease Control and Prevention. Available at: https://www.cdc.gov/
coronavirus/2019-ncov/vaccines/recommendations/pregnancy.html?s_cid=
10484:covid (Accessed June 8, 2022).

121. WHO Recommends Continuing Breastfeeding During COVID-19 Infection
and After Vaccination (2021). Available at: https://www.euro.who.int/en/
media-centre/sections/press-releases/2021/who-recommends-continuing-
breastfeeding-during-covid-19-infection-and-after-vaccination (Accessed
June 8, 2022).

122. McLaurin-Jiang S, Garner CD, Krutsch K, Hale TW. Maternal and Child
Symptoms Following COVID-19 Vaccination Among Breastfeeding
Mothers. Breastfeed Med (2021) 16:702–9. doi: 10.1089/bfm.2021.0079

123. Kachikis A, Englund JA, Singleton M, Covelli I, Drake AL, Eckert LO. Short-
Term Reactions Among Pregnant and Lactating Individuals in the First
Wave of the COVID-19 Vaccine Rollout. JAMA Netw Open (2021) 4:
e2121310. doi: 10.1001/jamanetworkopen.2021.21310

124. Golan Y, Prahl M, Cassidy A, Lin CY, Ahituv N, Flaherman VJ, et al.
Evaluation of Messenger RNA From COVID-19 BTN162b2 and mRNA-
1273 Vaccines in Human Milk. JAMA Pediatr (2021) 175:1069–71. doi:
10.1001/jamapediatrics.2021.1929
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

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

Copyright © 2022 Hunagund, Golan, Asiodu, Prahl and Gaw. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
July 2022 | Volume 13 | Article 910383

https://doi.org/10.1016/j.ajog.2021.03.023
https://doi.org/10.1001/jama.2021.7563
https://doi.org/10.1101/2021.12.09.21267423
https://doi.org/10.15585/mmwr.mm7107e3
https://doi.org/10.1001/jamainternmed.2022.2442
https://doi.org/10.1001/jamainternmed.2022.2442
https://doi.org/10.3389/fimmu.2021.783975
https://doi.org/10.1016/j.ajog.2021.03.031
https://doi.org/10.1001/jama.2021.5782
https://doi.org/10.1038/s41467-021-26507-1
https://doi.org/10.1038/s41467-021-26507-1
https://doi.org/10.1001/jamapediatrics.2021.4897
https://doi.org/10.1001/jamapediatrics.2021.4897
https://doi.org/10.1001/jamanetworkopen.2021.20575
https://doi.org/10.1001/jamanetworkopen.2021.20575
https://doi.org/10.1126/scitranslmed.abi8631
https://doi.org/10.1016/j.isci.2020.101735
https://doi.org/10.1001/jama.2022.1206
https://doi.org/10.1001/jama.2022.1206
https://doi.org/10.1038/s41467-021-27063-4
https://doi.org/10.1101/2021.12.03.21267036
https://doi.org/10.1371/journal.pone.0156762
https://doi.org/10.1371/journal.pone.0156762
https://doi.org/10.3389/fped.2021.744104
https://doi.org/10.1016/j.xcrm.2021.100468
https://doi.org/10.1016/j.jfma.2020.02.009
https://doi.org/10.1172/jci149633
https://doi.org/10.1053/j.gastro.2020.02.055
https://doi.org/10.1016/j.biopha.2020.110195
https://doi.org/10.1097/AOG.0000000000004661
https://www.cdc.gov/coronavirus/2019-ncov/vaccines/recommendations/pregnancy.html?s_cid=10484:covid
https://www.cdc.gov/coronavirus/2019-ncov/vaccines/recommendations/pregnancy.html?s_cid=10484:covid
https://www.cdc.gov/coronavirus/2019-ncov/vaccines/recommendations/pregnancy.html?s_cid=10484:covid
https://www.euro.who.int/en/media-centre/sections/press-releases/2021/who-recommends-continuing-breastfeeding-during-covid-19-infection-and-after-vaccination
https://www.euro.who.int/en/media-centre/sections/press-releases/2021/who-recommends-continuing-breastfeeding-during-covid-19-infection-and-after-vaccination
https://www.euro.who.int/en/media-centre/sections/press-releases/2021/who-recommends-continuing-breastfeeding-during-covid-19-infection-and-after-vaccination
https://doi.org/10.1089/bfm.2021.0079
https://doi.org/10.1001/jamanetworkopen.2021.21310
https://doi.org/10.1001/jamapediatrics.2021.1929
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Effects of Vaccination Against Influenza, Pertussis, and COVID-19 on Human Milk Antibodies: Current Evidence and Implications for Health Equity
	Introduction
	Antibodies in Human Milk
	Antibody Composition in Human milk Post-Influenza and Pertussis Vaccination
	Influenza Vaccination
	Pertussis Vaccination

	Immune Responses in Human Milk Following COVID-19 Vaccination
	Protection of Infants
	COVID-19 Vaccines Safety During Lactation
	COVID-19, Lactation, and Equity Issues

	Discussion
	Future Directions

	Author Contributions
	Funding
	References



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

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


