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Breastfeeding provides defense against infectious disease during early life. The
mechanisms underlying this protection are complex but likely include the vast array of
immune cells and components, such as immunoglobulins, in milk. Simply characterizing
the concentrations of these bioactives, however, provides only limited information
regarding their potential relationships with disease risk in the recipient infant. Rather,
understanding pathogen and antigen specificity profiles of milk-borne immunoglobulins
might lead to a more complete understanding of how maternal immunity impacts infant
health and wellbeing. Milk produced by women living in 11 geographically dispersed
populations was applied to a protein microarray containing antigens from 16 pathogens,
including diarrheagenic E. coli, Shigella spp., Salmonella enterica serovar Typhi,
Staphylococcus aureus, Streptococcus pneumoniae, Mycobacterium tuberculosis and
other pathogens of global health concern, and specific IgA and IgG binding was
measured. Our analysis identified novel disease-specific antigen responses and
suggests that some IgA and IgG responses vary substantially within and among
populations. Patterns of antibody reactivity analyzed by principal component analysis
and differential reactivity analysis were associated with either lower-to-middle-income
org February 2021 | Volume 11 | Article 6143721
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countries (LMICs) or high-income countries (HICs). Antibody levels were generally higher
in LMICs than HICs, particularly for Shigella and diarrheagenic E. coli antigens, although
sets of S. aureus, S. pneumoniae, and someM. tuberculosis antigens were more reactive
in HICs. Differential responses were typically specific to canonical immunodominant
antigens, but a set of nondifferential but highly reactive antibodies were specific to
antigens possibly universally recognized by antibodies in human milk. This approach
provides a promising means to understand how breastfeeding and human milk protect (or
do not protect) infants from environmentally relevant pathogens. Furthermore, this
approach might lead to interventions to boost population-specific immunity in at-risk
breastfeeding mothers and their infants.
Keywords: human milk, immunoglobulins, IgA, IgG, pathogen, protein array, breastmilk, breastfeeding
INTRODUCTION

Human milk is the gold standard for infant nutrition, particularly
during the first 6 months of life (1, 2). Although geography,
socioeconomic factors, resources, and myriad other factors modify
benefits of breastfeeding, infants who are fed human milk have
lower risks for many serious childhood illnesses including
infectious diarrheal and respiratory diseases (3, 4). Breastfeeding
is also associated with lower risks of long-term outcomes such as
obesity, diabetes, and cardiovascular disease, particularly in
preterm infants (5–7). How breastfeeding protects against these
diseases and conditions is multifactorial, but human milk’s
complex milieu of nutrients, cells, and other biologically active
factors likely plays a major role.

For instance, human milk contains complex carbohydrates
(human milk oligosaccharides, HMOs) thought to shape the
infant’s gastrointestinal (GI) microbial community structures in
such a way that harmful taxa are excluded and/or removed (8, 9).
Human milk also contains a battery of biologically-active
compounds such as fatty acids, lactoferrin, haptocorrin, and
a1-antitrypsin thought to decrease the risk of infant infection
(10, 11). Human milk also harbors a unique and rich bacterial
community, which may function in concert with its array of
prebiotic and antimicrobial components to shape the recipient
infant’s GI and respiratory microbiomes (12–16). Maternally
derived immune factors and immune cells, many of which have
been primed to fend off the pathogens endemic to an infant’s
environment, are most certainly important in this regard (17,
18). These factors include aspects of both innate and acquired
immune systems, such as neutrophils, B and T cells, natural killer
cells, cytokines, chemokines, complement system components,
and immunoglobulins. The immunoglobulins, most of which are
present as secretory immunoglobulin A (IgA), are thought to be
directed at pathogens with which the mother has had contact,
representing a form of dynamic immunological memory (19).

Whereas only a small proportion of the IgA consumed by
breastfeeding infants is absorbed, its function is thought to be a
first-line defense against foreign antigens present within the
newborn’s intestine (20). For instance, IgA in colostrum has
been shown to react to enteropathogenic Escherichia coli (EPEC)
antigens in the feces of breastfed infants, likely important to the
org 2
protective effect of breastfeeding on diarrheagenic E. coli strains
(21, 22). In another study, the concentration of anti-Giardia
lamblia IgA in human milk consumed by infected but
asymptomatic infants living in a low-income Mexico City
neighborhood, was higher than that of human milk consumed
by infected and symptomatic infants living in the same area (23).
This suggests a protective effect of these antibodies, at least in
terms of symptomatology. Other studies have demonstrated
relatively high levels of IgA to Shigella plasmid-coded virulence
antigens in milk produced by women currently living in areas
with both high- and low-risk for Shigella infection (Mexico City
and Houston, respectively) (24, 25). They suggested that the
frequency and persistence of these antibodies targeted toward
Shigella in the milk of Houston women point to the possibility
that a woman’s “memory and drive for secretion of these
antibodies is extremely long lived” – a conclusion also reached
by Ciardelli and colleagues who studied E. coli-specific IgA in
milk produced by women who immigrated from high-risk
regions but who currently lived in a low-risk region of northern
Italy (26). Hayani et al. also reported that concentration of anti-
Shigella IgA to virulence plasmid-associated antigens in human
milk was 8-fold higher in mothers of healthy (yet high-risk)
infants compared to those mothers with infants living in the
same region but developing diarrhea (27). Collectively, these and
other studies point to the likely importance of specific antibodies
in milk potentially customized toward protecting a breastfed
infant from historically endemic pathogens. However, aside
from a few studies designed to characterize immunoglobulin
specificity using limited antigenic targets, little is known about
the complex immunoglobulin profiles found in human milk in
terms of relative specificities to the multiple pathogens
encountered by nursing mothers and their recipient infants.

One method of gaining insight as to the specificity of milk-
borne immunoglobulins is the use of high-throughput protein
arrays featuring multiple antigens associated with selected
pathogens. This approach has been used with serum to
characterize specific immune responses to selected pathogens
and their associated antigens in humans, agricultural animals,
and preclinical models (28–30). The method, however, has not
been used to characterize the complex immune specificity to
multiple pathogens in any sample type, nor has it been used for
February 2021 | Volume 11 | Article 614372
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human milk. Being able to describe the specific and complex
immunoglobulin milieu of a woman’s milk will offer useful
insight as to how breastfeeding protects infants living in high-
risk environments from illness.

Here, we first explored whether high-throughput, protein
array methodologies used previously with other biological
specimens could be modified to characterize complex immune
specificities of IgA and IgG in milk. We then expanded
the method to simultaneously consider multiple pathogens
rather than a single pathogen. In particular, we were interested
in pathogens (and groups, thereof) known to cause
neonatal diarrheal and respiratory diseases in the world’s
poorest regions. These included EPEC, enterotoxigenic E.
coli (ETEC), enteroaggregative E. coli (EAEC), Shigella spp.,
Salmonella enterica serovar Typhi, Staphylococcus aureus,
Streptococcus pneumoniae, and Mycobacterium tuberculosis.
Having determined that the methods could indeed be used for
the milk matrix (see Results), we conducted exploratory analyses
to compare and contrast relative IgA and IgG reactivities to
selected antigens known to reflect enhanced responsivity in other
biological sample types. Importantly, milk samples analyzed in
this study were obtained from healthy, breastfeeding women
living in 11 locations around the world. Previous analysis of these
samples indicated that concentrations of immunoglobulins,
cytokines, and chemokines varied among cohorts, making the
samples particularly relevant to the present proof-of-concept
study (31). Our overarching hypotheses were that IgA and IgG
specificity would vary by pathogen and cohort and be generally
higher in low-to-middle income countries (LMIC) compared to
high-income countries (HIC) as classified by the World Health
Organization (32).
MATERIAL AND METHODS

Experimental Design, Subjects, and
Ethics Approvals
This investigation was conducted as part of the “INSPIRE” study
designed to characterize and compare complex carbohydrate and
microbial community structure in milk produced by relatively
healthy women around the globe. A detailed description of the
study as well as initial findings and participant characteristics
have been published elsewhere (16, 31, 33). Briefly, women had
to be healthy; breastfeeding or pumping at least five times daily;
self-reported-healthy and nursing relatively healthy infants; ≥ 18
years of age; and generally between 1 and 3 months postpartum.
Our 11 cohorts were drawn from eight countries: rural and urban
Ethiopia (ETR and ETU, respectively), rural and urban The
Gambia (GBR and GBU, respectively), Ghana (GN), Kenya (KE),
Peru (PE), Spain (SP), Sweden (SW) and the United States
[Washington (USW) and California (USC)]. Ethics approvals
were obtained for all procedures from each participating
institution, with overarching approval from the Washington
State University Institutional Review Board (#13264). A total
of 413 women were enrolled in the study, and milk was collected
from 412 of them. Here, we report data obtained from milk
Frontiers in Immunology | www.frontiersin.org 3
collected from 404 women as follows: ETR (n = 38), ETU (n = 40),
GBR (n = 40), GBU (n = 40), GN (n = 40), KE (n = 42), PE (n = 43),
SP (n = 41), SW (n = 24), USC (n = 15), USW (n = 41).

Milk Collection and Preservation
In PE, SW, USC, and USW, milk was collected using an electric
breast pump. In all other cohorts, milk was manually expressed.
Except for those collected in ETR, samples were immediately
placed on ice, aliquoted within 30 min, and frozen at −20°C. Milk
collected in ETR was preserved in a 1:1 ratio with Milk
Preservation Solution (Norgen Biotek, Cat. 44800, Thorold,
Ontario) and frozen within 6 d. We have shown previously
that this method can maintain bacterial DNA integrity in human
milk held at 37°C for at least 2 weeks (34). All samples were
shipped on dry ice to the University of Idaho, where they were
immediately frozen at −20°C.

Optimization of Protein Array Methodology
for Human Milk
Methods used to prepare the milk for protein array analysis were
adapted from those of Espinosa-Martos et al (35). Briefly, after
being thawed on ice and homogenized, whole milk was
centrifuged for 15 min at 30,000xg at 4°C. Avoiding both the
fat layer and cell pellet, the skim layer was then carefully
removed. This procedure was repeated on the skim fraction,
and the resultant supernatant refrozen at −20°C until it was
analyzed for its immune specificity.
Selection of Antigens for Protein Arrays
The multipathogen array was designed to include approximately
80 proteins from each primary focus gastrointestinal, respiratory,
and sepsis-related pathogen, as well as 5–15 proteins from
secondary pathogens relevant to global health. Selection of
proteins followed two approaches: 1) an empirical approach
utilizing the databases from prior studies performed at Antigen
Discovery, Inc. (ADI, Irvine, CA), and 2) a hypothetical
approach using in silico prediction of antigenic targets and
orthologues of confirmed antigenic targets already identified in
ADI databases. Proteins were selected for inclusion based on
seroprevalence rates and correlation with exposure to pathogens,
or where limited data were available, homology with other
antigens. Recombinant purified proteins were included based
on commercial availability or provision through partners and
collaborators. A detailed explanation of protein selection can be
found in the Supplemental Information.
Proteome Microarray Construction
Proteome microarrays were fabricated as previously described
using a library of partial or complete CDSs cloned into a T7
expression vector pXI that has been established previously at
Antigen Discovery, Inc (36). Briefly, the clone library was created
through an in vivo recombination cloning process with PCR-
amplified coding sequences, and a complementary linearized
expressed vector transformed into chemically competent E. coli
cells was amplified by PCR and cloned into the pXI vector using a
February 2021 | Volume 11 | Article 614372
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high-throughput PCR recombination cloning method as
described in detail elsewhere (37). All 783 clones were
sequenced (Retrogen, Inc., San Diego, CA), and the results
matched the correct target for all clones. Proteins were
expressed using an E. coli in vitro transcription and translation
(IVTT) system (Rapid Translation System, 5 Prime,
Gaithersburg, MD, USA; currently provided by biotechrabbit
GmbH, Cat. BR1400102, Hennigsdorf, Germany). Each
expressed protein includes a 5’ polyhistidine (His) epitope tag
and a 3’ hemagglutinin (HA) epitope tag. After expressing the
proteins according to the manufacturer’s instructions, translated
proteins were printed onto nitrocellulose-coated glass AVID
slides (Grace Bio-Labs, Inc., Bend, OR) using an OmniGrid
accent robotic microarray printer (Digilabs, Inc., Marlborough,
MA). Each slide contained eight nitrocellulose pads on which the
full array was printed (this allowed eight samples to be probed
per slide using sealed chambers that isolate the arrays).
In addition to the targeted proteins, IVTT reactions
without expression insert were included and spotted in
replicates on each subarray of each pad. These “IVTT
controls” served as a normalization factor for array-to-array
variation. At approximately 1 nL deposition per spot, IVTT
protein per spot was estimated to range between 0.04-0.4ng
according to manufacturer guidance. No normalization was done
for variation in amount of protein deposited between spots;
intra-sample between-protein analysis was not planned.
Microarray chip printing and protein expression were quality
checked by probing random slides with anti-His and anti-HA
monoclonal antibodies with fluorescent labeling. Consistency in
protein deposition between slides allows for valid intersample
comparisons at the protein level.

Probing Details
Milk samples were diluted 1:5 in a 1.5 mg/ml E. coli lysate
solution (Antigen Discovery, Inc., Irvine, CA) in protein arraying
buffer (GVS, Cat. 10485356, Sanford, ME) and incubated at
room temperature for 30 min. For milk samples previously
diluted in preservative solution, samples were diluted 1:2.5 in
the lysate solution. Microarray slides were hydrated in arraying
buffer and then probed with 250 µl of the preincubated milk
samples using sealed, fitted slide chambers to avoid cross-
contamination between arrays. Arrays were incubated
overnight at 4°C with agitation, washed three times with Tris-
buffered saline (TBS)-0.05% Tween 20 (Thermo Scientific,
J77500K8, diluted 20x in molecular grade water), and
incubated with Cy3-conjugated anti-human IgG diluted 1:200
in arraying buffer and biotin-conjugated anti-Human IgA
diluted 1:1000 (Jackson ImmunoResearch, Cat. 709-165-098
and Cat. 109-065-011, West Grove, PA). Arrays were washed
three times with TBS–0.05% Tween 20 and incubated with
streptavidin-conjugated SureLight P-3 (Columbia Biosciences,
Cat. D7-2212, Frederick, MD) at room temperature, protected
from light. Arrays were washed 3x with TBS–0.05% Tween 20, 3x
with TBS, and once with water and then air dried by being
centrifuged at 1,000 x g for 4 min and left overnight in a
desiccator before scanning. Probed microarrays were scanned
Frontiers in Immunology | www.frontiersin.org 4
using a GenePix 4,300 A high-resolution microarray scanner
(Molecular Devices, Sunnyvale, CA), and an image file (.tiff) was
saved for each array using GenePix pro 7 software. The signals in
the scanned images were quantified using Mapix software
(Innopsys). All further data processing was performed in R
(http://www.R-project.org). Data were normalized by first
transforming raw values using the base 2 logarithm. Next, the
data set was normalized to remove systematic effects by
subtracting the median signal intensity of the IVTT control
spots for each sample. Since the IVTT control spots carry not
only the chip, sample, and batch-level systematic effects, but also
antibody background reactivity to the E. coli cell-free IVTT
system, this procedure normalizes the data and provides a
relative measure of the specific antibody binding versus the
nonspecific antibody binding to the IVTT controls. With the
normalized data, a value of 0.0 means that the intensity is no
different than that of the IVTT controls, a value of 1.0 indicates a
doubling (2-fold) with respect to IVTT control spots, a value of
2.0 indicates 4-fold, 3.0 indicates 8-fold, etc. IgA and IgG
normalized data were analyzed separately, due to independent
normalized intensity scales.

Bioinformatics and Statistics
An a priori statistical analysis plan was drafted and reviewed
prior to data acquisition and preprocessing. Additional details
and post hoc analytical procedures are included in the
Supplemental Information. Briefly, protein seropositivity was
defined for each antigen as twice the sample-specific (array-level)
median IVTT background, or a normalized signal of 1.0.
Antibody breadth was calculated as the number of seropositive
protein responses for an individual sample. IgA and IgG
breadths were represented on a per-pathogen basis as antibody
“breadth score,” calculated as the sum of seropositive responses
per pathogen divided by the total number of probes for the
corresponding pathogen, i.e. the proportion of positive probes.
Summary statistics included mean and median breadth scores,
and 95% confidence intervals and interquartile ranges. Antibody
magnitude was analyzed as the continuous normalized signal
intensity data. Both breadth and magnitude were assessed for
differential reactivity between the study cohorts using ANOVA.
Each pair of cohorts was tested using T-tests to construct a P-
value matrix of pairwise differences. To assess factors associated
with IgA and IgG reactivity, multivariable linear regression
models were fit with normalized signal intensity of individual
protein responses as the dependent variables, that included the
cohorts as a categorical predictor variable and the following
covariables: mother’s age (y), sex of the breastfeeding infant
(male/female), time postpartum (d), parity (# of births), delivery
method (cesarean/vaginal), body mass index (BMI) classification
(under-, normal-, over-, and obese-weight), mother’s height
(cm), presence or absence of companion animals or
agricultural animals, and household density [(# of individuals
residing in the home) ÷ (# of bedrooms + 1); note that we added
+1 to all to adjust for living/bedroom space homes without
bedrooms]. All P-values were adjusted for the false discovery
rate (38).
February 2021 | Volume 11 | Article 614372
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RESULTS AND DISCUSSION

Sample Dilution and Nonspecific Binding
The microarray assay was performed as a dual-labeling
experiment, where the Cy3 (green) channel was used to
measure IgG responses and the Cy5 (red) channel was used to
measure IgA responses. This necessitated using a single sample
dilution for the experiments (1:2.5 for milk with preservative and
1:5 for milk without preservative). As described previously, milk
collected in rural Ethiopia was chemically preserved because
there did not exist reliable electricity in this location (33). The
dilution was decided upon by assessing signal-to-noise ratio of
the most reactive spots and the number of reactive spots for both
IgG and IgA. Due to the restriction of performing IgA and IgG
assays simultaneously, the sample dilution had to be balanced to
allow detection of the lower concentrations of IgG and the
markedly higher concentrations of IgA (31). A greater dilution
of samples could be used if there had only been interest in IgA.
This technical point is raised because the obtained data showed
many IgA responses across all cohorts to antigens from
pathogens where there is likely a low risk of exposure. This
antibody binding is in part likely cross-reactive and/or
polyspecific and might be reduced with more diluted samples.
This technical factor may be mitigated by the normalization
procedure applied to the data, which accounts for IgA reactivity
against components of the E. coli cell-free expression system.
Despite the observed polyspecific binding, strong IgA responses
with differential reactivity between cohorts could be observed
with the assay conditions.

Antigen Down-Selection From
Complete Proteomes
A primary set of pathogens (ETEC, EPEC, EAEC, Shigella spp.,
Salmonella enterica Typhi, Staphylococcus aureus, Streptococcus
pneumoniae, and Mycobacterium tuberculosis) was selected for
inclusion on the protein microarray with a target of
approximately 80 proteins per pathogen. A secondary set of
pathogens (P. falciparum, O. volvulus, measles virus, rubella
virus, dengue virus, Zika virus, yellow fever virus, and
chikungunya virus) was used in the microarray with up to 15
proteins per pathogen. Empirical data from prior experiments
performed with serum assayed on full or partial proteome
protein microarrays were used for selection of proteins with
evidence of reactivity with antibodies and association with
pathogen infection, history of exposure and protection from
the pathogen (details in Supplemental Information).

IgA and IgG Specific to Endemic
Pathogens Can Be Detected in
Human Milk
Immunoglobulins specific to ETEC, S. aureus, and S. enterica
Typhi were first detected in two human milk samples probed on
full proteome and down-selected, single-pathogen microarrays
containing cell-free in vitro transcription and translation (IVTT)
expressed proteins. The dilution factors were optimized
separately for both fresh milk samples and those stored in
Frontiers in Immunology | www.frontiersin.org 5
preservative. The numbers of reactive proteins and IgA and
IgG signal levels of ETEC and Salmonella proteins on the
microarrays for the two probed samples correlated with whole
anti-bacteria IgA1 ELISA optical density measurements for E.
coli and Salmonella typhimurium (Figure S1). S. aureus whole
bacteria ELISA was not performed, but Enterococcus faecalis,
Lactobacillus reuteri, Streptococcus equi, Enterobacter cloacae,
and Morganella morganii ELISA were performed (prior to
protein microarray experiments, unpublished data) and
showed agreement with S. aureus IgA responses by protein
microarray, sample JL112015 being the more reactive sample—
S. aureus protein microarray IgG responses were similar between
the two samples tested (Figures S1B, D). Additionally, blocking
buffers with and without BSA and secreted vs. total IgA were
tested. Correlations were high and CVs low in all comparisons
(Figure S1E). Probing the milk samples on the multipathogen
array demonstrated specific antibody binding against numerous
proteins from the primary set of pathogens, and at least some
reactivity against proteins from the secondary set of pathogens
(Figure S2).

Distribution of IgA and IgG Profiles Varied
by Pathogen and Ig Type
The effect of cohort on average normalized signals to the 10
antigens most reactive to IgA or IgG for each primary pathogen
is illustrated in Figure 1 (data provided in Table 1), and pairwise
cohort comparisons of pathogen-specific IgA and IgG means are
shown in Tables S1A, B. IgA responses tended to be widely
distributed, with responses seen for most pathogens in all
populations, with the exception of measles virus, rubella virus,
the arboviruses, and O. volvulus, which had most signals at or
near background levels (Figure 1A, Table S1A). For overall IgA
reactivity, there was an effect of cohort for ETEC, EPEC, EAEC,
Shigella, S. enterica Typhi, S. aureus, S. pneumoniae, M.
tuberculosis, P. falciparum, measles virus, and Zika virus. For
instance, IgA reactivity to Shigella was higher in Peru than in
Spain (Padj < 0.001, Table S1A).

Unexpectedly, IgA reactivity was observed against M.
tuberculosis proteins in the U.S. and the European Union
(E.U.) populations, despite low incidence of tuberculosis in
these countries (2016 U.S.: 2.9 cases per 100,000; 2016 Spain
10.7 cases per 100,000; 2015 Sweden <10 cases per 100,000).
These data are somewhat perplexing, because the incidence of
tuberculosis is much lower in Europe and North America than
Africa, with South America having intermediate rates (39, 40).
There are several possible explanations for this finding. First, it is
possible (but we believe unlikely) that there is a higher incidence
of M. tuberculosis exposure and/or latent tuberculosis than
previously thought in E.U. and U.S. women. It is currently
estimated that latent tuberculosis (defined by the absence of
clinical symptoms but having positive immunologic responses to
the pathogen) affects one third of the global population, and like
other members of the genus,M. tuberculosis can survive for long
periods of time in soil and other media (41). Furthermore, there
are reports from the early 1900s that M. tuberculosis can be
found in the milk of infected women, and breastfeeding has long
February 2021 | Volume 11 | Article 614372
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been known to be a mode of tuberculosis transmission from
mother to infant (42, 43). As such, it is possible that these high
levels of reactivity indicate higher than anticipated exposure to
M. tuberculosis in the U.S. and Europe. Speciating the bacterial
communities in these milk samples would be needed to test this
hypothesis. It is also possible that the antigens chosen to
reflect M. tuberculosis exposure, although highly responsive to
M. tuberculosis and clinical signs and symptoms of tuberculosis,
are not specific to this species. Supporting this possibility are the
findings by Perley and colleagues that showed antibody reactivity
against M. tuberculosis in non-exposed U.S. individuals
overlapping with responses in individuals that had active
tuberculosis (44). It is possible that cross-reactivity of milk-
borne immunoglobulins to antigens shared by M. tuberculosis
and other mycobacteria, as have been described for T-cell
epitopes, represents important, albeit less specific, protection
from these and other related pathogens for the recipient infant
(45). It is noteworthy that the high reactivity to M. tuberculosis-
related antigens in the U.S. and European samples is probably
not due to maternal or infant immunization, as tuberculosis
vaccination is not currently recommended for broad use in
Sweden and Spain, and was never recommended in the U.S. A
final, and intriguing possibility is that immunoglobulins to M.
Frontiers in Immunology | www.frontiersin.org 6
tuberculosis antigens and to other pathogen antigens observed in
healthy women may be cross-reactivity originating from
exposure to conserved epitopes in organisms of the gut
microbiome, as was described again for T-cell epitopes (46).
This hypothesis merits further testing by contrasting pathogen
immunoglobulin responses with immunoglobulins against
specific antigens in the microbiome.

Compared to IgA, IgG responses had a narrower distribution
and they were more often cohort-dependent; S. aureus and S.
pneumoniae IgG were broadly distributed, but Shigella spp. and
EPEC IgG were mostly detected in Africa and Peru, and P.
falciparum proteins were limited mainly to African countries
(Figure 1B, Table S1B). For overall IgG reactivity, there was an
effect of cohort for all pathogens studied. For instance, IgG
reactivity to Shigella was higher in Peru than in Spain (P <
1x10-28, Table S1B).

Distribution of IgA and IgG Breadth Scores
Varied by Pathogen and Ig Type
We also calculated antibody breadth scores, a measure of the
seropositivity rate (proportion positive) across all antigens for
each pathogen. Overall medians and interquartile ranges of IgA
and IgG breadth scores for each primary pathogen are illustrated
A

B

FIGURE 1 | Population-level immunoglobulin A (IgA) and immunoglobulin G (IgG) reactivity to specific pathogen proteins. The boxplots represent the distributions of
individuals’ mean normalized (A) IgA and (B) IgG signal intensities for the 10 most reactive proteins per pathogen, for the primary pathogens. Reactivity was
determined by the mean signal intensity per protein across all samples in the study. Samples from each cohort are displayed in colored boxes. Normalized signal
intensity scales for IgA and IgG are independent. Abbreviations: ETR, rural Ethiopia; ETU, urban Ethiopia; GBR, rural The Gambia; GBU, urban The Gambia; GN,
Ghana; KE, Kenya; PE, Peru; SP, Spain; SW, Sweden; USC, U.S.-California; USW, U.S.-Washington.
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in Figure 2A, and IgA and IgG breadth scores for each primary
pathogen within each cohort are shown in Figures 2B, C. There
was an overall effect of cohort on breadth scores for ETEC,
EPEC, EAEC, Shigella, S. enterica Typhi, S. aureus, S.
pneumoniae, M. tuberculosis, P. falciparum, O. volvulus, and
measles virus, similar to the observations with IgA and IgG
levels, whereby some populations differentially recognized
pathogens for IgA or IgG. LMICs had similar antibody breadth
scores to HICs, with the exception of at least 5% higher breadth
of Shigella IgA and IgG (P < 10-4 and P < 10-132, respectively) and
S. pneumoniae IgG (P < 10-10) and over 5% lower S. aureus IgA
(P < 10-10). IgA recognition of pathogen proteins on the array
was widely distributed, with Shigella and S. pneumoniae each
having the highest median breadth scores at approximately 25%
of selected proteins recognized (breadth score ≈0.25); maximal
IgA recognition was for S. aureus at approximately 70% (breadth
score ≈0.7, Figure 2A). IgG recognition was also high for Shigella
(25%), S. aureus (39%) and S. pneumoniae (20%). Importantly,
there was a larger selection of proteins for primary pathogens
(n≈80) than for secondary pathogens (n=10–15), and possibly
greater enrichment for immunodominant proteins in the latter
Frontiers in Immunology | www.frontiersin.org 7
(Figures 2B, C). IgA breadth scores were >0 in most samples for
all primary pathogens, whereas IgG recognition was near zero in
most samples for ETEC, EAEC, S. enterica Typhi, and
M. tuberculosis.

The isotype specificity in human milk likely reflects the route
and timing of exposure and invasiveness of bacteria. Specific IgA
antibodies and IgA plasma cells in milk and colostrum occur
after oral immunization or exposure (47). Such IgA responses are
quite dynamic, reflecting the recent exposures in the GI tract
(48). However, invasive and systemic infections may efficiently
induce IgG responses, which may explain some of the differences
in IgA and IgG profiles, although the systemic antibody
compartment may also contribute to dimeric IgA profiles in
human milk (49). Alternatively, natural, polyreactive IgA and
IgM antibodies similar to those that have been described in
human milk to self-antigens could explain, to some extent, the
broad reactivity of IgA to bacterial pathogens across the cohorts,
although they were not reactive to viral proteins (50). The
purpose of such natural antibodies in milk is unclear, although
they could possibly aid in developing a robust IgA response to
non-invasive commensals (51).
TABLE 1 | Immunoglobulin A (IgA) breadth score and mean [SEM] reactivities to the 10 most-reactive antigens, and mean reactivities to all antigens for each of the
primary pathogens included on the protein array in milk produced by women living in rural Ethiopia (ETR), urban Ethiopia (ETU), rural The Gambia (GBR), urban The
Gambia (GBU), Ghana (GN), Kenya (KE), Peru (PE), Spain (SP), Sweden (SW), US-California (USC), and US-Washington (USW).

Pathogen Sig ETR ETU GBR GBU GN KE PE SP SW USC USW

ETEC
Breadth score *** 0.21 [0.01] 0.21 [0.01] 0.16 [0.02] 0.17 [0.01] 0.19 [0.01] 0.15 [0.02] 0.24 [0.01] 0.2 [0.02] 0.21 [0.02] 0.27 [0.02] 0.2 [0.01]
Top 10 antigens *** 1.55 [0.1] 1.41 [0.08] 1.26 [0.09] 1.32 [0.09] 1.47 [0.1] 1.18 [0.09] 1.79 [0.07] 1.53 [0.1] 1.48 [0.1] 1.82 [0.15] 1.48 [0.08]
All antigens ** 0.45 [0.04] 0.48 [0.04] 0.33 [0.04] 0.38 [0.04] 0.39 [0.04] 0.31 [0.04] 0.53 [0.04] 0.43 [0.05] 0.46 [0.04] 0.59 [0.06] 0.41 [0.04]
EPEC
Breadth score *** 0.15 [0.01] 0.17 [0.01] 0.15 [0.01] 0.16 [0.01] 0.17 [0.01] 0.14 [0.01] 0.21 [0.01] 0.13 [0.01] 0.13 [0.01] 0.17 [0.02] 0.14 [0.01]
Top 10 antigens *** 2.18 [0.12] 2.24 [0.11] 2.07 [0.1] 2.28 [0.1] 2.41 [0.12] 1.89 [0.11] 2.62 [0.09] 1.89 [0.09] 1.97 [0.17] 2.34 [0.17] 1.96 [0.12]
All antigens *** 0.24 [0.03] 0.37 [0.04] 0.24 [0.04] 0.3 [0.04] 0.32 [0.04] 0.23 [0.04] 0.43 [0.04] 0.16 [0.04] 0.21 [0.05] 0.31 [0.06] 0.17 [0.05]
EAEC
Breadth score *** 0.1 [0.01] 0.1 [0.01] 0.07 [0.01] 0.06 [0.01] 0.09 [0.01] 0.06 [0.01] 0.12 [0.01] 0.08 [0.01] 0.11 [0.01] 0.12 [0.02] 0.09 [0.01]
Top 10 antigens *** 1.03 [0.08] 1.03 [0.06] 0.78 [0.08] 0.8 [0.06] 0.9 [0.07] 0.74 [0.06] 1.17 [0.05] 0.9 [0.09] 0.97 [0.09] 1.19 [0.15] 0.86 [0.07]
All antigens * 0.14 [0.04] 0.19 [0.03] 0.03 [0.04] 0.04 [0.04] 0.09 [0.04] 0.06 [0.04] 0.18 [0.04] 0.07 [0.05] 0.12 [0.05] 0.22 [0.07] 0.07 [0.04]
Shigella
Breadth score *** 0.29 [0.02] 0.29 [0.02] 0.23 [0.02] 0.26 [0.02] 0.27 [0.02] 0.19 [0.02] 0.3 [0.02] 0.19 [0.02] 0.21 [0.02] 0.24 [0.03] 0.19 [0.01]
Top 10 antigens *** 1.89 [0.1] 1.72 [0.09] 1.45 [0.09] 1.62 [0.08] 1.71 [0.1] 1.26 [0.09] 1.74 [0.08] 1.23 [0.07] 1.2 [0.09] 1.35 [0.1] 1.18 [0.07]
All antigens *** 0.71 [0.05] 0.7 [0.05] 0.55 [0.05] 0.63 [0.04] 0.65 [0.05] 0.46 [0.05] 0.7 [0.04] 0.46 [0.04] 0.49 [0.05] 0.6 [0.06] 0.46 [0.04]
S. enterica Typhi
Breadth score ** 0.16 [0.01] 0.16 [0.01] 0.14 [0.01] 0.14 [0.01] 0.16 [0.01] 0.12 [0.01] 0.17 [0.01] 0.17 [0.01] 0.18 [0.02] 0.21 [0.02] 0.17 [0.01]
Top 10 antigens *** 1.57 [0.09] 1.52 [0.08] 1.22 [0.08] 1.3 [0.08] 1.42 [0.09] 1.12 [0.08] 1.58 [0.07] 1.54 [0.08] 1.55 [0.1] 1.72 [0.13] 1.56 [0.07]
All antigens ** 0.4 [0.03] 0.42 [0.03] 0.34 [0.04] 0.39 [0.03] 0.4 [0.03] 0.29 [0.03] 0.46 [0.03] 0.42 [0.03] 0.46 [0.04] 0.54 [0.05] 0.42 [0.03]
S. aureus
Breadth score *** 0.2 [0.02] 0.16 [0.01] 0.12 [0.02] 0.13 [0.01] 0.15 [0.02] 0.12 [0.02] 0.18 [0.01] 0.25 [0.02] 0.22 [0.02] 0.21 [0.03] 0.23 [0.02]
Top 10 antigens *** 1.65 [0.09] 1.41 [0.08] 1.13 [0.1] 1.29 [0.07] 1.36 [0.1] 1.19 [0.08] 1.54 [0.08] 1.96 [0.1] 1.76 [0.11] 1.71 [0.12] 1.97 [0.09]
All antigens *** 0.46 [0.04] 0.39 [0.04] 0.26 [0.05] 0.31 [0.04] 0.31 [0.05] 0.23 [0.04] 0.39 [0.04] 0.55 [0.07] 0.49 [0.07] 0.47 [0.06] 0.52 [0.05]
S. pneumoniae
Breadth score *** 0.25 [0.01] 0.27 [0.01] 0.2 [0.02] 0.21 [0.01] 0.26 [0.02] 0.22 [0.02] 0.31 [0.02] 0.29 [0.02] 0.28 [0.02] 0.28 [0.03] 0.29 [0.02]
Top 10 antigens *** 2.42 [0.1] 2.24 [0.1] 1.84 [0.1] 1.89 [0.09] 2.16 [0.12] 1.75 [0.1] 2.3 [0.09] 2.33 [0.11] 2.24 [0.13] 2.23 [0.16] 2.42 [0.1]
All antigens ** 0.57 [0.05] 0.66 [0.04] 0.41 [0.05] 0.46 [0.05] 0.6 [0.06] 0.47 [0.05] 0.72 [0.05] 0.61 [0.06] 0.58 [0.07] 0.66 [0.08] 0.64 [0.05]
M. tuberculosis
Breadth score ** 0.24 [0.02] 0.24 [0.02] 0.17 [0.02] 0.18 [0.02] 0.2 [0.02] 0.15 [0.02] 0.23 [0.02] 0.2 [0.02] 0.23 [0.02] 0.23 [0.03] 0.21 [0.02]
Top 10 antigens *** 1.73 [0.1] 1.53 [0.08] 1.18 [0.08] 1.27 [0.08] 1.34 [0.08] 1.12 [0.08] 1.45 [0.07] 1.41 [0.08] 1.53 [0.1] 1.53 [0.11] 1.45 [0.09]
All antigens ** 0.56 [0.05] 0.57 [0.04] 0.35 [0.05] 0.41 [0.04] 0.41 [0.04] 0.33 [0.05] 0.52 [0.04] 0.46 [0.05] 0.52 [0.05] 0.58 [0.07] 0.47 [0.05]
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Complex Immunospecificity Patterns
Among Cohorts
As described above, significant between-cohort differences in
both mean normalized intensity scores and breadth scores were
identified by ANOVA for IgA responses to all primary and some
secondary study pathogens (Table 1, Figure 1A, Figure 2B,
Table S1A), and for most pathogen-specific IgG responses
(Table 2, Figures 1B and 2C, Table S1B). However, few
patterns emerged from the mean normalized intensity scores
except for IgA against EPEC proteins: those from some of the
LMIC cohorts tended to be higher than those from Europe and
Washington state, U.S.; and European and U.S. cohorts showed a
slight tendency for higher IgA levels and breadth against S.
aureus and S. pneumoniae. However, IgG profiles showed stark
contrasts, with the most elevated antibody levels in the LMIC
cohorts (Figures 1B and 2C), most notably to Shigella proteins.
The IgG trends agreed with population disease rates, such as
Frontiers in Immunology | www.frontiersin.org 8
shigellosis, which has low incidence in the U.S. and Europe (2013
U.S.: 4.82 cases per 100,000; 2014 Spain: 0.5 cases per 100,000;
2014 Sweden: 3.4 cases per 100,000) (52, 53). Whereas regional
variation in IgA levels was evident, the pattern of responses at the
continent level for pathogens such as EPEC and Shigella showed
only slight differences. For primary pathogens, mean normalized
intensity scores for milk samples collected in Kenya tended to be
the lowest, whereas those in Peru were often the highest.

Principal component analysis (PCA) was conducted to
evaluate whether complex relationships among antigen
specificities within pathogen differed across the 11 cohorts.
When reducing dimensionality of the data by PCA, antibody
profiles clustered by geographic regions (Figure 3). Overall,
antibody specificity patterns for Sweden, Spain and U.S.-
Washington were most similar to each other, with U.S.-
California, which specifically recruited mothers who identified
as Hispanic, in the same hierarchical clustering branch, but most
A

B

C

FIGURE 2 | Antibody breadth scores for each pathogen. (A) The boxplot represents the distributions of individual subject breadth scores for each pathogen.
Breadth score is calculated for each subject for each of the primary pathogens as the proportion of reactive protein array spots among all spots (for each pathogen
separately). All study populations are shown together. Immunoglobulin A (IgA) breadth scores are shown in light gray boxes, and immunoglobulin G (IgG) breadth
scores are shown in dark gray boxes. Pathogen IgA breadth scores (B) and IgG breadth scores (C) by population are shown in the colored boxes. P-values from
ANOVA of the mean breadth scores among study populations are shown in each pathogen panel. Abbreviations: ETEC, enterotoxigenic E. coli; EPEC,
enteropathogenic E. coli; EAEC, enteroaggregative E. coli. Abbreviations: ETR, rural Ethiopia; ETU, urban Ethiopia; GBR, rural The Gambia; GBU, urban The Gambia;
GN, Ghana; KE, Kenya; PE, Peru; SP, Spain; SW, Sweden; USC, U.S.-California; USW, U.S.-Washington.
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distant. Patterns for the LMIC cohorts also tended to cluster,
although they were split into two separate clusters for IgA
responses (Figure 3A). The complete set of PCA mean value
ANOVA results and PCA loadings are available in the
Supplemental Information (Tables S2A, B and S3A, B). At
the pathogen-specific antibody level, there were multiple
circumstances where mean values for the LMIC cohorts were
categorically different from those of the HIC cohorts; these
included, in general, EAEC, EPEC, ETEC, and Shigella
(Figures S3A–D). Notable exceptions included mean values
for PC2 and PC1 for complex EAEC- and EPEC-associated
antigens, respectively, in rural Ethiopia. Values for rural
Frontiers in Immunology | www.frontiersin.org 9
Ethiopia samples appeared to be different (at least for 2 of the
components) from all other cohorts for M. tuberculosis,
suggesting that complex antigen response by IgA in this cohort
was relatively unique. For S. pneumoniae and measles, values for
Peru tended to be like those for the LMIC cohorts, and for S.
aureus clustered similarly for Ethiopian populations. The Spain,
Sweden, and U.S. cohorts clustered separately from the LMIC
cohorts for IgG responses (Figure 3B), and clustering of
pathogen-specific antigens for IgG followed a similar trend for
most pathogens (Figure S4). Clustering the data on mean
normalized signals, rather than mean PC values, showed
similar trends (Figure S5).
TABLE 2 | Immunoglobulin G (IgG) breadth score and mean [SEM] reactivities to the 10 most-reactive antigens, and mean reactivities to all antigens for each of the
primary pathogens included on the protein array in milk produced by women living in rural Ethiopia (ETR), urban Ethiopia (ETU), rural The Gambia (GBR), urban The
Gambia (GBU), Ghana (GN), Kenya (KE), Peru (PE), Spain (SP), Sweden (SW), US-California (USC), and US-Washington (USW).

Pathogen Sig. ETR ETU GBR GBU GN KE PE SP SW USC USW

ETEC
Breadth score ** 0.01 [0] 0.02 [0] 0.03 [0] 0.03 [0] 0.03 [0] 0.03 [0.01] 0.03 [0] 0 [0] 0.01 [0] 0.01 [0] 0.01 [0]
Top 10
antigens

** 0.41 [0.03] 0.68 [0.04] 0.72 [0.05] 0.71 [0.04] 0.79 [0.04] 0.75 [0.04] 0.81 [0.04] 0.23 [0.01] 0.25 [0.02] 0.24 [0.02] 0.23 [0.02]

All antigens ** 0.05 [0.01] 0.12 [0.01] 0.13 [0.01] 0.14 [0.01] 0.14 [0.01] 0.15 [0.02] 0.18 [0.01] 0.06 [0.01] 0.07 [0.01] 0.07 [0.02] 0.06 [0.01]
EPEC
Breadth score ** 0.05 [0.01] 0.08 [0.01] 0.07 [0.01] 0.08 [0.01] 0.10 [0.01] 0.1 [0.01] 0.13 [0] 0.04 [0.01] 0.05 [0.01] 0.07 [0.01] 0.05 [0.01]
Top 10
antigens

** 0.98 [0.08] 1.53 [0.13] 1.26 [0.09] 1.4 [0.1] 1.67 [0.12] 1.69 [0.12] 2.37 [0.12] 0.81 [0.07] 0.90 [0.09] 1.34 [0.17] 0.96 [0.11]

All antigens ** 0.08 [0.02] 0.19 [0.02] 0.15 [0.02] 0.18 [0.02] 0.2 [0.02] 0.2 [0.02] 0.34 [0.02] 0.11 [0.01] 0.12 [0.02] 0.18 [0.04] 0.15 [0.02]
EAEC
Breadth score ** 0.01 [0] 0.01 [0] 0.01 [0] 0.01 [0] 0.01 [0] 0.02 [0] 0.03 [0] 0 [0] 0 [0] 0.01 [0] 0 [0]
Top 10
antigens

** 0.25 [0.02] 0.33 [0.02] 0.32 [0.02] 0.33 [0.02] 0.39 [0.02] 0.41 [0.03] 0.58 [0.04] 0.25 [0.02] 0.19 [0.02] 0.36 [0.05] 0.17 [0.01]

All antigens ** 0.03 [0.01] 0.06 [0.01] 0.05 [0.01] 0.06 [0.01] 0.05 [0.01] 0.06 [0.01] 0.11 [0.01] 0.07 [0.01] 0.07 [0.01] 0.08 [0.02] 0.06 [0.01]
Shigella
Breadth score ** 0.21 [0.01] 0.26 [0.01] 0.27 [0.01] 0.26 [0.01] 0.27 [0.01] 0.25 [0.01] 0.3 [0.01] 0.01 [0] 0 [0] 0.03 [0.01] 0.01 [0.01]
Top 10
antigens

** 3.24 [0.21] 4.17 [0.2] 4.16 [0.16] 4.11 [0.2] 4.51 [0.17] 4.24 [0.23] 4.73 [0.13] 0.16 [0.06] -0.02
[0.01]

0.53 [0.15] 0.18 [0.12]

All antigens ** 0.64 [0.05] 0.95 [0.05] 0.95 [0.05] 0.95 [0.06] 1.04 [0.05] 0.98 [0.07] 1.16 [0.04] 0.02 [0.02] 0 [0.01] 0.08 [0.03] 0.04 [0.03]
S. enterica
Typhi
Breadth score ** 0.01 [0] 0.01 [0] 0.01 [0] 0.01 [0] 0.02 [0] 0.02 [0] 0.01 [0] 0 [0] 0 [0] 0 [0] 0 [0]
Top 10
antigens

** 0.18 [0.02] 0.31 [0.02] 0.41 [0.04] 0.40 [0.04] 0.48 [0.04] 0.38 [0.04] 0.42 [0.03] 0.16 [0.01] 0.15 [0.02] 0.19 [0.04] 0.13 [0.01]

All antigens ** -0.05 [0.01] 0.01 [0.01] 0.02 [0.01] 0.03 [0.01] 0.04 [0.01] 0.03 [0.01] 0.05 [0.01] −0.03
[0.01]

−0.03
[0.01]

−0.02
[0.02]

−0.03
[0.01]

S. aureus
Breadth score ** 0.34 [0.02] 0.32 [0.02] 0.43 [0.02] 0.42 [0.02] 0.42 [0.01] 0.44 [0.02] 0.38 [0.02] 0.38 [0.02] 0.42 [0.02] 0.32 [0.04] 0.37 [0.02]
Top 10
antigens

** 3.16 [0.13] 2.80 [0.11] 3.58 [0.11] 3.42 [0.12] 3.53 [0.12] 3.55 [0.14] 3.00 [0.11] 2.75 [0.11] 2.83 [0.13] 2.45 [0.2] 2.72 [0.12]

All antigens ** 1.00 [0.05] 0.89 [0.05] 1.30 [0.06] 1.27 [0.07] 1.25 [0.05] 1.29 [0.07] 1.09 [0.05] 1.06 [0.05] 1.14 [0.07] 0.90 [0.1] 1.03 [0.06]
S.
pneumoniae
Breadth score ** 0.21 [0.01] 0.23 [0.01] 0.22 [0.01] 0.20 [0.01] 0.18 [0.01] 0.23 [0.01] 0.24 [0.01] 0.16 [0.01] 0.16 [0.01] 0.17 [0.02] 0.14 [0.01]
Top 10
antigens

** 2.35 [0.11] 2.38 [0.07] 2.59 [0.15] 2.38 [0.13] 2.17 [0.11] 2.60 [0.11] 2.35 [0.09] 1.99 [0.09] 1.94 [0.12] 1.98 [0.18] 1.81 [0.1]

All antigens ** 0.55 [0.04] 0.61 [0.02] 0.63 [0.05] 0.57 [0.04] 0.50 [0.03] 0.66 [0.04] 0.65 [0.03] 0.48 [0.02] 0.48 [0.04] 0.50 [0.06] 0.45 [0.03]
M.
tuberculosis
Breadth score * 0 [0] 0 [0] 0.01 [0] 0.01 [0] 0.01 [0] 0.02 [0.01] 0.01 [0] 0.01 [0] 0.01 [0] 0.01 [0] 0.01 [0]
Top 10
antigens

** 0.26 [0.02] 0.28 [0.02] 0.38 [0.03] 0.38 [0.03] 0.42 [0.03] 0.43 [0.04] 0.37 [0.03] 0.32 [0.02] 0.36 [0.04] 0.35 [0.04] 0.34 [0.03]

All antigens ** 0.05 [0.01] 0.08 [0.01] 0.11 [0.01] 0.13 [0.02] 0.13 [0.02] 0.13 [0.02] 0.13 [0.01] 0.12 [0.01] 0.14 [0.01] 0.1 [0.02] 0.13 [0.01]
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Characterization of IgA and IgG
Responses to Individual Antigens
Beyond population-level trends in antibody responses to
pathogen antigens as a whole, identifying the individual
antigens that are recognized by IgA and IgG in human milk
may provide an understanding of the immune factors that
benefit infants and may protect from disease. Tables S4A, B
show the reactivity levels to all antigens on the array (ranked by
highest reactivity), both globally and specific to each cohort. The
highest levels of IgA and IgG antibody binding were observed for
specific antigens in each of the six prioritized pathogens
associated with diarrheal disease, sepsis, and respiratory
illnesses, as follows.

S. aureus
The strongest IgA response in human milk from all populations
was against one of the S. aureus exotoxins, also known as
superantigen-like protein 7, which is from a family of proteins
able to stimulate immune responses regardless of antigen
specificity (54). The most reactive IgG response was against the
S. aureus exotoxin. Additionally, there were strong IgG responses
to the components of S. aureus leukotoxins gamma-hemolysin,
Panton-Valentine leukocidin (PVL), and leukocidin ED
(LukED). These are multifunctional, bicomponent leukotoxins
that lyse host polymorphonuclear cells such as neutrophils and
macrophages (55). IgG was highly reactive to gamma hemolysin
components C (hlgC) and B (hlgB), components of PVL LukF-
PV and LukS-PV, and the components of LukED, LukE, and
LukD; whereas IgA recognition of staphylococcal toxins was
primarily to the superantigen exotoxin proteins. This suggests
that IgG specificity to staphylococcal proteins is more broadly
distributed than IgA responses.
Frontiers in Immunology | www.frontiersin.org 10
EPEC, ETEC, and EAEC
IgA reactivity to EPEC proteins included intimin and the intimin
receptor Tir, outer membrane proteins that associate for
adherence to epithelial cells, as well as secretory system protein
SseC and the secreted protein EspA, which is essential for
formation of attaching and effacing lesions during EPEC
pathogenesis (56, 57). A membrane protein and a flagellin
subunit protein (FliC) were the most IgA reactive proteins of
ETEC. For EAEC, an outer membrane autotransporter and
conjugal transfer pilus assembly protein (TraB) were most IgA
reactive. IgG reactivity was observed against the EPEC proteins
Tir, SseC, EspA, and intimin and ETEC putative membrane
proteins. EAEC had very low IgG responses.

Shigella spp
The most IgA reactive for Shigella spp. were a Shigella
hemagglutinin family protein and the invasion plasmid antigen
B (IpaB) for S. flexneri and S. sonnei. The most reactive IgG
responses in human milk were also IpaB and other invasion
plasmid antigens that overlapped with IgA reactivity.

Salmonella
The third highest IgA response among all antigens on the array
was a Salmonella autotransporter protein, an outer membrane-
bound translocator protein typically associated with virulence
(58). It was also the most IgG-reactive protein for Salmonella and
showed concordance with IgA reactivity.

S. pneumoniae
Numerous pneumococcal proteins previously characterized as
antibody binding targets ranked among the top reactive for IgA
in human milk, including the beta-galactosidase (BgaA), the
A B

FIGURE 3 | Population clustering by principle component analysis. The heat maps display the mean of each principle component (rows) for each study population
(columns). For example, the mean of the first principle component (PC1) for all volunteers in Peru (PE) is summarized in a single value on the heat map. PCA was
performed on (A) immunoglobulin A (IgA) responses and (B) immunoglobulin G (IgG) responses for all in vitro transcription and translation (IVTT) proteins represented
on the multipathogen protein microarray (purified protein PCA results are shown in the Supplemental Information). Only the first 10 PCs are shown, capturing
approximately 14% and 25% of the variation in the IgA and IgG data, respectively (a heat map of all PCs are shown in Supplemental Information). Populations and
PCs were ordered by hierarchical clustering. The color keys show the scale of gray/yellow lower PC values to red higher PC values. Row labels include percent
variation captured by each PC in brackets and P-values from ANOVA of the PC means among study populations. Abbreviations: ETR, rural Ethiopia; ETU, urban
Ethiopia; GBR, rural The Gambia; GBU, urban The Gambia; GN, Ghana; KE, Kenya; PE, Peru; SP, Spain; SW, Sweden; USC, U.S.-California; USW, U.S.-
Washington; PC#, principal component.
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phage amidase, histidine triad protein E (PhtE), pneumococcal
surface protein A (PspA), and the zinc metalloproteases A and B
(ZmpA and ZmpB), the latter three being diverse proteins in the
pneumococcal population (59). IgG responses to S. pneumoniae
overlapped with IgA responses, with the addition of the choline
binding protein A (PcpA), which was the most reactive
pneumococcal protein, is involved in adherence to nasal and
lung epithelia, and is a current candidate for subunit vaccines
(60). Other S. pneumoniae proteins such as LysM and
pneumolysin were also among the most reactive antigens (59).

M. tuberculosis
The most IgA-reactive protein for M. tuberculosis was an
uncharacterized conserved lipoprotein (LpqN) of unknown
function but predicted to be associated with the cell wall and
cell processes (61). M. tuberculosis had very low IgG responses
against all of their proteins

IgA responses to secondary pathogens were heterogeneous,
with minimal responses to all the arboviruses, and IgG responses
to most secondary pathogen proteins was low. Collectively, the
proteins most recognized by IgA in human milk represent
diverse functional categories, including toxins and lytic
proteins, adhesins, secreted and secretory systems, immune
evasion, and antigenic diversity.

Our a priori hypotheses were that immunoglobulin immune
specificity would vary by pathogen and cohort and be generally
higher in LMIC than HIC regions of the world. Tables S5A, B
show the reactivity levels to all antigens on the array (ranked by
ANOVA P-values), both globally and specific to each cohort.
Tables S6A, B enumerates relative IgA and IgG reactivity to all
IVTT antigens on the protein array (as ranked by ANOVA P-
Frontiers in Immunology | www.frontiersin.org 11
value) by cohort for each pathogen. These data, supporting our
hypothesis, indicate differences across both pathogens and
cohorts in this regard. In total, the ANOVA indicated that at
least one of the 11 study cohorts was differentially reactive after
adjustment for multiple testing in 357 and 588 of 742 IVTT
proteins for IgA and IgG, respectively. A total of 220 and 224
IVTT proteins were identified for IgA and IgG, respectively after
filtering for proteins with a positive mean reactivity in at least
one cohort (Table 3)—positive mean reactivity was defined using
mixture models, a method used to empirically define cutoffs for
the distribution of positive and negative signals by determining
the junction between two Gaussian signal distributions for each
protein which has been used for establishing cutoffs for protein
microarray summary statistics (Supplementary Methods,
Figures S6A, B) (62).

Figure 4 depicts averaged normalized signal intensities of
relative mean IgA reactivity (Figure 4A) and IgG reactivity
(Figure 4B) to the single most differentially reactive antigen
identified for each pathogen. Several patterns emerge from these
heatmaps; for instance, reactivity to the top antigen in each of the
three E. coli strains was generally lower for HICs compared to
LMICs. Interestingly, IgA responses to the top antigens of S.
aureus and S. pneumoniae were higher in HICs than in LMICs
for IgA, but IgG responses to those were reversed. These patterns
held true for many other antigens. In a comparison of LMICs
and HICs, 116 and 160 proteins were differentially reactive for
IgA (Figure 4C) and IgG (Figure 4D), respectively (Table 3).
Among these, IgA against Shigella and EPEC proteins were
primarily higher in LMICs than HICs, while lower against S.
aureus and S. pneumoniae proteins. Differential reactivity for
ETEC and Salmonella proteins was heterogeneous—IgA to some
TABLE 3 | Number (n) of in vitro transcription and translation (IVTT) proteins on each array for each pathogen; number (n) of differentially active proteins across cohorts
(P < 0.05 via 1-way ANOVA) for immunoglobulin A (IgA) and immunoglobulin G (IgG) by pathogen; and number (n) of differentially active proteins between lower-to-
middle-income countries (LMIC) and high-income countries (HIC) (P < 0.05 via t-test) for IgA and IgG by pathogen.

Pathogen IVTT proteins
on array

IgA IgG

Proteins with differential
activities across cohorts

Proteins with different
activities in LMIC vs. HIC

Proteins with differential
activities across cohorts

Proteins with different
activities in LMIC vs. HIC

EAEC 80 10 2 5 3
EPEC 80 21 14 15 13
ETEC 84 29 13 22 15
Shigella spp. 80 39 25 42 36
S. enterica
Typhi

79 26 14 10 7

S. aureus 80 32 23 61 36
S. pneumoniae 80 32 17 37 35
M. tuberculosis 80 21 7 16 5
P. falciparum 15 6 0 13 9
O. volvulus 15 2 1 0 0
Measles 12 2 0 2 1
Rubella 10 0 0 1 0
Dengue Virus 12 0 0 0 0
Zika Virus 14 0 0 0 0
Yellow Fever
Virus

12 0 0 0 0

Chikungunya
Virus

9 0 0 0 0

TOTAL 742 220 116 224 160
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proteins were higher in LMICs, while others were higher in
HICs. IgG responses were predominantly higher in LMICs,
especially for Shigella proteins, except for S. aureus which had
heterogeneous differential reactivity. The list of all antigens in the
comparison of IgA and IgG in LMICs and HICs is shown in
Tables S7A, B, and the top single differentially reactive antigens
and clinical relevance are shown in Table S8.

The most differentially reactive proteins represented diverse
functional categories and had substantial overlap with the most
broadly reactive proteins. For example, the most significant
Shigella IgA and IgG responses were to IpaB and other
invasion plasmid antigens, which are multifunctional proteins
that are part of the virulence associated genes in the virulence
plasmid, involved in the type III secretion system, adhesion, and
immune evasion through destruction of phagosomes (63). The S.
flexneri serine protease A (SepA) is a major extracellular protein
involved in disruption of the epithelial barrier during infection
and one of the top differentially reactive Shigella proteins for
both IgA and IgG (64). Likewise, the top ETEC protein (serine
Frontiers in Immunology | www.frontiersin.org 12
protease EatA, a member of an autotransporter family of
virulence factors) shares 80% sequence homology with S.
flexneri SepA and is currently the subject of subunit vaccine
development (65). Among other diarrheal pathogen adhesins,
IgA against EPEC major structural subunit of bundle-forming
pilus BfpA, which is involved in attachment to epithelial cells,
and a type II/IV secretion system family protein were highest in
LMICs (66). The Peruvian cohort had the highest IgA response
to ETEC two-partner secreted adhesin EtpA and EPEC intimin,
both involved in epithelial cell adherence (58, 67). ETEC-specific
proteins such as EatA and EtpA were positive for IgG in LMICs,
but at low normalized intensity. Conversely, ETEC FliC – a
major subunit flagellar protein and target for vaccine
development – was highest in HICs for IgA and in both HICs
and the Peruvian cohort for IgG (68). IgG levels to the EPEC
EspB family protein were highest in LMICs. EspB, like Shigella
Ipa proteins, is a type III secretion system protein and key
virulence factor required for attaching and effacing (69). The
pneumococcal adhesin PclA, which is a conserved protein found
A

B

C

D

FIGURE 4 | Top differentially reactive antigens per pathogen. (A, B) The heat maps present the most significant differentially reactive protein for each of the primary
pathogens by ANOVA F-statistic for immunoglobulin A (IgA) and immunoglobulin G (IgG), respectively. ANOVA results for all proteins is included in the
Supplemental Information. Rows represent per-pathogen proteins with the lowest P-values, and columns represent the mean normalized signals for each study
population. All antigens had ANOVA adjusted P-values < 0.05, with the exception of the DENV envelope protein for IgA (P=0.06). (C, D) The volcano plots show the
log-fold increase in IgA and IgG levels, respectively, between LMIC and HIC cohorts on the x-axis by the inverse log10 unadjusted P-value on the y-axis. Each point
represents a protein on the multipathogen array that has been colored by pathogen. Filled triangles represent proteins that remain significantly differentially reactive
after adjustment, defined as an adjusted P-value < 0.05 and mean normalized signal above the mixed model cutoffs (Figure S6) in at least one of the comparator
groups. Points to the right of zero indicate higher antibody levels in LMICs, whereas points left of zero indicate higher levels in HICs. Abbreviations: ETEC,
enterotoxigenic E. coli; EPEC, enteropathogenic E. coli; EAEC, enteroaggregative E. coli; LMIC, lower- and middle-income country; ETR, rural Ethiopia; ETU, urban
Ethiopia; GBR, rural The Gambia; GBU, urban The Gambia; GN, Ghana; KE, Kenya; PE, Peru; SP, Spain; SW, Sweden; USC, U.S.-California; USW, U.S.-
Washington.
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within the S. pneumoniae variome had higher IgA reactivity in
HICs, but heterogeneous IgG reactivity among the cohorts
(70, 71).

Toxins and lytic proteins were another strongly represented
class of reactive proteins. Salmonella hemolysin E, a pore
forming toxin with potential therapeutic antibody application,
was reactive in LMICs and mostly nonreactive in HICs; but
overall levels were low (Figure 4A) (72). ETEC accessory
colonization factor YghJ, which has mucinolytic activity and
used for intestinal colonization, was particularly high in the
Peruvian and U.S.-California cohorts (69). The contrast between
IgA and IgG responses to S. aureus toxins was observed in
multiple exotoxins, as well as the CHAP domain family, which is
associated with phage lytic proteins in both bacterial and
staphylococcal phage genomes, where IgA reactivity was higher
in HICs, while IgG reactivity was higher in LMICs (73). This
pattern did not apply to the leukotoxins PVL and LukED. Both
IgA and IgG responses to the components of PVL and LukED
were higher in LMICs than in HICs. The collinearity of
components is expected, since the pore-forming bicomponent
leukotoxins must be together to have toxin activity (74).
Interestingly, IgA targeting the M. tuberculosis ESX-1
secretion-associated protein EspK, a multifunctional protein
involved in permeabilization of macrophage phagosomal
membranes, was particularly high in rural Ethiopia, but also
reactive in all cohorts (75).

Several proteins involved in immune evasion were also
differentially reactive. The S. aureus sdrE protein is a human
factor H-binding protein used for immune evasion of
complement, similar to the fHbp protein in N. meningitidis,
which is a component of a multivalent subunit vaccine (76).
Chemotaxis-inhibiting protein CHIPS also evades complement
by binding and blocking C5a receptor in neutrophils and
monocytes (77). Both had higher IgA reactivity in HICs,
although IgG responses were similar between cohorts with the
exception of lower IgG reactivity in the Ethiopian cohorts. An
EAEC serine protease autotransporter (Pic) is also involved in
complement evasion, as well as mucinolytic activity and
colonization, and is a protein family secreted by both EAEC
and S. flexneri (77–79). IgG responses to the highly diverse
pneumococcal degradative enzyme immunoglobulin A1
protease, or zinc metalloprotease ZmpA, was lower in HICs (59).

Purified recombinant proteins were printed onto the array for
a measure of agreement between two systems of protein
expression. The distribution of purified protein signals by
population agreed with the trends observed with IVTT
proteins (Figure S7), except for higher S. pneumoniae and S.
aureus specific IgA levels in LMICs. This deviation may be due to
the limited selection of recombinant purified proteins available
for printing on the array. Indeed, the individual pneumococcal
and staphylococcal purified proteins showing differential
reactivity by ANOVA (Tables S9A, B) and t-test (Tables
S10A, B) highlight staphylococcal leukotoxin proteins that
were in concordance with higher LMIC IgA against IVTT
leukocidins and hemolysins, and the most differentially
reactive pneumococcal purified proteins were multiple variants
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of pneumococcal surface protein A, which had nonsignificant
differential reactivity for the IVTT protein and may be influenced
by strain specificity (Table S7A).

Biological and Environmental Predictors of
Immune Specificity
Linear regression models were used to examine the possibility
that various biological and environmental factors were related to
variation in immune specificity to the antigens for each pathogen
(Tables S11A, B). These variables included maternal age, infant
sex, time postpartum, parity, delivery mode, maternal BMI,
maternal height, presence of companion animals in the home,
presence of agricultural animals in the home, and household
density. The trends for each factor are shown in volcano plots of
the regression coefficients in Figures S8 and S9. The most
notable associations were with the underweight BMI code;
underweight women (BMI < 18.5 kg/m2) tended to have
higher IgA responses, although none remained significant after
adjusting for the false discovery rate. Other factors, notably
mother’s age and household density with positive trends and
cesarean delivery with a negative trend, showed association with
numerous antibodies, but also did not remain significant after
adjusting for the false discovery rate.
CONCLUSIONS

Results from this study provide evidence that high-throughput
protein array technology can be used to investigate IgA and IgG
specificity to a variety of pathogens in human milk underlying
substantial infant morbidity and mortality around the world. In
addition, our findings support our overarching hypothesis that
IgA and IgG specificity varies by pathogen, cohort, and
socioeconomic level. Although immune reactivity was generally
higher in LMICs than HICs, this was not always true – for
instance as it related to IgG reactivity to some antigens associated
with S. aureus, S. pneumoniae, and M. tuberculosis. These
findings form the basis for additional studies that are needed
to determine if variation in milk-borne immunoglobulin
reactivity to specific pathogens and/or their antigens is related
to variation in infant disease risk and/or severity.
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