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Abstract

Background: The survival of antibody isotypes specific to pertussis toxin (PT) and filamentous
hemagglutinin (FHA) from mother’s own milk (MBM) and donor breast milk (DBM) during
preterm infant digestion was investigated.

Methods: Feed, gastric and stool samples were collected from 20 preterm mother-infant pairs at
8-9 days and 21-22 days postpartum. Samples were analyzed via ELISA for anti-FHA or anti-PT
immunoglobulin A (IgA), IgM and IgG.

Results: Anti-PT IgA, anti-FHA 1gG and anti-PT 1gG were lower in MBM than DBM at 8-9
days postpartum, whereas anti-FHA IgM was higher in MBM than DBM. Anti-PT IgA, anti-PT
IgG and anti-FHA 1gG in DBM decreased in gastric contents at both postpartum times but those
antibodies in MBM were stable or increased during gastric digestion. Anti-FHA specific IgA and
IgM were higher in gastric contents from infants fed MBM than that fed DBM at 8-9 days. All
pertussis antibodies were detected in infant stools at both postpartum times.

Conclusion: Pertussis-specific antibodies from MBM were stable during infant digestion,
whereas anti-pertussis IgA and 1gG from DBM decreased in gastric contents. The constant region
and variable region of antibodies and maternal immunization appear to be the critical factors for
their stability to proteolytic digestion and pasteurization.
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INTRODUCTION

Infectious diseases are the major cause of morbidity and mortality for infants (1). Human
milk provides antibodies that may help prevent pathogen infection. Human milk antibodies
need to avoid degradation within the digestive tract to protect the newborn against infection.
Few studies have examined the digestion and survival of antibodies within the infant gut (2—
7). There is a critical need to examine the extent to which milk antibodies specific to
pathogens survive and maintain their ability to bind to them and thus allow prevention of
infection within the gut. This knowledge will enable greater understanding of the impact of
milk antibodies within the infant to prevent infectious diseases.

The Center for Disease Control and Prevention recommends that pregnant women are
vaccinated with tetanus-reduced-dose diphtheria and acellular pertussis (Tdap) during the
late second or third trimester (27—-36 weeks of gestation) to maximize protection of the
infant against pertussis illness (8, 9). Vaccination during pregnancy increases the maternal
production of pertussis-specific 1gG, which is transferred across the placenta to the fetus and
remains in the infant bloodstream after birth, providing passive protection against pertussis
(10). Moreover, vaccination increases the secretion of pertussis-specific antibodies in breast
milk, which may also provide passive protection against the pathogen (11). Many animals
have transfer of 1gG across the intestine as they do not have transplacental transfer (12),
whereas humans have transplacental transfer, but their transfer of IgG through the intestine
is still unknown. Intestinal absorption of pathogen-specific IgA was demonstrated in three
newborns fed with colostrum between 18 and 24 h after birth (13). No study has
demonstrated that pertussis-specific antibodies from breast milk can prevent infections in
infants.

Pertussis-specific IgA was previously identified in breast milk of postpartum Tdap-
vaccinated mothers (11). Anti-filamentous hemagglutinin (anti-FHA) and anti-pertussis
toxin (anti-PT) specific IgA and anti-FHA 1gG levels in breast milk were higher in mothers
who were vaccinated with Tdap during pregnancy (23-37 weeks of gestation) than
unvaccinated mothers during the first 2 weeks of lactation, but not at 4 and 8 weeks of
lactation (14). The abundance of pertussis-specific IgA and IgG was highest in colostrum
and declined over time (14). De Schutter et al. (2015) demonstrated that anti-PT SIgA levels
were higher in milk from mothers that received pertussis vaccination during pregnancy or at
delivery than in milk from mothers without recent pertussis vaccination (15).

Preterm infants receive lower levels of maternal transplacental pertussis-specific 1gG than
term infants, which increases their risk for pathogen infection in the first 2 months of
postnatal age (16). Moreover, very low birth weight infants received their first and second
doses of pertussis-vaccine 1.3-fold later than normal birth weight infants (6.9 and 9.4
months for preterm versus 5.2 and 7.2 months for term, respectively), which left them at
higher risk for pertussis infections until their completed immunization, typically at 24
months (17). Regardless of whether mothers were recently vaccinated, their breast milk
typically contains some pertussis-specific immunoglobulins as most mothers have been
exposed to B. pertussis or been Tdap-vaccinated in the past (15). Whether pertussis-specific
milk antibodies can be absorbed across the intestine into the blood and protect against B.
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pertussis remains unknown. Small amounts of milk can reach the infant respiratory tract due
to regurgitation and inhalation of breast milk during and after feeding (18), which could
contribute to protect against infection in the neonatal respiratory tract. Therefore, milk
antibodies may be protective against B. pertussis, but no evidence has yet been provided.

To bind and neutralize B. pertussisthroughout the infant gut, pertussis-specific antibodies
from human milk must survive the digestive system. No study has investigated the variation
of survival for different antibody isotypes specific to pertussis from breast milk during
preterm infant digestion.

Preterm infants are often fed with mother’s own milk (MBM) supplemented with donor
breast milk (DBM) or only DBM due to limitations in MBM supply (19, 20). DBM
processing (including pooling milks from different mothers, Holder pasteurization and
several freeze-thaw cycles) may reduce the levels of milk antibodies. Our previous studies
demonstrated that total antibody concentrations (SIgA/IgA, SigM/IgM and 1gG) and
antenatal antibodies specific to influenza A levels (IgA, IgM and IgG) were higher in MBM
than DBM (2), and were higher in gastric contents when infants fed MBM than when infants
were fed DBM at 8-9 days of postnatal age (3). Whether MBM and DBM differ in relative
abundance of pertussis-specific antibody is unknown. As the relative abundance of milk
antibodies specific to pertussis from MBM or DBM during gastric digestion is unknown,
and the differences between MBM and DBM have not been evaluated, the relative
abundances of milk anti-pertussis (anti-FHA and anti-PT) antibodies were determined in
preterm infants fed MBM and DBM.

METHODS

Subjects and enrollment

This study was approved by the Institutional Review Boards of the Legacy Health Systems
neonatal intensive care unit (NICU) and Oregon State University (1402—-2016, first approved
on 05/03/17). Written consents to use their milk for research were obtained from those
mothers. Samples were collected from twenty premature-delivering mother-infant pairs
ranging in GA at birth from 26 to 36 weeks (Supplemental Table S1) in the NICU.
Eligibility criteria included having an indwelling naso/orogastric feeding tube, bolus feeding
(<60 min infusion tolerated), feeding volumes of at least 4 mL, and mothers who could
produce a volume of MBM adequate for one full-volume feed per day. Exclusion criteria
included neonates with diagnoses that were incompatible with life, gastrointestinal system
anomalies, major gastrointestinal surgery, severe genitourinary anomalies, and significant
metabolic or endocrine diseases. Parents of all eligible infants in the NICU were approached
for participation after informed consent.

Feeding and sampling

To compare the effects of DBM and MBM, two separate feedings of DBM and MBM
without fortification were given to the infants. The schema of the study design is illustrated
in Fig. 1. Mothers were able to supply enough milk but agreed to use unfortified DBM (or
unfortified MBM) for two of the normal eight daily feeding for this study. At both sample

Pediatr Res. Author manuscript; available in PMC 2021 May 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Demers-Mathieu et al. Page 4

time periods, each infant received two of the normal eight daily feedings as unfortified
MBM or DBM on alternate days (randomized order). The order of feeding MBM and DBM
was randomized to control for any potential effect of infant day of life on antibody digestion.
For the 6 daily feedings, 16 preterm infants were fed fortified MBM (primary) or fortified
DBM (if needed). The type of fortifier was a human milk-based fortifier (Prolact 24 calories
(Cal) at 8-9 days and Prolact 26 Cal at 21-22 days of postnatal age, Prolacta Bioscience,
Duarte, CA) for the extremely/very preterm infants (GA 26-30 weeks, 7= 10) whereas that
for the moderate/late preterm infants (GA 31-32 weeks, 7= 6) was a bovine fortifier
(Enfamil 22 Cal or 24 Cal, Mead Johnson Nutrition, Zeeland, MlI). Preterm infant with GA
35-36 weeks (7= 4) were fed MBM (primary) or DBM (if needed) without fortification.
Milk and gastric samples (2 mL) were collected on 8-9 and 21-22 days postpartum. The
pool of DBM was acquired from two batches at Northwest Mother’s Milk Bank. Three-liter
batches were pasteurized and frozen in 50-mL doses so that only a small fraction was
thawed for each infant feeding. The power analysis based in our previous study indicated
that at least 15 infants were required to compare DBM and MBM-fed infants (20).

The protocol of feeding is described in our previous study (2). Milk (either MBM or DBM)
was fed to the infant via the nasogastric tube with a feeding pump set to deliver the entire
bolus over 30-60 min. A sample of the gastric fluid was collected 30 min after the
completion of the feed (1-1.5 hour after feed initiation). Stool (1 g) was collected within 48
h of the gastric sampling time point and was recovered from the diaper and scraped into a
sterile jar. Stool sample collection was not specific to DBM/MBM and thus represent stools
deriving from a mixture of DBM and MBM feeding. After collection of each sample type
(feed, gastric and stool), samples were placed immediately on ice and stored at —80 °C in the
NICU. Samples were transported on dry ice to the Dallas laboratory at Oregon State
University for sample analysis.

Sample preparation and ELISAs

Feed (MBM and DBM) and gastric samples were thawed at 4°C and centrifuged at 3,500 x g
for 30 min at 4°C. The infranate was collected, separated into aliquots and stored at — 80°C.
Frozen stool samples (0.1 g) were diluted in 700 pL of phosphate-buffered saline pH 7.4
(Thermo Fisher Scientific, Waltham, MA) with 0.05% Tween-20 (Bio-Rad Laboratories,
Irvine, CA) (PBST) and 3% fraction V bovine serum albumin solution (Innovative Research,
Novi, MI). Diluted stool samples were mixed by vortex for 2 min and the vials were
centrifuged at 3,500 x g for 20 min at 4°C. The supernatant was collected, separated into
aliquots and stored at —80°C.

The spectrophotometric ELISAs were recorded with a microplate reader (Spectramax M2,
Molecular Devices, Sunnyvale, CA) with two replicates of blanks, standards and samples.
Clear flat-bottom 96-well plates (Thermo Fisher Scientific, Waltham, MA) were coated with
0.75 pg/mL (100 pL) of purified FHA or PT (Enzo Life Sciences, Inc., Farmingdale, NY)
from Bordetella pertussis. Plates were incubated overnight at 4°C. After incubation, plates
were washed 3 times with PBST. Blocking buffer (100 pL PBST with 3% fraction V bovine
serum albumin solution) was added in all wells and incubated for 1 h at room temperature.
Standards were prepared using human serum from a female adult that received the Tdap
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vaccine (8 ug of inactivated PT and 8 pg of FHA per 0.5 mL, BOOSTRIX, Supplemental
Table S2) 4 months prior. Blood was collected into 6 BD vacutainer serum separation tube
(SST™) (Becton Dickinson, Franklin Lakes, NJ), incubated at room temperature for 5 min,
and then centrifuged at 3,900 x g for 5 min. Serum was aliquoted into several vials and
stored at —80°C until used. The relative abundance of pertussis antibodies was derived by
interpolation from the standard curve generated from human serum with the assigned
quantity of anti-FHA and anti-PT antibodies expressed in ELISA units/mL (EU/mL). The
standard curves were prepared using a dilution series of standard human serum in blocking
buffer and the final concentration covered a range from 12.5x (4,000 EU/mL) to 102,400x
(0.48 EU/mL). Feed (MBM or DBM) and gastric samples were diluted 10x with blocking
buffer for anti-FHA and anti-PT-specific IgA-, IgM- and IgG measurements whereas a 2x
dilution was used for the prediluted stool samples. For each step (addition of 100 pL
standards/samples and secondary antibodies at 1 ug/mL) washing and incubation for 1 h at
room temperature were performed. The detection antibodies were goat anti-human IgA
alpha-chain: horseradish peroxidase (HRP) for anti-pertussis IgA, goat anti-human IgM mu-
chain:HRP for anti-pertussis IgM and goat anti-human IgG gamma-chain:HRP for anti-
pertussis IgG (Bio-Rad Laboratories). The substrate 3,3’,5,5’-tetramethylbenzidine (Thermo
Fisher Scientific) (1x, 100 pL) was added for 5 min at room temperature followed by
addition of 2 N sulfuric acid (100 L) to stop the reaction. Optical density was measured at
450 nm.

Pasteurization effect on antibodies specific to pertussis

To examine the effects of pasteurization directly, a human milk sample was collected from
one mother who was vaccinated with the Tdap vaccine (BOOSTRIX) at 25 weeks of
pregnancy and gave birth at term. At 12 days postpartum, the mother pumped and collected
150 mL of milk into a sterile plastic bag. Six 1-mL aliquots were centrifuged at 4,000 x g for
30 min, 4 °C and infranates were collected (skim). Three of these aliquots were used for the
control raw human milk (RHM) and 3 others were pasteurized at 62.5°C for 30 min, referred
to as the pasteurized skimmed human milk (PSHM). Three other 1-mL aliquots were
pasteurized whole (referred to as pasteurized whole human milk, PWHM) and centrifuged at
4,000 x g for 30 min at 4°C to collect skim milk prior to ELISA.

Statistical analyses

Wilcoxon matched-pairs signed-rank test in GraphPad Prism software (version 8) were used
to compare anti-pertussis antibodies (EU/mL) in milk and in gastric contents between MBM
and DBM (type of feeding) within the same mother-infant pairs at 8-9 days and 21-22 days
postpartum. All tests were nonparametric as some of the values did not pass the D’ Agostino
& Pearson normality test. Student’s #tests were used to evaluate the effect of antibiotics that
infants received or not in gastric and stool samples from both feeding types (MBM and
DBM) (Supplemental Table S3). Student’s #tests were used to determine the effect of the
first type of feed (MBM or DBM) on anti-pertussis antibodies in the gastric contents
(Supplemental Table S4), and to compare anti-pertussis antibody in feeds and gastric
contents from preterm infant fed MBM or DBM between 8-9 days and 21-22 days
postpartum (Supplemental Table S5). One-way ANOVA followed by Dunnett’s multiple
comparisons test were performed to compare RHM to PSHM and PWHM. Differences were
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designated significant at p < 0.05. The sample size was selected based on our previous study
sample sizes (3) and proved to be adequately powered based on the results.

Infant demographics

Anti-pertuss

Demographic details for the preterm-delivering mother-infant pairs are presented in
Supplemental Table S1.

is antibodies in feeds

The relative abundance of PT-specific IgA (Fig. 2a, d) were 3- and 12-fold higher in DBM
than MBM at 8-9 days and 21-22 days postpartum, respectively, but did not differ for FHA-
specific IgA at either time of postnatal age (Fig. 2a, ¢). FHA-specific IgM was 8-fold higher
in MBM than DBM at 8-9 days postpartum but did not differ at 21-22 days (Fig. 3a, c). PT-
specific IgM did not differ between MBM and DBM at either postpartum time (Fig. 3b, d).
FHA- and PT-specific 1gG was 2-fold and 4-fold higher in DBM than MBM at 8-9 days
postpartum (Fig. 4a, b). PT-specific 1gG was 2-fold higher in DBM than in MBM at 21-22
days postpartum but did not differ for anti-FHA (Fig. 4c, d). The GMRA of each anti-
pertussis isotype in feeds are summarized in Supplemental Table S6.

Anti-pertussis antibodies in gastric contents

At 8-9 days of postnatal age, relative abundance of FHA-specific IgA (Fig. 2a) and FHA-
specific IgM (Fig. 3a) was 4-fold and 5-fold, respectively higher in gastric contents from
infants fed MBM than those fed DBM but did not differ at 21-22 days postpartum (Fig. 2c
and Fig. 3c). PT-specific IgA and IgM did not differ after feeding infants with MBM and
those DBM at either time postnatal (Fig. 2b, d and Fig. 3b, d). FHA- and PT-specific 1gG in
gastric contents did not differ after feeding infants with MBM or DBM at either postpartum
times (Fig. 4). The GMRA of each anti-pertussis isotype in gastric contents are summarized
in Supplemental Table S7.

Gastric digestion of anti-pertussis antibodies from MBM and DBM

Relative abundance of FHA-specific IgA decreased 33% from DBM to gastric contents at 8—
9 days postpartum but did not differ at 21-22 days. Anti-FHA IgA did not differ from MBM
to gastric contents at either postnatal time (Fig. 2). PT-specific IgA decreased from DBM to
gastric contents in infants fed DBM at 8-9 days and 21-22 days postpartum whereas it
increased from MBM to gastric contents at both postpartum times (Fig. 2). FHA-and PT-
specific IgM did not change from MBM or DBM to gastric contents at 8-9 days or 21-22
days, except that PT-IgM increased from MBM to gastric contents at 8-9 days (Fig. 3).
FHA- and PT-specific IgG decreased from DBM to gastric contents at 8-9 days and 21-22
days postpartum but did not differ for MBM at both postpartum times (Fig. 4). P-values for
the difference between feed and gastric contents of each anti-pertussis isotype are
summarized in Supplemental Table S8.
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is antibodies in preterm infant stools derived from mixed MBM/DBM

All antenatal antibody isotypes present in breast milk were detected in the infant stools. The
relative abundance of FHA- and PT-specific IgA, IgM and IgG in infant stools did not differ
between 8-9 days and 21-22 days postpartum (Supplemental Table S9).

Effect of pasteurization on human milk anti-pertussis antibodies

To determine the effect of Holder pasteurization on milk anti-pertussis antibodies, we
compared the anti-pertussis antibodies in RHM to PWHM and PSHM. We pasteurized
whole and non-fat human milk because previous literature found different results for the
antibody concentrations with and without delipidation before pasteurization (22, 23). Anti-
FHA IgA from RHM decreased 13% in PWHM and 21% in PSHM (Fig. 5). Anti-FHA IgM
from RHM decreased 30% in PWHM and 99% in PSHM. Anti-FHA 1gG and anti-PT 1gG
from RHM did not differ in PWHM and PSHM. Anti-PT IgA from RHM increased 72% in
PSHM but did not differ in PWHM. Anti-PT IgM from RHM decreased 50% in PWHM and
81% in PSHM.

DISCUSSION

Human milk antibodies specific to pathogens can compensate for the immature immune
system in premature infants and reduce the risk of mortality induced by serious infectious
diseases. However, in order to function, these antibodies must survive the gastrointestinal
conditions. In this study, we examined the survival of pertussis-specific antibodies varying in
isotype and protein binding specificity as a model to better understand the potential of oral
antibodies to survive and remain functional across infant digestion. As preterm infants are
often fed DBM, this study also aimed to determine whether the relative abundance of
antenatal milk anti-pertussis antibodies differed between MBM and DBM and across
preterm infant digestion.

Milk anti-pertussis neutralizing antibodies can be specific to FHA, PT or other pertussis
antigens. Anti-FHA and anti-PT specific IgA and anti-FHA specific 1gG levels were
previously determined in breast milk from women vaccinated with Tdap during pregnancy
and non-vaccinated women using ELISA (11, 14). The relative abundance of anti-FHA, anti-
PT IgA and anti-FHA 1gG measured in MBM cannot be compared between the present
study and those measured previously in term-delivering Tdap-vaccinated mothers by Raya et
al. (14), Halperin et al. (11) and De Schutter et al. (15) because different human serums were
used to prepare the standard curve for each anti-pertussis antibody isotype. No commercial
standard exists for anti-pertussis IgA, IgM and IgG; therefore, measuring absolute
concentrations was not possible in this study. This investigation is the first to measure the
anti-pertussis IgM (anti-FHA and anti-PT) and anti-PT 1gG relative abundance in breast
milk.

The relative abundance of anti-PT IgA, anti-PT IgG and anti-FHA 1gG were lower in MBM
than DBM at 8-9 days and 21-22 days postpartum. Milk anti-PT IgA increased after
pasteurization; therefore, we speculate that the higher anti-PT IgA level in DBM might be
due to the pasteurization effect, but it is unclear how pasteurization could have increased IgA
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binding efficiency (no previous study has demonstrated such phenomenon). Anti-FHA 1gG
and anti-PT IgG were not affected by pasteurization. The lower abundance of anti-PT IgG
and anti-FHA 1gG in MBM compared with that in DBM could be due to the differences in
vaccination during pregnancy (some mothers may not have received vaccine(s) for
pertussis), differences in maternal immunization (previous infections or vaccinations).
Pertussis-specific antibodies did not change with GA in MBM (p > 0.10 for all linear
regressions). DBM is generally made with a pooled pasteurized MBM from at least 5-10
different term-delivering mothers. In this study, DBM was from a pooled pasteurized MBM
from different mothers, but the number of women was unknown. The vaccination status of
the mothers who participated at this study was unknown for both MBM and DBM.

Anti-FHA and anti-PT IgM did not differ between MBM and DBM and decreased during
pasteurization. This result could be due to a combination of pasteurization effect and
maternal immunization, suggesting that those antibodies were likely higher in DBM than
MBM before pasteurization.

Anti-FHA IgM abundance was higher in MBM than in DBM at 8-9 days but did not differ
at 21-22 days postpartum. Due to the reduction of anti-FHA IgM during pasteurization, its
lower abundance in DBM is likely due to a combined effect of pasteurization (higher in
DBM pre-pasteurization than post-pasteurization) and postpartum time (higher in MBM at
8-9 days than at 21-22 days) (Supplemental Figure S2). This results is in agreement with
our previous study demonstrated that the concentrations of total IgM were higher in MBM
than DBM due to the pasteurization effect and early postpartum time of MBM (2).

For the first time, this investigation reported that anti-PT IgA, anti-PT IgG and anti-FHA
IgG in DBM was reduced during infant gastric digestion at both postpartum times, whereas
those pertussis antibodies were increased or stable in MBM. Anti-FHA specific IgA and
IgM were higher in gastric contents from infants fed MBM than those fed DBM at 8-9 days.
These observations suggest that pasteurization of milk anti-pertussis antibodies may reduce
their survival during infant digestion. We speculate that the higher digestibility of anti-
pertussis antibodies post-pasteurization may be due to the changes in the antibody structure
that increase the accessibility of cleavage sites to proteases.

We evaluated whether the first type of feed (MBM or DBM) changed the relative abundance
of anti-pertussis antibodies in the gastric contents, which could come from the residual from
the first feed. We observed that infants fed the MBM-feed first tended (o = 0.060, 1.9-fold)
to have higher anti-FHA IgA in DBM-gastric contents (at 8-9 days postpartum) than those
fed a DBM-feed first (Supplemental Table S4). The other antibodies in gastric contents were
not affected by the first type of feed at both times of postpartum.

Anti-PT IgA was higher in gastric contents from infants fed MBM at 8-9 days than at 21-22
days (Supplemental Figure S2) but did not differ in MBM between these postpartum times.
This result suggests that early postnatal age allowed for greater survival to gastric digestion
of milk anti-PT IgA likely due to the lower amount or activity of pepsin in the preterm infant
stomach at 8-9 days of life. Our previous studies demonstrated that total IgA concentration
in gastric samples (at 2 h postprandial from preterm infants fed human milk) decreased with
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the increasing of postnatal age (21) and SIgA concentration in gastric contents from preterm
infants fed MBM was also higher at 8-9 days than at 21-22 days postnatal age (2). This
reduction of IgA was associated with degradation by proteases (pepsin and/or milk
proteases) but not acid-induced structural deterioration in the stomach (24).

This study did not distinguish between preterm infant’s own antibodies and milk antibodies
in their gastric contents. No study has demonstrated the specific time when preterm infants
are able to produce their own antibodies (especially for SIgA, the most abundant antibody
produced in mucosal fluids) at < 3 weeks of postnatal age. Anti-PT IgM from DBM reduced
with the increasing of GA in gastric contents from preterm infants (v = 0.002, Fig. S1)
whereas the other pertussis-specific antibodies (from MBM and DBM) did not change with
the GA in gastric contents (data not shown). Preterm infants may not be able to produce
their own pertussis-specific antibodies as they have not been exposed to B. pertussis or been
Tdap-vaccinated in the past.

All the milk pertussis antibody types studied most likely survived preterm infant overall
digestion to some extent as all were detected in infant stools 24-hours post-feeding.
Antibodies detected in stool samples may derive from the MBM and/or DBM feeding or be
secreted by the infant. However, no correlation was detected for pertussis-specific antibodies
in function of GA in the infant stools (data not shown). No difference in pertussis-specific
antibodies was observed between 8-9 days and 21-22 days in stools). A previous study
demonstrated that SIgA specific to Escherichia coli O antigens were detected in the feces of
90% of preterm infants fed human milk fortified with fractions of pasteurized, lyophilized
human milk, whereas none was detected in the feces of infants fed cow’s milk-based
formula (7). These results indicate that the SIgA detected in the stools of infants fed human
milk derived from their mother’s milk rather than via infant production. SIgA specific to £.
coli O antigens in infant stools did not differ between collection periods (2.5 and 6 weeks
postpartum) (7), which is in accordance with our results where no group of anti-pertussis
antibodies differed in abundance in the stool between the first and third week postpartum
age. However, the amount of water in the stool samples likely varied widely and we did not
control for this factor, which could lead to increased variation in the measured values.

No study has demonstrated that milk anti-pertussis antibodies can protect infants against B.
pertussis in the respiratory tract. Small amounts of breast milk could reach the infant
respiratory tract as a result of regurgitation and inhalation of breast milk during and after
feeding (18) and provide protection in the respiratory mucosa. Milk antibodies could also be
transferred from the gut to the bloodstream. A previous study reported that colostrum
poliovirus-specific IgA was recovered in infant stools during the first 18 to 24 h after birth
and the majority of ingested IgA showed up in the infant stool at 2 to 3 days (13), suggesting
that anti-polio IgA was not absorbed by the neonatal intestine. Nutritional intervention
studies are needed to confirm whether the milk antibodies specific to pertussis can prevent
respiratory infections in infants.

The goal of this study was not to examine the protection against pertussis and thus, the
absorption of antibody into the infant’s bloodstream, but to compare the survival of
pertussis-specific antibodies from MBM and DBM during the infant digestion. Therefore,
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the neutralizing activity of milk antibodies specific to pathogens is mainly in the
gastrointestinal tract lumen and may not need to be absorbed. Milk antibodies could also
bind to the surface of pathogen agents and initiating a complement cascade (25). This
protection could begin in the infant’s mouth and continue through the intestinal tract until
excretion in stool.

The present study provides knowledge on the effect of maternal vaccination and suggests
that maternal immunization could protect infants against pathogens via human milk in
addition to the protection from transplacental 1gG transfer. We did not distinguish the
relative proportion between the transplacental IgG and human milk IgG. The comparison of
transplacental 1gG versus human milk 1gG is not a critical focus in this study because we are
mainly looking the passive immunity via human milk. It is well accepted that transplacental
IgG is lower in preterms infant than term infants (16) due to the interruption of pregnancy
during preterm birth (26). Moreover, the percentage of 1IgG among the other isotype forms is
only 4% (compared with 18% for IgM/SIgM and 79% SIgA/IgA) in human milk (2). SIgA
is the most abundant and efficient antibody in human milk that neutralizes pathogens
(immune exclusion) in the infant’s gut to protect against infection (26). Therefore, pertussis-
specific antibodies (especially SIgA/IgA) from either mother’s breast milk or donor breast
milk survived during preterm infant digestion and both type of milk compensate for the
lower 1gG transplacental transfer in preterm infants compared with term infants. Future
research should examine the proportion of Tdap-induced protection of the infant derived
from antibodies in mother’s milk compared with the transplacental transferred IgG.

Another limitation was the absence of information on the status of vaccination for the
mothers who participated to this study (MBM) or from mothers who donated to the Milk
Bank (DBM). A previous study reported that 45.6% of women (among 700 respondents) did
not receive Tdap vaccine during their pregnancy from 2017 to 2018 (25). Even if we had the
vaccination state for each mother, milk antibodies from vaccinated mothers should vary due
to their difference of exposition to Bordetella pertussis in the past. Vaccination does not
induce the same abundance and functionality of pertussis-specific antibodies in human milk
in each individual due to their difference in genes and immune system (previous
immunizations, infections and health conditions) (26). Although the immune response of
two women can be activated to the same antigen (pertussis), the interactions and levels of
dendritic cells, T cells and B cells can vary widely from one individual to another.
Variability of antibody production between vaccinated mothers could be related to the
differences in vaccine type, dose or route, which can lead to different initial immune
responses.

This report demonstrated that overall pertussis-specific antibodies from MBM were stable
during infant digestion, whereas anti-pertussis IgA and 1gG from DBM decreased in gastric
contents. Among those pertussis-specific antibodies, a large degree of variation in survival
was observed during digestion between the antibody’s binding specificity and isotype as
well as between individual mother’s milk. Therefore, the constant region and variable region
of milk antibody and the maternal immunization (previous infectious and vaccinations)
appear to be important factors for their survival during infant digestion and pasteurization.
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inical investigations are needed to determine the required effective dose of milk pertussis-
ecific antibodies the infants need to ingest to reduce pertussis infection risk.

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Written consents to use breast milk for research were obtained from those mothers.

Patient consent:

Pertussis-specific antibodies from mother’s breast milk were stable during
infant digestion whereas anti-pertussis IgA and IgG from donor breast milk
decreased in gastric contents.

The constant region and variable region of pertussis-specific antibodies and
the maternal immunization (previous infections and vaccinations) appear to
be the critical factors for their stability to proteolytic digestion and
pasteurization.

Pertussis-specific antibodies from either mother’s breast milk or donor breast
milk survived during preterm infant digestion and both types of milk will
compensate for the lower IgG transplacental transfer in preterm infants
compared with term infants.
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Preterm mother-infant pairs (n = 20)

L~ — &

A Gastric contents collected| | Stools collected within
at 30 min after the 48 h of the gastric
completion of the feed sampling time point
MBM l DBM
2 separate feedings of Postnatal age

DBM & MBM (no fortifier)| g-9 days  21-22 days
Order was randomized

Fig. 1.
Schema of the study design to determine the difference of pertussis-specific antibodies in

mother’s own breast milk (MBM) and donor breast milk (DBM) in gastric contents and stool
samples from preterm infants.
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Milk IgA specific to Bordetella pertussis filamentous hemagglutinin (anti-FHA) and
pertussis toxin (anti-PT) in mother’s own breast milk (MBM) and donor breast milk (DBM)
and gastric samples from preterm infants fed MBM and DBM (26-36 weeks of gestational
age (GA)). a—d Relative abundance of anti-FHA IgA at 8-9 days postpartum, anti-PT IgA at
8-9 days postpartum, anti-FHA IgA at 21-22 days postpartum and anti-PT IgA at 21-22
days postpartum. Values are means + SD, n= 20 for 8-9 days and n= 16 for 21-22 days
postpartum. Asterisks show statistically significant differences between variables (***p <
0.001; **p < 0.01; *p < 0.05) using the Wilcoxon matched-pairs signed-rank test. EU,
ELISA Units/mL.
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Fig. 3.

Milk IgM specific to Bordetella pertussis filamentous hemagglutinin (anti-FHA) and
pertussis toxin (anti-PT) in mother’s own breast milk (MBM) and donor breast milk (DBM)
and gastric samples from preterm infants fed MBM and DBM (26-36 weeks of gestational
age (GA)). a—d Relative abundance of anti-FHA IgM at 8-9 days postpartum age, anti-PT
IgM at 8-9 days postpartum, anti-FHA IgM at 21-22 days postpartum and anti-PT IgM at
21-22 days postpartum. Values are means = SD, 1= 20 for 8-9 days and n7= 16 for 21-22
days postpartum. Asterisks show statistically significant differences between variables (***p
<0.001; **p< 0.01; *p < 0.05) using the Wilcoxon matched-pairs signed-rank test. EU,
ELISA Units/mL.
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Fig. 4.

Milk 1gG specific to Bordetella pertussis filamentous hemagglutinin (anti-FHA) and
pertussis toxin (anti-PT) in mother’s own breast milk (MBM) and donor breast milk (DBM)
and gastric samples from preterm infants fed MBM and DBM (26-36 weeks of gestational
age (GA)). a—d Relative abundance of anti-FHA IgM at 8-9 days postpartum, anti-PT IgM
at 8-9 days postpartum, anti-FHA IgM at 21-22 days postpartum and anti-PT IgM at 21-22
days postpartum. Values are means + SD, n= 20 for 8-9 days and n= 16 for 21-22 days
postpartum. Asterisks show statistically significant differences between variables (***p <
0.001; **p < 0.01; *p < 0.05) using the Wilcoxon matched-pairs signed-rank test. EU,
ELISA Units/mL.
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Fig. 5.
Comparison of anti-pertussis reactivity antibodies (EU/mL) between raw human milk

(RHM) and pasteurized whole human milk (PWHM) or pasteurized skimmed human milk
(PSHM). a—f Reactivity of anti-formaldehyde-treated filamentous hemagglutinin (anti-FHA)
IgA, IgM, IgG and of anti-pertussis toxin (anti-PT) IgA, IgM, IgG in RHM, PWHM or
PSHM. Milk samples are from one mother who delivered one term infants with 38 wks of
gestational age and 12 days postpartum. Values are means = SD (7= 3). Asterisks show
statistically significant differences between variables (*** p< 0.001;** p< 0.01;* p< 0.05).
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