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During the last decades, the world has witnessed a dramatic increase in allergy prev-
alence. Epidemiological evidence shows that growing up on a farm is a protective
factor, which is partly explained by the consumption of raw cow’s milk. Indeed, recent
studies show inverse associations between raw cow’s milk consumption in early life
and asthma, hay fever, and rhinitis. A similar association of raw cow’s milk consumption
with respiratory tract infections is recently found. In line with these findings, controlled
studies in infants with milk components such as lactoferrin, milk fat globule membrane,
and colostrum IgG have shown to reduce respiratory infections. However, for ethical
reasons, it is not possible to conduct controlled studies with raw cow’s milk in infants,
so formal proof is lacking to date. Because viral respiratory tract infections and aeroal-
lergen exposure in children may be causally linked to the development of asthma,
it is of interest to investigate whether cow’s milk components can modulate human
immune function in the respiratory tract and via which mechanisms. Inhaled allergens
and viruses trigger local immune responses in the upper airways in both nasal and
oral lymphoid tissue. The components present in raw cow’s milk are able to promote
a local microenvironment in which mucosal immune responses are modified and the
epithelial barrier is enforced. In addition, such responses may also be triggered in the
gut after exposure to allergens and viruses in the nasal cavity that become available
in the Gl tract after swallowing. However, these immune cells that come into contact
with cow’s milk components in the gut must recirculate into the blood and home to the
(upper and lower) respiratory tract to regulate immune responses locally. Expression
of the tissue homing-associated markers a4p7 and CCR9 or CCR10 on lymphocytes
can be influenced by vitamin A and vitamin D3, respectively. Since both vitamins are
present in milk, we speculate that raw milk may influence homing of lymphocytes to
the upper respiratory tract. This review focuses on potential mechanisms via which
cow’s milk or its components can influence immune function in the intestine and the
upper respiratory tract. Unraveling these complex mechanisms may contribute to the
development of novel dietary approaches in allergy and asthma prevention.

Keywords: raw cow’s milk, upper airways, respiratory syncytial virus, allergies, asthma, barrier functioning,
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INTRODUCTION

In the Western world, the prevalence of chronic inflammatory
diseases, including allergies, has increased dramatically in the last
few decades, while the number of serious infectious diseases has
declined rapidly (1). An inverse correlation, indicating a “protec-
tive effect” of infectious diseases against chronic inflammatory
diseases (e.g., allergy and asthma), was postulated in 1989 by
Strachan, who formulated the hygiene hypothesis (2). The hygiene
hypothesis suggests that the exposure to viruses and bacteria is
essential to induce a T-helper (Th)1 response, which balances
the immune system and protects against Th2-mediated diseases.
With the discovery of additional T cell subsets such as Th17 cells
and regulatory T cells (Tregs), this paradigm had to be revised.
For example, it was demonstrated that suppressive dendritic cells
(DCs) induced by helminths restored the disturbed Th1/Th2
balance by induction of Tregs (3). The immune education of DCs
was suggested to be an important step toward understanding the
complex relation between infectious diseases and allergies (4). Th2
responses are now known to be enhanced by the production of type
2 cytokines (e.g., TSLP, IL-25, IL-33) secreted by group 2 innate
lymphoid cells and epithelial cells (5, 6). Thus, different cell types
are responsible for Th2-mediated diseases such as allergies. Allergy
is initiated as an aberrant immune response towards a harmless
antigen (allergen). Via activation of Th2 cells, the allergen triggers
the production of allergen-specific IgE by B cells that binds to
high-affinity FceR1 on effector cells like mast cells and basophils.
Effector cells release soluble factors (e.g. histamine) upon second-
ary exposure to the allergen that cause immediate type I allergic
symptoms. The term “atopic march” refers to the sequence of IgE
responses and clinical symptoms initiated in early life (7).

In the first year of life, the mucosal immune system is shaped
by microbial colonization and dietary components, which
contributes to health later in life (8). Viral infections during this
critical period also impact health later in life. For example, res-
piratory syncytial virus (RSV) infection in early life was shown to
increase the risk of wheezing up to 11 years of age (9) and allergic
sensitization and development of asthma into adulthood (10-12).
The exact mechanism by which allergy and viral infection in the
upper airways results in the development of asthma is not yet
elucidated. However, Holt and Sly (13) proposed a mechanism
in which viral infection can trigger excessive type I interferon
production that can result in upregulation of FceR1 expression on
airway resident DCs. FceR1-mediated signaling in DCs has been
suggested to contribute to allergic airway inflammation depend-
ing on the environmental stimuli (14). In mice, cross-linking of
virus-specific IgE on these airway DCs results in the production of
Th2 cytokines and the chemoattractant CCL28, recruiting effec-
tor Th2 cells to the airways (15, 16). However, recent evidence
shows that not all asthma patients have this typical Th2 profile
in early life (17). Nevertheless, atopy and viral infections in early
life are risk factors for asthma development. Therefore, preventive
strategies for asthma, such as dietary interventions, should be
targeted at early life to suppress allergen- or viral-induced airway
inflammation.

In Europe, rapid evolutionary changes are found in the
lactase persistance gene suggesting health benefits of cow’s milk

BOX 1|

The consumption of cow’s milk in Europe and the Middle East already dates
back to the Neolithic cultural period. Milk fatty acids were traced by carbon
isotope analysis on Middle Eastern pottery, showing that cow’s milk was alre-
ady processed since 6500 BC (154). This introduction of processed ruminant
milk might explain why it was adopted so quickly, despite lactose intolerance.
Lactase persistence (i.e., the capacity to digest lactose into adulthood) seems
to have arisen around 5500 BC in the European population due to a specific
mutation in the gene encoding the lactase enzyme (155). Its rapid expansion
in the ancestral population suggests high selective pressure (156). This makes
it appealing to speculate that this mutation confers health benefits to the host
by consuming cow’s milk.

consumption to humans (Box 1). The existing epidemiological
evidence shows that consumption of cow’s milk in early life is
associated with a lower prevalence of allergies, respiratory tract
infections, and asthma. This suggests that milk components
(e.g., proteins, sialylated oligosaccharides, and vitamins) may
contribute to the protection against the development of allergies
(18) and respiratory viral infections (19). Since raw cow’s milk
may contain pathogenic bacteria, intervention studies in infants
are impossible due to safety risks. Nevertheless, a recent mouse
study showed a causal relation between raw milk consumption
and the protection against house dust mite (HDM)-induced
asthma, which was not seen in mice receiving heated milk (20).
The mechanisms underlying this protective effect of raw cow’s
milk remains speculative. Therefore, in this review we discuss
potential mechanisms by which dietary components, using cow’s
milk as an example, can protect against airway inflammation.

HOMOLOGY BETWEEN COW’S MILK
AND BREAST MILK

By comparing the immunomodulatory components in breast
milk with those in cow’s milk, conserved mechanisms could be
identified, which contribute to immune homeostasis in early life.
Overall bovine and human milk contain similar components.
However, the concentration or presence of several specific com-
ponents (e.g., f-lactoglobulin specific for cow’s milk) may differ.
For a complete overview comparing breast milk and cow’s milk,
we refer to a review by van Neerven et al. who compared the
composition of breast milk to cow’s milk (18). We briefly describe
several immunomodulatory components in cow’s milk that are
used in this review to illustrate potential mechanisms by which
cow’s milk may affect respiratory health.

Systematic reviews conclude that TGFf consumption in early
life protects against allergies in humans and animal models
(21, 22). Strikingly, the active forms of TGFp1 and TGFp2 are
identical between cow and human (23). Although articles report
different concentrations of TGFp in breast and cow’s milk, there is
a consensus that TGFp2 is several fold more abundant compared
to TGFP1 (21, 24). Remarkably, the concentrations of TGFf1
and TGFp2 are approximately fivefold more abundant in cow’s
milk compared to breast milk (18). The concentration of TGFf1
in cow’s milk decline significantly after processing and are non-
detectable in processed milk (25).
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Bovine lactoferrin has 77% homology to human lactoferrin on
mRNA level and 69% on protein level (26). Nevertheless, bovine
lactoferrin is taken up by the human lactoferrin receptor and
exerts similar bioactivities as human lactoferrin on human colon
epithelial cells such as induction of proliferation, differentiation,
and TGFf expression (27). Similarly, bovine IL-10 is 76.8%
homologous and affects human cells (28). Cow’s milk shows
lower IgA and higher IgG levels compared to human milk (18).

While the quantities of proteins in human milk are quite
similar to cow’s milk, the oligosaccharide composition is
completely different. In contrast to cow’s milk, human milk is
unique among mammals in its high and diverse levels of complex
oligosaccharides (29). Cow’s milk contains only small amounts
and a non-diverse profile of oligosaccharides, which is dominated
by sialylated oligosaccharides. Therefore, this review will only
address the effect of sialylated oligosaccharides present in cow’s
milk. In colostrum, the concentrations of sialylated oligosaccha-
rides range between 0.23-1.5 and 1-3.3g/L in cows and humans,
respectively (30). The concentrations of sialylated oligosaccha-
rides in mature bovine milk are approximately 10-fold lower
compared to colostrum (30). Most sialylated oligosaccharides
in human- and cow’s milk are monomeric [e.g., 3'-sialyllactose
(3’SL) and 6’-sialyllactose (6’SL)] and are present in very low
concentrations in infant formulas (31).

Vitamin A and D, which are not specific for cow’s milk, are
essential for the development of the mucosal immune system.
Vitamin A can be obtained from different dietary sources and can
be converted to its active metabolite retinoic acid (RA) by epithe-
lial cells and DCs in the gut (32). Breast milk contains, depending
on the vitamin D status of the mother, low levels of vitamin D3,
and additional vitamin D3 supplementation is recommended
for infants (33). Cow’s milk contains similar concentrations of
vitamin A, vitamin D3, and 1,25-hydroxyvitamin D3 (active form
of vitamin D3) compared to breast milk (18, 34).

EPIDEMIOLOGICAL EVIDENCE FOR THE
IMMUNE MODULATORY ROLE OF COW’S
MILK ON RESPIRATORY HEALTH

It is now well established that children growing up on a farm less
often develop allergies and asthma (35). Of the different envi-
ronmental factors investigated in these epidemiological studies,
contact with farm animals, endotoxin levels in house dust, and
the consumption of farm milk (i.e., cow’s milk with an unknown
heating status) showed the strongest association with the protec-
tion of childhood asthma and allergy (35, 36). The consumption
of farm milk was associated with higher Treg numbers in blood,
which were negatively associated with asthma and serum IgE lev-
els (37). Moreover, increased demethylation of the FOXP3 gene
and increased FoxP3* T cell numbers were detected in PBMC
cultures of children who were exposed to farm milk, suggesting
that farm milk consumption induces an immunoregulatory
phenotype.

Raw cow’s milk consumption in the first year of life showed
an inverse correlation with the prevalence of atopy and doctors-
diagnosed asthma in farmers and non-farmers (38). This study

showed that raw cow’s milk consumption in the first year of
life is inversely associated with atopic sensitization and asthma
independently of the farming environment. Children who con-
sumed raw cow’s milk produced higher IFN-y levels upon whole
blood stimulation (39). Since IFN-y production is associated
with a Th1 profile, this finding—even though counterbalancing
Th2 responses—is in contrast to studies showing a regulatory
phenotype induced by farm milk consumption in the first year
of life (37). Nevertheless, both studies show that either raw cow’s
milk or farm milk is associated with lower total serum IgE levels
and allergic diseases (37, 39). Other epidemiological studies have
specifically addressed the question whether heating of farm milk
influences its effect on allergic diseases.

Loss et al. showed that the protective effect of cow’s milk
on asthma and hay fever incidence was only noted in children
who consumed raw milk and not in children who consumed
high heat-treated shop milk (>85°C). Indeed, the thermosensi-
tive whey proteins BSA, a-lactalbumin, and B-lactoglobulin
were associated with the protective effects. Similar trends
were found for lactoferrin and total IgG. No associations were
found between microbiological communities or cell counts in
the milk, showing that the protective effect was not primar-
ily caused by bacteria in the raw cow’s milk (40). A follow-up
study investigated the association between raw, boiled, or
commercially available cow’s milk consumption and the occur-
rence of common infections in infants (2-12 months of age).
In comparison to ultra-heat-treated milk, raw milk consump-
tion in the first year of life was inversely associated with the
occurrence of rhinitis, otitis, and respiratory tract infections at
12 months of age. In addition, soluble CRP levels were lower
in the infants that received raw cow’s milk. Interestingly, res-
piratory tract infections and fever were also reduced in infants
receiving boiled cow’s milk (19). It was suggested that the milk
fat globule membrane contributes to this negative association
between boiled milk consumption and respiratory tract infec-
tions (19). Indeed, non-heat-sensitive cow’s milk components
may also contribute to the induction of a regulatory phenotype
(37). Nevertheless, these studies show that the thermosensitive
fraction of the milk (i.e., proteins, most likely whey fraction) is
an important driver of the protection against not only allergies
and asthma but also viral infections, fever, and inflammatory
conditions in the upper airways.

These epidemiological findings cannot be confirmed in
controlled intervention studies in infants due to safety risks.
However, controlled trails with infants fed experimental infant
formulas rich in immune-related bovine milk components have
shown effects on respiratory tract infections. Infants fed with a
bovine milk fat globule membrane preparation rich in IgG and
lactoferrin showed a reduced prevalence of acute otitis media and
showed lower pneumococcal-specific IgG levels in serum (41).
Similarly, infants of 4-6 months of age receiving infant formula
supplemented with lactoferrin showed fewer respiratory illness
(42, 43). A reduction in respiratory tract infections was also
observed in an intervention study with children of 1-6 years of
age receiving bovine colostrum that is extremely rich in IgG (44).
These findings indicate that bovine milk components may prevent
respiratory tract infections in early life.
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PASSAGE THROUGH THE
GASTROINTESTINAL TRACT

After swallowing milk components, allergens, or pathogens,
they pass through the GI tract and are exposed to different pH
levels and proteases, varying from pancreatic, gastric, or pepti-
dases on the enterocytic brush border. In adults, there is little
evidence that intact dietary proteins can reach the circulation in
homeostasis (45). In early life, however, the digestion of proteins
is lower compared to adults, which has several causes. First,
the gastric acid production in infants only reaches the levels of
adults after 6 months of age. Infants therefore have a higher pH
in the stomach compared to adults. Lower gastric acid levels
impair the activity of pepsins. Second, concentrations of other
proteases (e.g., chymotrypsin and enterokinase) are significantly
lower in the small intestine of neonates (10-60% of that of adults)
compared to adults (46). Thus, in infants, a significant fraction of
milk proteins reaches the small intestine intact and may interact
with intestinal immune cells (e.g., epithelial cells and sampling
DC). For instance, 10% of the orally fed bovine IgG (bIgG) can
be found in stool of infants, compared to <0.1% in adults (47).
In addition, the infants gut is in a “leaky state” (48), which may
promote sensitization to allergens and bacteria- or virus-induced
inflammation. On the other hand, it is a window in which (milk-
derived) components have an opportunity to induce tolerance.

Some milk proteins are less sensitive to the low pH and pro-
teases and pass the GI tract intact or can even be activated by
an acidic environment or protease activity. For instance, TGFf,
which is present in milk in its latent form first needs to be acti-
vated before exerting any effector function. The activation of this
exogenous latent TGFp can be triggered by multiple factors such
as macrophages membrane-bound receptor TSP-1, avp-3/5/6
and avp8 integrins, ROS, low pH during passage of the stomach,
and proteases (49, 50). Thus, TGFp can be activated by binding
integrins in the upper airways or by activation in the stomach
and small intestine. Significant amounts of the abundant milk
protein lactoferrin reach the small intestine intact and retain their
functional activity in both adults and infants (26).

In contrast to proteins, milk oligosaccharides escape enzy-
matic hydrolysis in the small intestine and low pH of the stomach
and are fermented in the colon (51). By escaping degradation
in the small intestine, they function as a carbon source for the
microbiota in the colon and can be converted into metabolites
such as short-chain fatty acids (SCFAs). In breastfed infants, the
genus Bifidobacterium is commonly present, which comprises
mainly Bifidobacterium bifidum, Bifidobacterium longum subsp.
infantis, and Bifidobacterium breve. Of the three, B. longum
infantis has the right machinery to ferment sialylated oligosac-
charides directly (52, 53) and is unique in its ability to import and
degrade low-molecular-weight oligosaccharides (54). Indeed,
several B. longum strains were capable of converting 3’SL and
6’'SL, which are abundantly present in bovine milk, into SCFA
in vitro (55). Nevertheless, it is unknown whether the concentra-
tions of sialyllactose present in cow’s milk alters the microbiota
in vivo. B. longum is abundantly present in breast-fed neonates
and is thought to confer various health benefits (e.g., enhanced
barrier functioning and anti-inflammatory effects) to the host

(56). Although most of these sialylated oligosaccharides are
fermented by these Bifidobacteria, a small fraction of oligosaccha-
rides reaches the circulation intact (57, 58). Therefore, sialylated
oligosaccharides might impact immunity directly. Interestingly,
it has been shown that the microbial community in the upper
respiratory tract can be differentially modulated by breast milk
compared to formula-fed children (59). Interestingly, breastfed
infants showed a higher prevalence of Dolosigranulum that
was negatively associated with respiratory tract infections (59).
Children with asthma show a lower nasal microbiota composi-
tion and higher abundance of Moraxella (60). Moraxella was
not associated with asthma in children who were exposed to a
farming environment, which was in contrast to children who
were not exposed to a farming environment. This indicates that
the farming environment might protect the children from the
detrimental effects of Moraxella. To date, it is unknown whether
raw cow’s milk alters the nasopharyngeal microbiota composition
and if this influences susceptibility toward upper respiratory tract
infections or allergies.

BINDING OF BOVINE IgG TO
RESPIRATORY PATHOGENS

One mechanism by which food components could modulate
immunity in the (upper) respiratory tract is by preventing contact
between pathogens or allergens and the host immune system. In
early life, maternal antibodies are essential for passive protection
of the infant against viral infections. Interestingly, maternal
RSV-specific antibodies in amniotic fluid were recently shown
to protect mouse pups from RSV infection for at least 1 week
after birth (61). Human antibodies are found against conserved
parts of the pre-fusion F protein of human RSV and metapneu-
movirus (PMV) that cross-neutralize bovine RSV (62). This
cross-reactivity could also work vice versa if bovine IgG could
recognize conserved patterns on human RSV. Cross-reactive
antibodies to other human pathogens have also been demon-
strated in bovine milk and colostrum. Indeed, as reviewed by van
Neerven, feeding colostrum of cows vaccinated against specific
human pathogens protected children from subsequent infections
(63). Interestingly, bovine IgG was shown to bind human RSV
and to induce phagocytosis via FcyRII receptors on macrophages,
neutrophils, and monocytes (64). The binding of bovine IgG to
RSV also directly neutralizes RSV, as shown by protection of
Hep2 cells from infection with RSV in vitro (64). Bovine IgG
isolated from cow’s milk does not only bind to human viruses
but was also found to bind to inhaled allergens (e.g., HDM) (65).
In addition, bovine IgG inhibits translocation of Pam3CSK4
over the epithelial barrier, thereby suppressing the production
of pro-inflammatory cytokines in vitro (66). Thus, bovine IgG
can neutralize RSV infection in vitro and might also play a role
in preventing sensitization by binding allergens and supporting
barrier functioning by preventing binding of TLR ligands to the
epithelium.

Next to bovine IgG, milk oligosaccharides have also been
shown to prevent binding of viruses to host cells (29). Viruses
use lectin-like structures to adhere and infect host cells. It was
hypothesized that breast-fed infants developed less otitis caused
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by viral infections (e.g., RSV and influenza) due to the decoy
receptor activity of milk oligosaccharides (29). However, as stated
in the review by ten Bruggencate et al, it is to date uncertain
which sialylated oligosaccharides can serve as a decoy receptor
for human respiratory infecting viruses (30). Thus, IgG and
sialylated oligosaccharides present in cow’s milk might shield
allergens or virus pathogens from inducing infection and inflam-
mation (Figure 1).

THE FIRST HOST BARRIER:
THE EPITHELIUM

When the allergen or virus is not neutralized, it will encounter
the epithelial cell layer of mucosal tissues. This epithelial cell layer
is the first line of defense in mucosal tissues. Epithelial cells are
covered by a thick layer of mucus that keeps harmful compounds
from entering the body. Epithelial cells act as the first physical
barrier and the first responders of the innate immune system.
The epithelial cells protect against inflammation and sensitization
by preventing bacteria and virus entry and leakage of allergens

into the mucosal tissue. The integrity of the epithelial barrier in
the upper airways (67) and intestine (68) is regulated by tight
junctions (TJs). Homeostasis is maintained by hyporesponsive-
ness of epithelial cell toward bacterial constituents, because
inflammation disrupts barrier functioning (69). Therefore, the
barrier functioning of the upper airways is under constant threat
of environmental factors, including viral infections (e.g., RSV)
and allergens (70). Breaching of the barrier can results in tissue
modifications in the upper airways as seen in patients suffering
from allergic rhinitis or sinusitis (71).

Tight Junctions

The integrity of the epithelial barrier is maintained by structural
elements including adherens junctions, desmosomes, and TJs.
TJs consists of a “ziplock-like” structure of multiple protein
strands that are connected to the cytoskeleton, allowing selective
transport across the barrier (72). Cytosolic scavenger proteins
(e.g., ZO-1) link the actin cytoskeleton to paracellular located
proteins: the claudins and occludins. The claudin family consists
of transmembrane proteins, which via the interaction of claudin

Lumen

oropharynx

Epithelial barrier

TJ regulation

I Raw cow’s milk components I

DN

Immune complexes

Immune regulation

Op ion Neutralisation
Proteins (TGFB, LF)
i 5
Vitamin A/D, SL?, Virus ’{()_._]_ (@)
exosomes 2 =015
Allergen

Waldeyer’s ring g . ! l ‘ chRllg‘ i
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upper respiratory tract

FIGURE 1 | Potential mechanisms of cow's milk-induced immune homeostasis in the upper respiratory tract. In the oropharynx, raw cow’s milk components

can contribute to immune homeostasis via different mechanisms. First, bovine IgG can bind and possibly even neutralize bacteria, viruses, or allergens. Immune
complexes are transported over the epithelial barrier by neonatal Fc receptor (FCRn) or transported via M-like cells to reach the mucosal tissue in the Waldeyer’s ring.
The immune complexes can bind to FcyRIl on antigen-presenting cells (APCs), leading to phagocytosis and clearance of the pathogens—as well as antigen
presentation to (regulatory) T cells. Second, sialylated oligosaccharides may function as decoy receptors for viruses in the lumen of the oropharynx, preventing viral
adhesion. Further, the expression of tight junction proteins can be enhanced by several milk components, thus strengthening the mucosal barrier against breaching
by allergens and pathogens. Finally, several milk components contribute to immune regulation by inducing the differentiation into tolerogenic dendritic cells (tol. DC)
and immunoregulatory T cells (Tregs). In this way, raw cow’s milk can promote a local microenvironment that contributes to immune homeostasis in the upper airways.

Frontiers in Immunology | www.frontiersin.org

February 2018 | Volume 9 | Article 143


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Perdijk et al.

Milk and Respiratory Tract Immunity

strands, are connected to each other by extracellular loops (73).
Claudins can be subdivided into pore-forming (e.g., claudin-2)
and sealing claudins (e.g., claudin-4) that increase and decrease
permeability, respectively (73). Notably, pro-inflammatory
cytokines (e.g., IL-6 and TNF) increase the expression of the
pore-forming claudin-2 and thereby reduce the epithelial bar-
rier function (74). The function and distribution of occludins is
highly influenced by its phosphorylation status that is regulated
by protein kinase C (75). T] proteins are key in maintaining epi-
thelial barrier function and are shown to regulate proliferation on
gene expression level (76). For further reading about TJ proteins,
we would like to refer to other excellent reviews specifically about
occludins (75), claudins (73), or the function and morphology of
TJs in general (72, 77).

Many allergens have protease activity that could breach barrier
functioning (78). For instance, the protease activity of one of the
major HDM allergens, Der p 1, was shown to disrupt the cleavage
site in the extracellular loops of claudins and occludins (79). In
contrast, RSV disrupts barrier functioning by remodeling the
actin cytoskeleton and interfering with cytosolic scavenger pro-
teins (80). Disruption of barrier functioning in the upper airways
results in increased exposure of allergens and viral particles to
the underlying immune system (Figure 1), which could result in
chronic inflammatory diseases such as asthma and allergies (81).
In early life, the epithelial barrier is more permeable compared
to adults. Closure of the barrier occurs only after a few weeks
in humans, while in mice, this is a more gradual process that
develops during weaning (48, 82).

Effect of Milk Components on

Barrier Functioning

Breast milk contains many growth factors that facilitate gut
maturation. Neonates receiving infant formulas were shown to
have a higher gut permeability compared to breast-fed neonates.
This stresses the importance of identifying functional milk com-
ponents that promote barrier functioning (48). Currently, there
is no in vivo evidence on effects of cow’s milk on epithelial barrier
functioning. Nevertheless, at least two recent studies investigated
the effect of cow’s milk on epithelial cells in vitro. To study barrier
functioning of dietary components in vitro, most studies use colon
carcinoma cell lines (Caco-2 or HT-29). It is to date impossible to
study the effect of dietary components on barrier functioning in
the upper airways since no human oropharyngeal epithelial cell
lines are available that form TJs. Caco-2 cells express enzymes
that are expressed in the fetal intestine and are biochemically
and morphologically similar to ileal enterocytes (83). These
in vitro models are thus one of the few limited models available
to study the effect of dietary components on TJ regulation. The
anti-inflammatory properties of milk components on the epithe-
lium are reviewed by Chatterton et al. (23). In this review, the
role of dairy components on epithelial barrier function in terms
of epithelial proliferation, differentiation, and T] regulation is
addressed.

The first study that looked at the effect of cow’s milk in vitro
showed that cow’s milk induces the expression of the pore-
forming TJ protein claudin-2 in Caco-2 cells (84). However, no
differences were observed in permeability, which was proposed

to be counteracted by the milk-induced increase of endogenous
TGFp expression. A second study stimulated HT-29 cells with
raw milk versus pasteurized cow’s milk preparations. The authors
showed with microarray analysis that raw milk induced the
expression of genes related to immunity compared to the pas-
teurized cow’s milk or medium control (85). This study showed
that the thermosensitive milk fraction (i.e., proteins) induced the
expression of immune-related pathways and thereby indirectly
barrier functioning.

One of the proteins in cow’s milk that is important for epithelial
barrier functioning is TGFp. Apart from these exogenous sources
of TGFp, TGFp is endogenously produced. In the gut, TGFp is
most prominently expressed in epithelial cells compared to its
expression in the underlying lamina propria (86). TGFp1 is capa-
ble of promoting barrier functioning by regulating T] expression
and proliferation. TGFB1 induces the expression of claudin-4 and
protein kinase C expression in vitro, both strengthening the bar-
rier (87, 88). On the other hand, TGFp inhibits the proliferation
of epithelial cells (86, 89). Interestingly, the production of endog-
enous TGFp1 by epithelial cells is regulated through a positive
feedback loop by other milk proteins like lactoferrin that triggers
an intracellular cascade that results in the production of TGFp1.
Bovine and human lactoferrin were shown to have similar effects
on barrier functioning. Moreover, in low concentrations, lactofer-
rin induces differentiation of epithelial cells, whereas lactoferrin
stimulates proliferation in higher concentrations (26).

In high concentrations, sialylated milk oligosaccharides affect
the cell cycle and induce differentiation of intestinal epithelial
cells (90). In the colon, these oligosaccharides are fermented by
the microbiota. These microbes produce SCFAs that also impact
barrier functioning. As reviewed by Tan et al., SCFAs reduce para-
cellular permeability and induces the expression of T] genes and
MUC2 expression, thus strengthening the epithelial barrier (91)
that may subsequently protect the host against infections (92).

Another milk ingredient shown to have immunomodulatory
effects is vitamin D. More specifically, the inactive and circulating
form of vitamin D3 (25(OH)2D3) is converted to the active form
(1,25(OH)2D3) by the enzyme la-hydroxylase, which is highly
expressed in the kidney and lowly expressed in epithelial cells (93).
Epithelial cells transport the inactive form of vitamin D3 over the
membrane, which can be subsequently systemically metabolized
(94). The conversion locally by epithelial cells of dietary inactive
vitamin D3 into the active form can create a microenvironment
containing active vitamin D3. Stimulation of Caco-2 cells with
1,25(OH)2D3 was shown to result in the induction of E-cadherin,
which indirectly promotes the transcription of ZO-1 and induces
differentiation (95). In support of this, blocking vitamin D recep-
tor transcription resulted in a decreased transepithelial electrical
resistance and expression of ZO-1 and E-cadherin and claudin
1, 2, and 5 but not occludin (96). Thus, it is evident that vitamin
D3 contributes to epithelial barrier function by regulating T7J
protein expression. Less is known about the effect of vitamin A
on barrier functioning. RA was shown to enhance differentiation
of epithelial cells, as indicated by the increase in alkaline phos-
phatase expression. In contrast, RA also decreased the expression
of claudin-2, resulting in a decrease in permeability of the Caco-2
model (97). Thus, several components present in cow’s milk
promote epithelial barrier functioning (Figure 1).
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DO MILK COMPONENTS PROMOTE
IMMUNE HOMEOSTASIS?

The nasal mucus is cleared to the back of the throat every
10-15 minutes by the movement of cillia. Thus, it is likely that
allergens and viruses are trapped in this thick layer of mucus and
are subsequently swallowed. The oropharynx (throat) is the place
where milk components, bacteria, viruses, and allergens may
interact before they are digested. Lymphoid tissues in the upper
airways are the lingual tonsils, tubal tonsils, palatine tonsils, and
adenoids, together forming the Waldeyer’s ring (98). Uptake
of antigens by the tonsils occurs via M-like cells in specialized
induction sites, which are composed of follicles containing both
myeloid and lymphoid cells (99). Similarly, in the GI tract, anti-
gens can be taken up by columnar epithelial cells (transcellular),
M cells, neonatal Fc receptor-mediated uptake (100), or direct
uptake by specific sampling subsets of DCs (101).

The mucosal immune system is capable of distinguishing
between harmful and harmless compounds resulting in inflam-
mation or tolerance, respectively. Food components are impor-
tant non-self-antigens to which an immune response constantly
needs to be suppressed. This type of tolerance induction is known
as oral tolerance. Food does not only trigger local tolerance but
also systemic tolerance, and thus food makes the systemic and
mucosal immune systems relatively unresponsive to these food
antigens. Breast milk contains many components that dampen
immune responses. It is suggested that this regulatory milieu
induced to breast milk components favors tolerance inductions
towards other harmless antigens such as allergens (102). This sup-
pression of immune responses is antigen specific and long lasting.

The consumption of farm milk is associated with higher
regulatory FoxP3* T cell numbers, which were negatively associ-
ated with doctors-diagnosed asthma and IgE levels (37). We
here address several potential cow’s milk components that might
promote these regulatory responses. Literature supports that
raw cow’s milk contains a multitude of components, including
proteins and vitamins, that promote the development of human
“tolerogenic” or regulatory monocyte-derived DCs (moDCs)
in vitro.

Cow’s milk and colostrum contain several immunoregulatory
cytokines such as TGFp and IL-10. Interestingly, a population
of tolerogenic IL-10 producing DCs (IL-10 DCs) with similar
characteristics to in vitro monocyte-derived DCs, differentiated
in the presence of IL-10, were identified in human blood (103,
104). Not only human IL-10 but also bovine IL-10, which has
70% homology to human IL-10, was shown to induce a dose-
dependent reduction of CD80/CD86 expression and IL-12 and
TNF production (28). DCs with low CD86/CD80 expression in
the presence of TGFp or IL-10 are known to polarize naive T cells
into FoxP3* T cells (105). IL-10 DCs also express PD-L1 which
is critical for the induction of T cell anergy. Similarly, moDC dif-
ferentiated in the presence of bovine lactoferrin showed inhibited
cytokine responses and surface marker expression upon stimula-
tion with TLR ligands (106).

TGEp is an unique pleiotropic cytokine that is produced by
leukocytes and epithelial cells (107). The dual role of TGFf was
shown in a recent review, which showed that TGFp-induced

SMAD proteins are key in balancing immunity (108). DCs from
the lamina propria are essential for inducing FoxP3 expression
in naive T cells, which requires an exogenous source of TGFp
(109). Interestingly, pups of mice exposed to airborne allergens
developed oral tolerance towards the allergen that was dependent
on milk-derived TGFp (110). In addition, TGFp and IL-10 inhibit
type I interferon production by pDCs (111). Immunosuppressive
cytokines such as IL-10 and TGFp in milk are important in
maintaining immune homeostasis and the suppression of type
I interferon production. These immunosuppressive cytokines in
cow’s milk could be essential for inducing a regulatory milieu,
which subsequently may results in tolerance towards allergens.

Antigen-specific IgG in breast milk was shown to protect
against OVA-induced asthma in a mouse model by inducing
regulatory responses. Moreover, pups of mothers that were
exposed to antigen aerosols during lactation resulted in a regula-
tory immune response that protected them from developing
asthma (112). The proposed mechanism involves binding of IgG
to neonatal Fc receptor (FcRn), which resulted in the expansion
of antigen-specific Tregs. Bovine IgG shows some affinity for
human FcRn (113) and is specific for human allergens (65), and
it is therefore possible that the uptake of bovine IgG-allergen
complexes induces FoxP3* T cells (Figure 1). These functional
properties of milk proteins are lost upon heating. Another heat-
sensitive fraction of bovine milk that has been suggested to induce
immune regulation is exosomal microRNA (114).

The role of milk oligosaccharides in the induction of oral
tolerance remains inconclusive. 6'SL was shown to alleviate OVA-
induced food allergic symptoms by promoting IL-10-producing
T cells (115). In contrast, pups fed milk that contained 3’SL had
more severe induced colitis compared to pups fed milk devoid
of 3'SL. Ex vivo cultures of mesenteric lymph node (MLN) DC
showed direct TLR4 activation by 3’SL (116). However, 3’SL did
not induce TLR4-mediated activation of human immune cells
ex vivo (117). In addition, sialylated milk oligosaccharides were
shown to alter the microbiota composition and growth in infants
(118). These changes in microbiota composition in turn impact
the production of SCFAs that were shown to be essential, together
with vitamin A, in oral tolerance induction (119). In summary,
the direct immunomodulatory effect of sialylated oligosaccha-
rides remains inconclusive. Rather than having direct effect on
the immune system, sialylated oligosaccharides may promote
immune homeostasis indirectly by promoting the outgrowth of
SCFA-producing bacteria.

In the gut, a subset of migratory DC expressing the integrin
CD103 are known to convert vitamin A into RA. In mouse
models, RA induces the differentiation of naive T cells into Tregs
in vivo (120). These findings were confirmed in vitro in humans
by differentiating moDC in the presence of RA. These RA DCs
expressed CD103 and were capable of polarizing naive T cells into
Tregs (121) or FoxP3~ IL-10-producing T cells (122). Similarly,
under steady-state conditions, lung macrophages produce RA
and TGFp toward harmless airborne antigens and induce antigen-
specific Tregs (123). Thus, dietary vitamin A triggers endogenous
RA production that is essential to induce Tregs in the gut and the
lung. However, it is unknown whether dietary vitamin A contrib-
utes in the upper airways to induce antigen-specific Tregs. The
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active form of vitamin D3, 1,25(OH)2D3, halts the differentia-
tion of monocytes into moDC in vitro and does not affect pDCs
(124). These vitamin D3 DCs are less sensitive to TLR ligands
and develop a semi-mature phenotype upon stimulation. These
authors show that this semi-mature phenotype is instrumental for
priming naive T cells to become Tregs and to induce T cell anergy
(124). In summary, cow’s milk contains a variety of components
that are known to promote immune homeostasis and induce
regulatory responses by human immune cells in vitro (Figure 1).
Therefore, we hypothesize that these immune regulatory effects
aid in tolerance induction toward allergens or suppress immune
responses in the upper airways that could aid in the protection
against asthma exacerbation.

SYSTEMIC RESPONSES; THE
GUT-LUNG AXIS

Several recent studies have shown that immune responses trig-
gered in the GI tract can influence immunity in the respiratory
tract. Evidence for the existence of this so-called gut-lung axis
is increasing, although the exact mechanisms involved are
not yet completely understood (125-128). The importance of
TLR signaling by commensal microbiota in relation to airway
immunity was demonstrated in multiple studies (129-131).
Mice treated with antibiotics before influenza infection showed a
higher viral load in the lungs, reduced CD4* T cells responses and
reduced influenza specific antibody titers compared to control
mice. Intrarectal administration of TLR agonists could restore
immune responses to influenza infection in this model. To clear
the influenza infection, commensal bacteria or TLR agonists were
needed to induce inflammasome-dependent cytokine release (IL-
1P and IL-18). These cytokines allowed lung DCs to migrate to
the mediastinal lymph node where they activate specific T cells
(129). Another study in mice showed that oral administration
of a bacterial extract (OM-85) reduced the viral load in the
respiratory tract after influenza infection. The bacterial extract
also boosted specific polyclonal antibodies against Klebsiella
pneumoniae and Streptococcus pneumoniae, which protected the
mice against these airway pathogens (130). Furthermore, germ-
free mice showed increased susceptibility to pulmonary infection
with K. pneumoniae, which could be restored by i.p. injection of
LPS (131). These studies indicate that there is cross-talk between
the commensal microbiota and immunity in the respiratory tract
via TLR signaling (Figure 2).

Another link between airway immunity and the gut micro-
biota is the release of SCFAs. SCFAs are metabolites produced by
bacteria in the gut from dietary non-digestible fibers. One type
of non-digestible fibers are sialylated oligosaccharides present
in cow’s milk. As mentioned earlier, milk oligosaccharides are
fermented in the colon into SCFAs (51). B. longum infantis has
been shown to ferment sialylated oligosaccharides directly (52,
53). After release into the colon, SCFAs such as acetate and to a
lesser extent propionate are taken up into the circulation in mice
(132) and humans (133). SCFAs bind to metabolite-sensing G
protein-coupled receptors, and signaling influences gene expres-
sion via induction of histone deacetylases (133). Both acetate and
propionate bind via GPR41, which is expressed on various tissues

and cells including enteroendocrine cells and PBMCs (134).
Several studies indicate that SCFAs play an important role in the
gut-lung axis by regulating immune activation in the lung (132,
133) (Figure 2). A high-fiber diet was prevented against allergic
airway disease (AAD) in mice (132, 133). This protective effect
was shown to be mediated by acetate produced by the microbiota.
Direct oral administration of acetate resulted in higher Treg num-
bersin thelung and protection against HDM-induced AAD (133).
In another study, oral administered propionate did not affect Treg
numbers in the lung, but resulted in hematopoiesis in the bone
marrow of DCs that were found in the lungs. These DCs had a
more immature phenotype (lower levels of MHCII and CD40)
and therefore a reduced capacity of activating Th2 cells (132).
These studies demonstrate that microbial metabolites produced
in the intestines can have an effect on immune function in the
airways. In addition, other microbial components such as TLR
ligands may be taken up in the circulation and impact immunity
in the respiratory tract. TLR stimulation in the gut could activate
DCs leading to the activation of lymphocytes in the mediastinal
lymph node. Upon activation, these lymphocytes can migrate to
the lung and potentially to the gut. Besides, microbiota can have
an indirect effect via SCFA production, as SCFAs in the circula-
tion can affect DCs and Tregs in the respiratory tract. Currently,
direct effects of SCFAs on the induction of homing markers on
DCs or lymphocytes are not known.

After activation, lymphocytes can migrate (ie., home) to
tissues depending on their homing marker (e.g., selectins,
integrins, and chemokine receptors) expression. These recep-
tors can bind to tissue-specific ligands (e.g., addressins and
chemokines) expressed by the endothelium. In humans, mucosal
vaccination was used as a model to show that the site of induc-
tion of a mucosal immune response resulted in IgA production
in restricted mucosal tissues. Holmgren and Czerkinsky showed
that specific IgA antibodies are produced in the upper respiratory
tract and gut in cholera toxin B (CTB) vaccinated individuals.
In contrast, intranasal vaccination with CTB resulted in specific
IgA production in both upper and lower respiratory tract and
genital tract, but not in the gut. Furthermore, rectally vaccinated
individuals only produced specific IgA locally in the rectum
(135). The fact that orally administered antigens result in effec-
tor cells being present both in the gut and the upper respiratory
tract indicates that homing markers might overlap. Well-studied
homing marker interactions in humans are among others, CCR9
binding to locally produced CCL25 in the small intestine (136,
137) and CCR10 binding to CCL28 produced in the airways and
colon (138). For B cells, there is no clear homing marker that
differentiates between upper and lower respiratory tract homing
as CCR10 expressed on B cells binds CCL28 produced locally in
lower and upper respiratory tracts. In contrast, T cells express
CCRI0 to bind CCL28 produced in the lower respiratory tract
and salivary glands (16, 139), while T cells express CCR3 to bind
CCL28 in the nasal mucosal (140). Another homing marker that
could be important in migration between gut and lung is CCR6
as its ligand CCL20, which are expressed in both tissues (141).

Thus, the homing potential of immune cells is affected by
the site of induction and is dependent on local production of
tissue-specific stromal factors. Recent evidence suggests that
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FIGURE 2 | Mechanisms involved in the gut-lung axis linked to milk components. TLR signaling by microbiota in the gut results in improved airway immunity
although the exact mechanism in this gut-lung axis is unknown. Microbiota, specifically Bifidobacteria, may ferment sialylated oligosaccharides present in cow’s milk
into short-chain fatty acids (SCFAs), which are taken up into the circulation. Cow’s milk contains vitamin A, vitamin D3, and 1,25-hydroxyvitamin D3. Vitamin A and
vitamin D3 can be taken up by epithelial and dendritic cells (DCs) and converted by the enzymes RALDH and 1a-hydroxylase into retinoic acid (RA) and
1,25-hydroxyvitamin D3, respectively. However, the majority of vitamin D3 is taken up into the systemic and converted into its active form in the kidneys. In the
lamina propria, RA may induce expression of gut homing markers CCR9 and a4p7 on T cells and CCR9 on B cells directly or prime DC to induce the expression of
these markers in the mesenteric lymph node (MLN). 1,25-hydroxyvitamin D3 may induce the expression of homing marker CCR10 on T and B cells directly or
indirectly via vitamin D3-primed DC (VitD3 DC). In addition, 1,25-hydroxyvitamin D3 downregulates the expression of CCR9 on lymphocytes in a direct way.
Lymphocytes expressing CCR9 have a homing capacity toward the small intestine, while lymphocytes expressing CCR10 have a homing potential toward the colon

and respiratory tract, providing a potential mechanism of the gut-lung axis.
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it can also be modified by dietary components. Of all dietary
components, the effect on homing is best studied for RA and
1,25-dihydroxyvitamin D3 (Figure 2). Dietary vitamin A as a
source of RA is essential for efficient homing of T cells to the
GALT (142, 143). In mice, RA production by mucosal CD103*
DCs (143, 144) or stromal cells in the MLN (145) is essential for
efficient differentiation of naive T cells into FoxP3* Tregs that
express the gut homing markers a4p7 and CCR9 in the MLN.
Interestingly, human RA-primed CD103* DCs were also shown
to induce differentiation of naive T cells into IL-10-producing
T cells expressing gut homing markers in vitro (122). RA is also
a factor that regulates B cell proliferation, differentiation, and
class switching (146). Moreover, RA and TGFp1 induce IgA class
switching (147). Similarly to the effects observed on T cells, RA

derived from GALT-DCs alone was shown to induce gut homing
markers on B cells (148). Interestingly, vitamin D3 blocks the
upregulation of RA-induced gut homing marker expression on
T cells (149, 150) although this was not observed by Baeke et al.
(151). The majority of dietary vitamin D3 is taken up along the
GI tract and converted into its active form 1,25(OH)2D3 in the
kidney and becomes systemically available (94). In addition, vita-
min D3 is shown to be converted in its active metabolite by DCs
and epithelial cells (93, 149). Dietary supplementation of vitamin
D3 to HIV-infected patients was shown to induce CCR10 expres-
sion on Tregs (152). This finding is in line with in vitro studies
showing that vitamin D3 induces CCR10 expression on human B
and T cells (149, 151, 153). Interestingly, RA also induces CCR10
expression in human B cells and acts even synergistically with
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1,25-dihydroxyvitamin D3 (153). The balance of vitamin A and
vitamin D3 may thereby regulate homing of lymphocytes to gut
or respiratory tract, respectively (Figure 2). However, it should
be noted that the concentrations of vitamin A and vitamin D3
are relatively low in cow’s and breast milk. In addition, the active
metabolites of these vitamins can be endogenously produced (e.g.,
by stromal cells) in the secondary lymphoid tissues. In summary,
we are only beginning to unravel the complex interplay between
gutand lung. Hence, we can only speculate about the mechanisms
by which cow’s milk through sialylated oligosaccharides and
vitamin A and D could affect microbiota composition or homing
of lymphocytes, respectively.

CONCLUDING REMARKS

The existing epidemiological evidence suggests that the con-
sumption of raw cow’s milk contributes to protection against
allergies and asthma and respiratory tract infections. In this
review, we discussed potential mechanisms by which cow’s milk
and its components may exert these immunological effects.
Bovine IgG can bind to bacterial and viral pathogens, enhance
phagocytosis, and may neutralize pathogens. Other milk

REFERENCES

1. Bach J. The effect of infections on susceptibility to autoimmune and allergic
diseases. N Engl ] Med (2002) 347:911-20. doi:10.1056/NEJMra020100

2. Strachan DP. Family size, infection and atopy: the first decade of the “hygiene
hypothesis”. Thorax (2000) 55:52-10. doi:10.1136/thorax.55.suppl_1.52

3. Yazdanbakhsh M, Kremsner PG, van Ree R. Allergy, parasites, and the hygiene
hypothesis. Science (2002) 296:490-4. doi:10.1126/science.296.5567.490

4. YangX, Gao X. Role of dendritic cells: a step forward for the hygiene hypoth-
esis. Cell Mol Immunol (2011) 8:12-8. d0i:10.1038/cmi.2010.51

5. Licona-Limén P, Kim LK, Palm NW, Flavell RA. TH2, allergy and group 2
innate lymphoid cells. Nat Immunol (2013) 14:536-42. doi:10.1038/ni.2617

6. Hammad H, Lambrecht BN. Barrier epithelial cells and the control of type
2 immunity. Immunity (2015) 43:29-40. doi:10.1016/j.immuni.2015.07.007

7. Wahn U, Von Mutius E. Childhood risk factors for atopy and the importance
of early intervention. J Allergy Clin Immunol (2001) 107:567-74. doi:10.1067/
mai.2001.112943

8. Brugman S, Perdijk O, van Neerven RJJ, Savelkoul HFJ. Mucosal immune
development in early life: setting the stage. Arch Immunol Ther Exp (Warsz)
(2015) 63:251-68. d0i:10.1007/s00005-015-0329-y

9. Stein RT, Sherrill D, Morgan WJ, Holberg CJ, Halonen M, Taussig LM, et al.

Respiratory syncytial virus in early life and risk of wheeze and allergy by

age 13 years. Lancet (1999) 354:541-5. doi:10.1016/50140-6736(98)10321-5

Sigurs N, Aljassim F Kjellman B, Robinson PD, Sigurbergsson F

Bjarnason R, et al. Asthma and allergy patterns over 18 years after severe RSV

bronchiolitis in the first year of life. Thorax (2010) 65:1045-52. doi:10.1136/

thx.2009.121582

Sigurs N, Bjarnason R, Sigurbergsson E, Kjellman B. Respiratory syncytial

virus bronchiolitis in infancy is an important risk factor for asthma and

allergy at age 7. Am ] Respir Crit Care Med (2000) 161:1501-7. doi:10.1164/

ajrccm.161.5.9906076

Kusel MMH, de Klerk NH, Kebadze T, Vohma V, Holt PG, Johnston SL,

et al. Early-life respiratory viral infections, atopic sensitization, and risk of

subsequent development of persistent asthma. ] Allergy Clin Immunol (2007)

119:1105-10. doi:10.1016/j.jaci.2006.12.669

Holt PG, Sly P. Viral infections and atopy in asthma pathogenesis: new

rationales for asthma prevention and treatment. Nat Med (2012) 18:726-35.

doi:10.1038/nm.2768.

10.

11.

12.

13.

components like TGFP promote epithelial barrier functioning
by upregulation of T] genes and might favor the differentiation
of Tregs that can reduce inflammation locally. Finally, recent
evidence show an interplay between gut and lung. We speculate
about the effect of milk components on trafficking of lympho-
cytes from the intestine to the upper airways through modula-
tion of homing receptors and microbiota. Further unraveling the
impact of milk components on local responses in the respiratory
tract, microbiota and immune trafficking are necessary to fully
understand their effects on allergy, infection, and asthma.

AUTHOR CONTRIBUTIONS

All authors contributed to the writing process, prepared the
manuscript, and approved the final version.

ACKNOWLEDGMENTS

This work was supported by the Netherlands Organization of
Scientific Research (NWO) as part of the technology foundation
STW (project number 13017). We thank J. Geurts and L. Ulfman
for critically reviewing the manuscript.

14. ShinJS, Greer AM. The role of FceRI expressed in dendritic cells and mono-
cytes. Cell Mol Life Sci (2015) 72:2349-60. doi:10.1007/s00018-015-1870-x
Strickland DH, Thomas JA, Mok D, Blank F, McKenna KL, Larcombe AN,
et al. Defective aeroallergen surveillance by airway mucosal dendritic cells
as a determinant of risk for persistent airways hyper-responsiveness in
experimental asthma. Mucosal Immunol (2012) 5:332-41. doi:10.1038/mi.
2012.13

Grayson MH, Cheung D, Rohlfing MM, Kitchens R, Spiegel DE, Tucker J,
et al. Induction of high-affinity IgE receptor on lung dendritic cells during
viralinfection leads to mucous cell metaplasia. ] Exp Med (2007) 204:2759-69.
doi:10.1084/jem.20070360

Lloyd CM, Saglani S. Development of allergic immunity in early life. Immunol
Rev (2017) 278:101-15. doi:10.1016/j.jinf.2015.04.027

van Neerven R]J, Knol EE, Heck JML, Savelkoul HFJ. Which factors in raw
cow’s milk contribute to protection against allergies? J Allergy Clin Immunol
(2012) 130:853-8. doi:10.1016/j.jaci.2012.06.050

Loss G, Depner M, Ulfman LH, Joost van Neerven R], Hose AJ, Genuneit J,
et al. Consumption of unprocessed cow’s milk protects infants from
common respiratory infections. J Allergy Clin Immunol (2015) 135:56-62.
doi:10.1016/j.jaci.2014.08.044

Abbring S, Verheijden KAT, Diks MAP, Leusink-Muis A, Hols G, Baars T,
et al. Raw cow’s milk prevents the development of airway inflammation in
a murine house dust mite-induced asthma model. Front Immunol (2017)
8:1045. doi:10.3389/fimmu.2017.01045

Oddy WH, Rosales F. A systematic review of the importance of milk TGF-
beta on immunological outcomes in the infant and young child. Pediatr
Allergy Immunol (2010) 21:47-59. doi:10.1111/j.1399-3038.2009.00913.x
Oddy WH, McMahon R]. Milk-derived or recombinant transforming
growth factor-beta has effects on immunological outcomes: a review of evi-
dence from animal experimental studies. Clin Exp Allergy (2011) 41:783-93.
doi:10.1111/j.1365-2222.2011.03762.x

Chatterton DEW, Nguyen DN, Bering SB, Sangild PT. Anti-inflammatory
mechanisms of bioactive milk proteins in the intestine of newborns. Int
J Biochem Cell Biol (2013) 45:1730-47. d0i:10.1016/j.biocel.2013.04.028
Kallioméki M, Ouwehand A, Arvilommi H, Kero P, Isolauri E. Transforming
growth factor-beta in breast milk: a potential regulator of atopic disease
at an early age. J Allergy Clin Immunol (1999) 104:1251-7. doi:10.1016/
S0091-6749(99)70021-7

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Frontiers in Immunology | www.frontiersin.org

February 2018 | Volume 9 | Article 143


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1056/NEJMra020100
https://doi.org/10.1136/thorax.55.suppl_1.S2
https://doi.org/10.1126/science.296.5567.490
https://doi.org/10.1038/cmi.2010.51
https://doi.org/10.1038/
ni.2617
https://doi.org/10.1016/j.immuni.2015.07.007
https://doi.org/10.1067/mai.2001.112943
https://doi.org/10.1067/mai.2001.112943
https://doi.org/10.1007/s00005-015-0329-y
https://doi.org/10.1016/S0140-6736(98)10321-5
https://doi.org/10.1136/thx.2009.121582
https://doi.org/10.1136/thx.2009.121582
https://doi.org/10.1164/ajrccm.161.5.9906076
https://doi.org/10.1164/ajrccm.161.5.9906076
https://doi.org/10.1016/j.jaci.2006.12.669
https://doi.org/10.1038/nm.2768
https://doi.org/10.1007/s00018-015-1870-x
https://doi.org/10.1038/mi.2012.13
https://doi.org/10.1038/mi.2012.13
https://doi.org/10.1084/jem.20070360
https://doi.org/10.1016/j.jinf.2015.04.027
https://doi.org/10.1016/j.jaci.2012.06.050
https://doi.org/10.1016/j.jaci.2014.08.044
https://doi.org/10.3389/fimmu.2017.01045
https://doi.org/10.1111/j.1399-3038.2009.00913.x
https://doi.org/10.1111/j.1365-2222.2011.03762.x
https://doi.org/10.1016/j.biocel.2013.04.028
https://doi.org/10.1016/S0091-6749(99)70021-7
https://doi.org/10.1016/S0091-6749(99)70021-7

Perdijk et al.

Milk and Respiratory Tract Immunity

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

Peroni DG, Piacentini GL, Bodini A, Pigozzi R, Boner AL. Transforming
growth factor-p1 is elevated in unpasteurized cow’s milk. Pediatr Allergy
Immunol (2009) 20:42-4. doi:10.1111/j.1399-3038.2008.00737.x

Liao Y, Jiang R, Lonnerdal B. Biochemical and molecular impacts of lacto-
ferrin on small intestinal growth and development during early life. Biochem
Cell Biol (2012) 90:476-84. doi:10.1139/011-075

Lonnerdal B, Jiang R, Du X. Bovine lactoferrin can be taken up by the human
intestinal lactoferrin receptor and exert bioactivities. ] Pediatr Gastroenterol
Nutr (2011) 53:606-14. doi:10.1097/MPG.0b013e318230a419

den Hartog G, Savelkoul HFJ, Schoemaker R, Tijhaar E, Westphal AH, de
Ruiter T, et al. Modulation of human immune responses by bovine interleu-
kin-10. PLoS One (2011) 6:¢18188. doi:10.1371/journal.pone.0018188

Bode L. Human milk oligosaccharides: every baby needs a sugar mama.
Glycobiology (2012) 22:1147-62. doi:10.1093/glycob/cws074

ten Bruggencate SJM, Bovee-Oudenhoven IM], Feitsma AL, van Hoffen E,
Schoterman MHC. Functional role and mechanisms of sialyllactose and other
sialylated milk oligosaccharides. Nutr Rev (2014) 72:377-89. doi:10.1111/
nure.12106

Martin-Sosa S, Martin M-J, Garcia-Pardo L-A, Hueso P. Sialyloligosaccharides
in human and bovine milk and in infant formulas: variations with the
progression of lactation. ] Dairy Sci (2003) 86:52-9. doi:10.3168/jds.
$0022-0302(03)73583-8

Mora JR, Iwata M, Von Andrian UH. Vitamin effects on the immune system:
vitamins A and D take centre stage. Nat Rev Immunol (2008) 8:685-98.
doi:10.1038/nri2378

Wagner CL, Greer FR. Prevention of rickets and vitamin D deficiency
in infants, children, and adolescents. Pediatrics (2008) 122:1142-52.
doi:10.1542/peds.2008-1862

Hollis B, Roos B, Draper H, Lambert P. Vitamin D and its metabolites in
human and bovine milk. ] Nutr (1982) 111:1240-8.

von Mutius E, Vercelli D. Farm living: effects on childhood asthma and
allergy. Nat Rev Immunol (2010) 10:861-8. doi:10.1038/nri2871

Riedler J, Braun-Fahrlinder C, Eder W, Schreuer M, Waser M, Maisch S,
et al. Exposure to farming in early life and development of asthma and
allergy: a cross-sectional survey. Lancet (2001) 358:1129-33. doi:10.1016/
S0140-6736(01)06252-3

Lluis A, Depner M, Gaugler B, Saas P, Casaca VI, Raedler D, et al. Increased
regulatory T-cell numbers are associated with farm milk exposure and lower
atopic sensitization and asthma in childhood. J Allergy Clin Immunol (2014)
133:551-9. doi:10.1016/j.jaci.2013.06.034

Sozanska B, Pearce N, Dudek K, Cullinan P. Consumption of unpasteurized
milk and its effects on atopy and asthma in children and adult inhabitants in
rural Poland. Allergy (2013) 68:644-50. doi:10.1111/all.12147

Perkin MR, Strachan DP. Which aspects of the farming lifestyle explain the
inverse association with childhood allergy? J Allergy Clin Immunol (2006)
117:1374-81. doi:10.1016/j.jaci.2006.03.008

Loss G, Apprich S, Waser M, Kneifel W, Genuneit J, Biichele G, et al. The
protective effect of farm milk consumption on childhood asthma and
atopy: the GABRIELA study. ] Allergy Clin Immunol (2011) 128:766-73.e4.
doi:10.1016/j.jaci.2011.07.048

Timby N, Hernell O, Vaarala O, Melin M, Loénnerdal B, Domell6f M.
Infections in infants fed formula supplemented with bovine milk fat globule
membranes. | Pediatr Gastroenterol Nutr (2015) 60:384-9. doi:10.1097/
MPG.0000000000000624

Chen K, Chai L, Li H, Zhang Y, Xie HM, Shang J, et al. Effect of bovine
lactoferrin from iron-fortified formulas on diarrhea and respiratory tract
infections of weaned infants in a randomized controlled trial. Nutrition
(2016) 32:222-7. doi:10.1016/j.nut.2015.08.010

King JC Jr, Cummings GE, Guo N, Trivedi L, Readmond BX, Keane V,
et al. A double-blind, placebo-controlled, pilot study of bovine lactoferrin
supplementation in bottle-fed infants. J Pediatr Gastroenterol Nutr (2007)
44:245-51. doi:10.1097/01.mpg.0000243435.54958.68

Saad K, Abo-elela MGM, El-baseer KAA, Diab M, Khair A, Abdel-salam
AM, et al. Effects of bovine colostrum on recurrent respiratory tract
infections and diarrhea in children. Medicine (2016) 95:e4560. doi:10.1097/
MD.0000000000004560

Miner-Williams WM, Stevens BR, Moughan PJ. Are intact peptides absorbed
from the healthy gut in the adult human? Nutr Res Rev (2015) 27:308-29.
doi:10.1017/50954422414000225

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Dallas DC, Underwood MA, Zivkovic AM, German JB. Digestion of
protein in premature and term infants. J Nutr Disord Ther (2012) 2:112.
doi:10.4172/2161-0509.1000112

Jasion VS, Burnett BP. Survival and digestibility of orally-administered
immunoglobulin preparations containing IgG through the gastrointestinal
tract in humans. Nutr J (2015) 14:22. d0i:10.1186/s12937-015-0010-7
Wagner CL, Taylor SN, Johnson D. Host factors in amniotic fluid and breast
milk that contribute to gut maturation. Clin Rev Allergy Immunol (2008)
34:191-204. doi:10.1007/s12016-007-8032-3

Wipff P-J, Hinz B. Integrins and the activation of latent transforming growth
factor betal - an intimate relationship. Eur J Cell Biol (2008) 87:601-15.
doi:10.1016/j.ejcb.2008.01.012

Annes JP. Making sense of latent TGFbeta activation. J Cell Sci (2003)
116:217-24. doi:10.1242/jcs.00229

Brand-Miller JC, McVeagh P, McNeil Y, Messer M. Digestion of human
milk oligosaccharides by healthy infants evaluated by the lactulose hydro-
gen breath test. ] Pediatr (1998) 133:95-8. doi:10.1016/S0022-3476(98)
70185-4

Kiyohara M, Tanigawa K, Chaiwangsri T, Katayama T, Ashida H, Yamamoto K.
An exo-a-sialidase from bifidobacteria involved in the degradation of sialy-
loligosaccharides in human milk and intestinal glycoconjugates. Glycobiology
(2011) 21:437-47. doi:10.1093/glycob/cwql75

Schell MA, Karmirantzou M, Snel B, Vilanova D, Berger B, Pessi G, et al.
The genome sequence of Bifidobacterium longum reflects its adaptation to
the human gastrointestinal tract. Proc Natl Acad Sci (2002) 99:14422-7.
doi:10.1073/pnas.212527599

Zivkovic AM, German JB, Lebrilla CB, Mills DA. Human milk glycobiome
and its impact on the infant gastrointestinal microbiota. Proc Natl Acad Sci
(2011) 108:4653-8. doi:10.1073/pnas.1000083107

Yu ZT, Chen C, Newburg DS. Utilization of major fucosylated and sialylated
human milk oligosaccharides by isolated human gut microbes. Glycobiology
(2013) 23:1281-92. doi:10.1093/glycob/cwt065

Underwood MA, German JB, Lebrilla CB, Mills DA. Bifidobacterium longum
subspecies infantis: champion colonizer of the infant gut. Pediatr Res (2014)
77:229-35. d0i:10.1038/pr.2014.156

Rudloft S, Pohlentz G, Borsch C, Lentze MJ, Kunz C. Urinary excretion of
in vivo "C-labelled milk oligosaccharides in breastfed infants. Br J Nutr
(2012) 107:957-63. d0i:10.1017/S0007114511004016

Ruhaak LR, Stroble C, Underwood MA, Lebrilla CB. Detection of milk oli-
gosaccharides in plasma of infants. Anal Bioanal Chem (2014) 406:5775-84.
do0i:10.1007/s00216-014-8025-z

Biesbroek G, Bosch AATM, Wang X, Keijser BJE Veenhoven RH,
Sanders EAM, et al. The impact of breastfeeding on nasopharyngeal micro-
bial communities in infants. Am J Respir Crit Care Med (2014) 190:298-308.
doi:10.1164/rccm.201401-00730C

Depner M, Ege MJ, Cox MJ, Dwyer S, Walker AW, Birzele LT, et al. Bacterial
microbiota of the upper respiratory tract and childhood asthma. J Allergy
Clin Immunol (2017) 139:826-34.e13. doi:10.1016/j.jaci.2016.05.050
Jacobino SR, Nederend M, Hennus M, Houben ML, Ngwuta JO, Viveen M,
et al. Human amniotic fluid antibodies protect the neonate against respira-
tory syncytial virus infection. J Allergy Clin Immunol (2016) 138:1477-80.
doi:10.1016/j.jaci.2016.06.001

Corti D, Bianchi S, Vanzetta F, Minola A, Perez L, Agatic G, et al. Cross-
neutralization of four paramyxoviruses by a human monoclonal antibody.
Nature (2013) 501:439-43. doi:10.1038/nature12442

van Neerven R]J. The effects of milk and colostrum on allergy and infection:
mechanisms and implications. Anim Front (2014) 4:16-22. doi:10.2527/
af.2014-0010

den Hartog G, Jacobino S, Bont L, Cox L, Ulfman LH, Leusen JHW, et al.
Specificity and effector functions of human RSV-specific IgG from bovine
milk. PLoS One (2014) 9:¢112047. doi:10.1371/journal.pone.0112047
Collins AM, Roberton DM, Hosking CS, Flannery GR. Bovine milk,
including pasteurised milk, contains antibodies directed against allergens of
clinical importance to man. Int Arch Allergy Appl Immunol (1991) 96:362-7.
doi:10.1159/000235523

Detzel CJ, Horgan A, Henderson AL, Petschow BW, Warner CD, Maas K],
et al. Bovine immunoglobulin/protein isolate binds pro-inflammatory bac-
terial compounds and prevents immune activation in an intestinal co-culture
model. PLoS One (2015) 10:e0120278. doi:10.1371/journal.pone.0120278

Frontiers in Immunology | www.frontiersin.org

11

February 2018 | Volume 9 | Article 143


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1111/j.1399-3038.2008.00737.x
https://doi.org/10.1139/o11-075
https://doi.org/10.1097/MPG.0b013e318230a419
https://doi.org/10.1371/journal.pone.0018188
https://doi.org/10.1093/glycob/cws074
https://doi.org/10.1111/nure.12106
https://doi.org/10.1111/nure.12106
https://doi.org/10.3168/jds.S0022-0302(03)73583-8
https://doi.org/10.3168/jds.S0022-0302(03)73583-8
https://doi.org/10.1038/nri2378
https://doi.org/10.1542/peds.2008-1862
https://doi.org/10.1038/nri2871
https://doi.org/10.1016/S0140-6736(01)06252-3
https://doi.org/10.1016/S0140-6736(01)06252-3
https://doi.org/10.1016/j.jaci.2013.06.034
https://doi.org/10.1111/all.12147
https://doi.org/10.1016/j.jaci.2006.03.008
https://doi.org/10.1016/j.jaci.2011.07.048
https://doi.org/10.1097/MPG.0000000000000624
https://doi.org/10.1097/MPG.0000000000000624
https://doi.org/10.1016/j.nut.2015.08.010
https://doi.org/10.1097/01.mpg.0000243435.54958.68
https://doi.org/10.1097/MD.0000000000004560
https://doi.org/10.1097/MD.0000000000004560
https://doi.org/10.1017/S0954422414000225
https://doi.org/10.4172/2161-0509.1000112
https://doi.org/10.1186/s12937-015-0010-7
https://doi.org/10.1007/s12016-007-8032-3
https://doi.org/10.1016/j.ejcb.2008.01.012
https://doi.org/10.1242/jcs.00229
https://doi.org/10.1016/S0022-3476(98)
70185-4
https://doi.org/10.1016/S0022-3476(98)
70185-4
https://doi.org/10.1093/glycob/cwq175
https://doi.org/10.1073/pnas.212527599
https://doi.org/10.1073/pnas.1000083107
https://doi.org/10.1093/glycob/cwt065
https://doi.org/10.1038/pr.2014.156
https://doi.org/10.1017/S0007114511004016
https://doi.org/10.1007/s00216-014-8025-z
https://doi.org/10.1164/rccm.201401-0073OC
https://doi.org/10.1016/j.jaci.2016.05.050
https://doi.org/10.1016/j.jaci.2016.06.001
https://doi.org/10.1038/nature12442
https://doi.org/10.2527/af.2014-0010
https://doi.org/10.2527/af.2014-0010
https://doi.org/10.1371/journal.pone.0112047
https://doi.org/10.1159/000235523
https://doi.org/10.1371/journal.pone.0120278

Perdijk et al.

Milk and Respiratory Tract Immunity

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Kojima T, Go M, Takano K, Kurose M, Ohkuni T, Koizumi J, et al. Regulation
of tight junctions in upper airway epithelium. Biomed Res Int (2013) 2013.
doi:10.1155/2013/947072

Peterson LW, Artis D. Intestinal epithelial cells: regulators of barrier function
and immune homeostasis. Nat Rev Immunol (2014) 14:141-53. doi:10.1038/
nri3608

Barnes MJ, Powrie E Regulatory T cells reinforce intestinal homeostasis.
Immunity (2009) 31:401-11. doi:10.1016/j.immuni.2009.08.011

Georas SN, Razaee F Epithelial barrier function: at the frontline of asthma
immunology and allergic airway inflammation. J Allergy Clin Immunol
(2015) 134:509-20. doi:10.1016/j.jaci.2014.05.049

Christodoulopoulos P, Cameron L, Durham S, Hamid Q. Molecular pathol-
ogy of allergic disease: II: upper airway disease. ] Allergy Clin Immunol (2000)
105:211-23. doi:10.1016/50091-6749(00)90068-x

Tsukita S, Furuse M, Itoh M. Multifunctional strands in tight junctions. Nat
Rev Mol Cell Biol (2001) 2:285-93. doi:10.1038/35067088

Overgaard CE, Daugherty BL, Mitchell LA, Koval M. Claudins: control of
barrier function and regulation in response to oxidant stress. Antioxid Redox
Signal (2011) 15:1179-93. doi:10.1089/ars.2011.3893

Suzuki T. Regulation of intestinal epithelial permeability by tight junctions.
Cell Mol Life Sci (2013) 70:631-59. doi:10.1007/s00018-012-1070-x
Feldman GJ, Mullin JM, Ryan MP. Occludin: structure, function and regula-
tion. Adv Drug Deliv Rev (2005) 57:883-917. doi:10.1016/j.addr.2005.01.009
Balda MS, Matter K. Tight junctions and the regulation of gene expression.
Biochim Biophys Acta (2009) 1788:761-7. doi:10.1016/j.bbamem.2008.11.024
Tsukita S, Yamazaki Y, Katsuno T, Tamura A, Tsukita S. Tight junction-based
epithelial microenvironment and cell proliferation. Oncogene (2008)
27:6930-8. doi:10.1038/0nc.2008.344

Matsumura Y. Role of allergen source-derived proteases in sensitization via
airway epithelial cells. J Allergy (2012) 2012. doi:10.1155/2012/903659
Robinson C, Baker SE, Garrod DR. Peptidase allergens, occludin and
claudins. Do their interactions facilitate the development of hypersensi-
tivity reactions at mucosal surfaces? Clin Exp Allergy (2001) 31:186-92.
doi:10.1046/j.1365-2222.2001.01025.x

Rezaee F, DeSando SA, Ivanov AI, Chapman TJ, Knowlden SA, Beck LA,
et al. Sustained protein kinase D activation mediates respiratory syncytial
virus-induced airway barrier disruption. J Virol (2013) 87:11088-95.
doi:10.1128/JV1.01573-13

Groschwitz KR, Hogan SP. Intestinal barrier function; molecular regu-
lation and disease pathogenisis. J Allergy Clin Immunol (2009) 124:3-20.
doi:10.1016/j.jaci.2009.05.038

Renz H, Brandtzaeg P, Hornef M. The impact of perinatal immune develop-
ment on mucosal homeostasis and chronic inflammation. Nat Rev Immunol
(2011) 12:9-23. doi:10.1038/nri3112

Sambuy Y, De Angelis I, Ranaldi G, Scarino ML, Stammati A, Zucco E. The
Caco-2 cell line as a model of the intestinal barrier: influence of cell and
culture-related factors on Caco-2 cell functional characteristics. Cell Biol
Toxicol (2005) 21:1-26. doi:10.1007/s10565-005-0085-6

Bodammer P, Kerkhoff C, Maletzki C, Lamprecht G. Bovine colostrum
increases pore-forming claudin-2 protein expression but paradoxically not
ion permeability possibly by a change of the intestinal cytokine milieu. PLoS
One (2013) 8:e64210. doi:10.1371/journal.pone.0064210

McCarthy RJ, Ross RP, Fitzgerald GE Stanton C. The immunological
consequences of pasteurisation: comparison of the response of human
intestinally-derived cells to raw versus pasteurised milk. Int Dairy J (2014)
5:67-72. d0i:10.1016/j.idairyj.2014.08.019

Dignass AU. Mechanisms and modulation of intestinal epithelial repair.
Inflamm Bowel Dis (2001) 7:68-77. d0i:10.1097/00054725-200102000-00014
Kotler BM, Kerstetter JE, Insogna KL. Claudins, dietary milk proteins,
and intestinal barrier regulation. Nutr Rev (2013) 71:60-5. doi:10.1111/j.
1753-4887.2012.00549.x

Roche JK, Martins CAP, Cosme R, Fayer R, Guerrant RL. Transforming
growth factor Pl ameliorates intestinal epithelial barrier disruption by
Cryptosporidium parvum in vitro in the absence of mucosal T lymphocytes.
Infect Immun (2000) 68:5635-44. doi:10.1128/IA1.68.10.5635-5644.2000
Huang SS, Huang JS. TGF-beta control of cell proliferation. J Cell Biochem
(2005) 96:447-62. doi:10.1002/jcb.20558

Kuntz S, Rudloff S, Kunz C. Oligosaccharides from human milk influ-
ence growth-related characteristics of intestinally transformed and

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

non-transformed intestinal cells. Br ] Nutr (2008) 99:462-71. doi:10.1017/
S0007114507824068

Tan J, McKenzie C, Potamitis M, Thorburn AN, Mackay CR, Macia L. The
role of short-chain fatty acids in health and disease. Adv Immunol (2014)
121:91-119. doi:10.1016/B978-0-12-800100-4.00003-9

Fukuda S, Toh H, Taylor TD, Ohno H, Hattori M. Acetate-producing bifido-
bacteria protect the host from enteropathogenic infection via carbohydrate
transporters. Gut Microbes (2012) 3:449-54. doi:10.4161/gmic.21214
Hewison M, Zehnder D, Chakraverty R, Adams JS. Vitamin D and barrier
function: a novel role for extra-renal la-hydroxylase. Mol Cell Endocrinol
(2004) 215:31-8. doi:10.1016/j.mce.2003.11.017

Borel P, Caillaud D, Cano NJ. Vitamin D bioavailability: state of the art. Crit
Rev Food Sci Nutr (2015) 55:1193-205. doi:10.1080/10408398.2012.688897
Palmer HG, Gonzalez-Sancho JM, Espada ], Berciano MT, Puig I,
Baulida J, et al. Vitamin D3 promotes the differentiation of colon carcinoma
cells by the induction of E-cadherin and the inhibition of f-catenin signaling.
J Cell Biol (2001) 154:369-88. doi:10.1083/jcb.200102028

Kong J, Zhang Z, Musch MW, Ning G, Sun J, Hart J, et al. Novel role of the
vitamin D receptor in maintaining the integrity of the intestinal mucosal bar-
rier. Am ] Physiol Gastrointest Liver Physiol (2008) 294:208-16. doi:10.1152/
ajpgi.00398.2007

BaltesS,NauH, Lampen A. All-transretinoicacid enhancesdifferentiationand
influences permeability ofintestinal Caco-2 cellsunder serum-free conditions.
Dev Growth Differ (2004) 46:503-14. doi:10.1111/j.1440-169x.2004.00765.x
Davis SS. Nasal vaccines. Adv Drug Deliv Rev (2001) 51:21-42. doi:10.1016/
$0169-409X(01)00162-4

Verbrugghe P, Kujala P, Waelput W, Peters PJ, Cuvelier CA. Clusterin in
human gut-associated lymphoid tissue, tonsils, and adenoids: localization to
M cells and follicular dendritic cells. Histochem Cell Biol (2008) 129:311-20.
doi:10.1007/s00418-007-0369-4

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

Schulz O, Jaensson E, Persson EK, Liu X, Worbs T, Agace WW, et al. Intestinal
CD103+, but not CX3CR1+, antigen sampling cells migrate in lymph and
serve classical dendritic cell functions. J Exp Med (2009) 206:3101-14.
doi:10.1084/jem.20091925

Verhasselt V. Oral tolerance in neonates: from basics to potential prevention of
allergic disease. Mucosal Immunol (2010) 3:326-33. d0i:10.1038/mi.2010.25
Gregori S, Tomasoni D, Pacciani V, Scirpoli M, Battaglia M, Magnani CFE,
et al. Differentiation of type 1 T regulatory cells (Trl) by tolerogenic
DC-10 requires the IL-10-dependent ILT4/HLA-G pathway. Blood (2010)
116:935-44. doi:10.1182/blood-2009-07-234872

Hubo M, Trinschek B, Kryczanowsky E Tuettenberg A, Steinbrink K,
Jonuleit H. Costimulatory molecules on immunogenic versus tolerogenic
human dendritic cells. Front Immunol (2013) 4:82. doi:10.3389/fimmu.
2013.00082

Pletinckx K, Dohler A, Pavlovic V, Lutz MB. Role of dendritic cell maturity/
costimulation for generation, homeostasis, and suppressive activity of reg-
ulatory T cells. Front Immunol (2011) 2:39. doi:10.3389/fimmu.2011.00039
Puddu P, Latorre D, Carollo M, Catizone A, Ricci G, Valenti P, et al. Bovine
lactoferrin counteracts toll-like receptor mediated activation signals in
antigen presenting cells. PLoS One (2011) 6:e22504. doi:10.1371/journal.
pone.0022504

Letterio JJ, Roberts AB. Regulation of immune responses by TGF-p. Annu
Rev Immunol (1998) 16:137-61. doi:10.1146/annurev.immunol.16.1.137
Malhotra N, Kang J. SMAD regulatory networks construct a balanced
immune system. Immunology (2013) 139:1-10. doi:10.1111/imm.12076
Coombes JL, Powrie E. Dendritic cells in intestinal immune regulation. Nat
Rev Immunol (2008) 8:435-46. doi:10.1038/nri2335

Verhasselt V, Milcent V, Cazareth ], Kanda A, Fleury S, Dombrowicz D, et al.
Breast milk-mediated transfer of an antigen induces tolerance and protec-
tion from allergic asthma. Nat Med (2008) 14:170-5. doi:10.1038/nm1718
Contractor N, Louten J, Kim L, Biron CA, Kelsall BL. Cutting edge: Peyer’s
patch plasmacytoid dendritic cells (pDCs) produce low levels of type I
interferons: possible role for IL-10, TGFbeta, and prostaglandin E2 in con-
ditioning a unique mucosal pDC phenotype. J Immunol (2007) 179:2690-4.
doi:10.4049/jimmunol.179.5.2690

Frontiers in Immunology | www.frontiersin.org

12

February 2018 | Volume 9 | Article 143


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1155/2013/947072
https://doi.org/10.1038/nri3608
https://doi.org/10.1038/nri3608
https://doi.org/10.1016/j.immuni.2009.08.011
https://doi.org/10.1016/j.jaci.2014.05.049
https://doi.org/10.1016/s0091-6749(00)90068-x
https://doi.org/10.1038/35067088
https://doi.org/10.1089/ars.2011.3893
https://doi.org/10.1007/s00018-012-1070-x
https://doi.org/10.1016/j.addr.2005.01.009
https://doi.org/10.1016/j.bbamem.2008.11.024
https://doi.org/10.1038/onc.2008.344
https://doi.org/10.1155/2012/903659
https://doi.org/10.1046/j.1365-2222.2001.01025.x
https://doi.org/10.1128/JVI.01573-13
https://doi.org/10.1016/j.jaci.2009.05.038
https://doi.org/10.1038/nri3112
https://doi.org/10.1007/s10565-005-0085-6
https://doi.org/10.1371/journal.pone.0064210
https://doi.org/10.1016/j.idairyj.2014.08.019
https://doi.org/10.1097/00054725-200102000-00014
https://doi.org/10.1111/j.
1753-4887.2012.00549.x
https://doi.org/10.1111/j.
1753-4887.2012.00549.x
https://doi.org/10.1128/IAI.68.10.5635-5644.2000
https://doi.org/10.1002/jcb.20558
https://doi.org/10.1017/S0007114507824068
https://doi.org/10.1017/S0007114507824068
https://doi.org/10.1016/B978-0-12-800100-4.00003-9
https://doi.org/10.4161/gmic.21214
https://doi.org/10.1016/j.mce.2003.11.017
https://doi.org/10.1080/10408398.2012.688897
https://doi.org/10.1083/jcb.200102028
https://doi.org/10.1152/ajpgi.00398.2007
https://doi.org/10.1152/ajpgi.00398.2007
https://doi.org/10.1111/j.1440-169x.2004.00765.x
https://doi.org/10.1016/S0169-409X(01)00162-4
https://doi.org/10.1016/S0169-409X(01)00162-4
https://doi.org/10.1007/s00418-007-0369-4
https://doi.org/10.1016/j.immuni.2004.05.007
https://doi.org/10.1084/jem.20091925
https://doi.org/10.1038/mi.2010.25
https://doi.org/10.1182/blood-2009-07-234872
https://doi.org/10.3389/fimmu.
2013.00082
https://doi.org/10.3389/fimmu.
2013.00082
https://doi.org/10.3389/fimmu.2011.00039
https://doi.org/10.1371/journal.pone.0022504
https://doi.org/10.1371/journal.pone.0022504
https://doi.org/10.1146/annurev.immunol.16.1.137
https://doi.org/10.1111/imm.12076
https://doi.org/10.1038/nri2335
https://doi.org/10.1038/nm1718
https://doi.org/10.4049/jimmunol.179.5.2690

Perdijk et al.

Milk and Respiratory Tract Immunity

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Mosconi E, Rekima A, Seitz-Polski B, Kanda A, Fleury S, Tissandie E, et al.
Breast milk immune complexes are potent inducers of oral tolerance in neo-
nates and prevent asthma development. Mucosal Immunol (2010) 3:461-74.
doi:10.1038/mi.2010.23

Ober RJ, Radu CG, Ghetie V, Ward ES. Differences in promiscuity for
antibody-FcRn interactions across species: implications for therapeutic
antibodies. Int Immunol (2001) 13:1551-9. doi:10.1093/intimm/13.12.1551
Melnik BC, John S, Schmitz G. Milk: an exosomal microRNA transmitter
promoting thymic regulatory T cell maturation preventing the development
of atopy? ] Transl Med (2014) 12:43. doi:10.1186/1479-5876-12-43
Castillo-Courtade L, Han S, Lee S, Mian FM, Buck R, Forsythe P. Attenuation
of food allergy symptoms following treatment with human milk oligosaccha-
rides in a mouse model. Allergy (2015) 70:1091-102. doi:10.1111/all.12650
Kurakevich E, Hennet T, Hausmann M, Rogler G, Borsig L. Milk oligosaccha-
ride sialyl(a2,3)lactose activates intestinal CD11c+ cells through TLR4. Proc
Natl Acad Sci (2013) 110:17444-9. doi:10.1073/pnas.1306322110

Perdijk O, van Neerven R], Meijer B, Savelkoul HE, Brugman S. Induction of
human tolerogenic dendritic cells by 3’-sialyllactose via TLR4 is explained by
LPS contamination. Glycobiology (2017). doi:10.1093/glycob/cwx106/476939
Charbonneau MR, O’Donnell D, Blanton LV, Totten SM, Davis JCC,
Barratt MJ, et al. Sialylated milk oligosaccharides promote microbiota-de-
pendent growth in models of infant undernutrition. Cell (2016) 164:859-71.
doi:10.1016/j.cell.2016.01.024

Tan J, McKenzie C, Vuillermin PJ, Goverse G, Vinuesa CG, Mebius RE, et al.
Dietary fiber and bacterial SCFA enhance oral tolerance and protect against
food allergy through diverse cellular pathways. Cell Rep (2016) 15:2809-24.
doi:10.1016/j.celrep.2016.05.047

Scott CL, Aumeunier AM, Mowat AM. Intestinal CD103+ dendritic
cells: master regulators of tolerance? Trends Immunol (2011) 32:412-9.
doi:10.1016/j.it.2011.06.003

den Hartog G, van Altena C, Savelkoul HFJ, van Neerven R]J. The mucosal
factors retinoic acid and TGF-p1 induce phenotypically and functionally
distinct dendritic cell types. Int Arch Allergy Immunol (2013) 162:225-36.
doi:10.1159/000353243

Bakdash G, Vogelpoel LT, van Capel TM, Kapsenberg ML, de Jong EC.
Retinoic acid primes human dendritic cells to induce gut-homing, IL-10-
producing regulatory T cells. Mucosal Immunol (2015) 8:265-78. doi:10.1038/
mi.2014.64

Soroosh P, Doherty TA, Duan W, Mehta AK, Choi H, Adams YE, et al.
Lung-resident tissue macrophages generate Foxp3* regulatory T cells and
promote airway tolerance. ] Exp Med (2013) 210:775-88. doi:10.1084/jem.
20121849

Nikolic T, Roep BO. Regulatory multitasking of tolerogenic dendritic cells —
lessons taken from vitamin D3-treated tolerogenic dendritic cells. Front
Immunol (2013) 4:113. doi:10.3389/fimmu.2013.00113

Marsland BJ, Gollwitzer ES. Host-microorganism interactions in lung dis-
eases. Nat Rev Immunol (2014) 14:827-35. doi:10.1038/nri3769

Marsland BJ, Trompette A, Gollwitzer ES. The gut-lung axis in respi-
ratory disease. Ann Am Thorac Soc (2015) 12:5150-6. doi:10.1513/
AnnalsATS.201503-133AW

Budden KF, Gellatly SL, Wood DLA, Cooper MA, Morrison M, Hugenholtz P,
et al. Emerging pathogenic links between microbiota and the gut-lung axis.
Nat Rev Microbiol (2016) 15:55-63. doi:10.1038/nrmicro.2016.142

Noval Rivas M, Crother TR, Arditi M. The microbiome in asthma. Curr Opin
Pediatr (2016) 28:764-71. doi:10.1097/MOP.0000000000000419

Ichinohe T, Pang IK, Kumamoto Y, Peaper DR, Ho JH, Murray TS, et al.
Microbiota regulates immune defense against respiratory tract influenza
A virus infection. Proc Natl Acad Sci (2011) 108:5354-9. doi:10.1073/
pnas.1019378108

Pasquali C, Salami O, Taneja M, Gollwitzer ES, Trompette A, Pattaroni C,
etal. Enhanced mucosal antibody production and protection against respira-
tory infections following an orally administered bacterial extract. Front Med
(2014) 1:41. doi:10.3389/fmed.2014.00041

Fagundes CT, Amaral FA, Vieira AT, Soares AC, Pinho V, Nicoli JR, et al.
Transient TLR activation restores inflammatory response and ability to
control pulmonary bacterial infection in germfree mice. J Immunol (2012)
188:1411-20. doi:10.4049/jimmunol.1101682

Trompette A, Gollwitzer ES, Yadava K, Sichelstiel AK, Sprenger N, Ngom-
Bru C, et al. Gut microbiota metabolism of dietary fiber influences allergic

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

airway disease and hematopoiesis. Nat Med (2014) 20:159-66. doi:10.1038/
nm.3444

Thorburn AN, McKenzie CI, Shen S, Stanley D, Macia L, Mason LJ, et al.
Evidence that asthma is a developmental origin disease influenced by mater-
nal diet and bacterial metabolites. Nat Commun (2015) 6:7320. doi:10.1038/
ncomms8320

Ulven T. Short-chain free fatty acid receptors FFA2/GPR43 and FFA3/
GPR41 as new potential therapeutic targets. Front Endocrinol (2012) 3:111.
doi:10.3389/fend0.2012.0011

Holmgren ], Czerkinsky C. Mucosal immunity and vaccines. Nat Med (2005)
11:545-53. d0i:10.1038/nm1213

Zabel BA, Agace WW, Campbell JJ, Heath HM, Parent D, Roberts Al et al.
Human G protein-coupled receptor GPR-9-6/CC chemokine receptor
9 is selectively expressed on intestinal homing T lymphocytes, mucosal
lymphocytes, and thymocytes and is required for thymus-expressed chemo-
kine-mediated chemotaxis. J Exp Med (1999) 190:1241-56. doi:10.1084/
jem.190.9.1241

Johansen FE, Baekkevold ES, Carlsen HS, Farstad IN, Soler D, Brandtzaeg P.
Regional induction of adhesion molecules and chemokine receptors
explains disparate homing of human B cells to systemic and mucosal effector
sites: dispersion from tonsils. Blood (2005) 106:593-600. doi:10.1182/
blood-2004-12-4630

Brandtzaeg P, Johansen F-E. Mucosal B cells: phenotypic characteristics,
transcriptional regulation, and homing properties. Immunol Rev (2005)
206:32-63. doi:10.1111/j.0105-2896.2005.00283.x

Pan ], Kunkel EJ, Gosslar U, Lazarus N, Langdon P, Broadwell K, et al.
Cutting edge: a novel chemokine ligand for CCR10 and CCR3 expressed by
epithelial cells in mucosal tissues. ] Immunol (2000) 165:2943-9. doi:10.4049/
jimmunol.165.6.2943

Danilova E, Skrindo I, Gran E, Hales BJ, Smith WA, Jahnsen J, et al. A role for
CCL28-CCR3 in T-cell homing to the human upper airway mucosa. Mucosal
Immunol (2015) 8:107-14. d0i:10.1038/mi.2014.46

Ito T, Carson WE, Cavassani KA, Connett JM, Kunkel SL. CCR6 as a mediator
of immunity in the lung and gut. Exp Cell Res (2011) 317:613-9. d0i:10.1016/j.
yexcr.2010.12.018

Koenecke C, Prinz I, Bubke A, Schreder A, Lee CW, Pabst O, et al. Shift of
graft-versus-host-disease target organ tropism by dietary vitamin A. PLoS
One (2012) 7:€38252. doi:10.1371/journal.pone.0038252

Iwata M, Hirakiyama A, Eshima Y, Kagechika H, Kato C, Song SY. Retinoic
acid imprints gut-homing specificity on T cells. Immunity (2004) 21:527-38.
doi:10.1016/j.immuni.2004.08.011

Coombes JL, Siddiqui KRR, Arancibia-Cércamo CV, Hall J, Sun C-M,
Belkaid Y, et al. A functionally specialized population of mucosal CD103*
DCs induces Foxp3™* regulatory T cells via a TGF-p- and retinoic acid-depen-
dent mechanism. ] Exp Med (2007) 204:1757-64. doi:10.1084/jem.20070590
Hammerschmidt SI, Friedrichsen M, Boelter ], Lyszkiewicz M, Kremmer E,
Pabst O, et al. Retinoic acid induces homing of protective T and B cells to the
gut after subcutaneous immunization in mice. J Clin Invest (2011) 121:3051.
doi:10.1172/JCI44262DS1

Ross A, Chen Q, Ma Y. Vitamin A and retinoic acid in the regulation of B-cell
development and antibody production. Vitam Horm (2011) 86:103-26.
doi:10.1016/B978-0-12-386960-9.00005-8.Vitamin

Watanabe K, Sugai M, Nambu Y, Osato M, Hayashi T, Kawaguchi M, et al.
Requirement for runx proteins in IgA class switching acting downstream
of TGF-B1 and retinoic acid signaling. ] Immunol (2010) 184:2785-92.
doi:10.4049/jimmunol.0901823

MoraJR, Iwata M, Eksteen B, Song S-Y, Junt T, Senman B, et al. Generation of
Gut-Homing IgA-secreting B cells by intestinal dendritic cells. Science (2006)
314:1157-60. doi:10.1126/science.1132742

Sigmundsdottir H, Pan J, Debes GF, Alt C, Habtezion A, Soler D, et al. DCs
metabolize sunlight-induced vitamin D3 to “program” T cell attraction to the
epidermal chemokine CCL27. Nat Immunol (2007) 8:285-93. doi:10.1038/
nil433

Yamanaka K, Dimitroff CJ, Fuhlbrigge RC, Kakeda M, Kurokawa I,
Mizutani H, et al. Vitamins A and D are potent inhibitors of cutaneous
lymphocyte-associated antigen expression. J Allergy Clin Immunol (2008)
121:148-57. d0i:10.1016/j.jaci.2007.08.014

Baeke F, Korf H, Overbergh L, Thorrez L, Van Lommel L, Schuit F, et al. The
vitamin D analog, TX527, promotes a human CD4+CD25highCD127low

Frontiers in Immunology | www.frontiersin.org

February 2018 | Volume 9 | Article 143


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/mi.2010.23
https://doi.org/10.1093/intimm/13.12.1551
https://doi.org/10.1186/1479-5876-12-43
https://doi.org/10.1111/all.12650
https://doi.org/10.1073/pnas.1306322110
https://doi.org/10.1093/glycob/cwx106/476939
https://doi.org/10.1016/j.cell.2016.01.024
https://doi.org/10.1016/j.celrep.2016.05.047
https://doi.org/10.1016/j.it.2011.06.003
https://doi.org/10.1159/000353243
https://doi.org/10.1038/mi.2014.64
https://doi.org/10.1038/mi.2014.64
https://doi.org/10.1084/jem.
20121849
https://doi.org/10.1084/jem.
20121849
https://doi.org/10.3389/fimmu.2013.00113
https://doi.org/10.1038/nri3769
https://doi.org/10.1513/AnnalsATS.201503-133AW
https://doi.org/10.1513/AnnalsATS.201503-133AW
https://doi.org/10.1038/nrmicro.2016.142
https://doi.org/10.1097/MOP.0000000000000419
https://doi.org/10.1073/pnas.1019378108
https://doi.org/10.1073/pnas.1019378108
https://doi.org/10.3389/fmed.2014.00041
https://doi.org/10.4049/jimmunol.1101682
https://doi.org/10.1038/nm.3444
https://doi.org/10.1038/nm.3444
https://doi.org/10.1038/ncomms8320
https://doi.org/10.1038/ncomms8320
https://doi.org/10.3389/fendo.2012.0011
https://doi.org/10.1038/nm1213
https://doi.org/10.1084/jem.190.9.1241
https://doi.org/10.1084/jem.190.9.1241
https://doi.org/10.1182/blood-2004-12-4630
https://doi.org/10.1182/blood-2004-12-4630
https://doi.org/10.1111/j.0105-2896.2005.00283.x
https://doi.org/10.4049/jimmunol.165.6.2943
https://doi.org/10.4049/jimmunol.165.6.2943
https://doi.org/10.1038/mi.2014.46
https://doi.org/10.1016/j.yexcr.2010.12.018
https://doi.org/10.1016/j.yexcr.2010.12.018
https://doi.org/10.1371/journal.pone.0038252
https://doi.org/10.1016/j.immuni.2004.08.011
https://doi.org/10.1084/jem.20070590
https://doi.org/10.1172/JCI44262DS1
https://doi.org/10.1016/B978-0-12-386960-9.00005-8.Vitamin
https://doi.org/10.4049/jimmunol.0901823
https://doi.org/10.1126/science.1132742
https://doi.org/10.1038/ni1433
https://doi.org/10.1038/ni1433
https://doi.org/10.1016/j.jaci.2007.08.014

Perdijk et al.

Milk and Respiratory Tract Immunity

152.

153.

154.

155.

regulatory T cell profile and induces a migratory signature specific for
homing to sites of inflammation. J Immunol (2017) 186:132-42. doi:10.4049/
jimmunol.1000695

Khoo A-L, Koenen HJPM, Michels M, Ooms S, Bosch M, Netea MG, et al.
High-dose vitamin D; supplementation is a requisite for modulation of
skin-homing markers on regulatory T cells in HIV-infected patients. AIDS
Res Hum Retroviruses (2012) 29:299-306. doi:10.1089/aid.2012.0051
Shirakawa A-K, Nagakubo D, Hieshima K, Nakayama T, Jin Z, Yoshie O.
1,25-dihydroxyvitamin D3 induces CCRI10 expression in terminally
differentiating human B cells. ] Immunol (2008) 180:2786-95. doi:10.4049/
jimmunol.180.5.2786

Evershed RP, Payne S, Sherratt AG, Copley MS, Coolidge J, Urem-Kotsu D,
et al. Earliest date for milk use in the Near East and southeastern Europe
linked to cattle herding. Nature (2008) 455:528-31. doi:10.1038/nature07180
Ingram CJE, Mulcare CA, Itan Y, Thomas MG, Swallow DM. Lactose diges-
tion and the evolutionary genetics of lactase persistence. Hum Genet (2009)
124:579-91. doi:10.1007/s00439-008-0593-6

156. Burger J, Kirchner M, Bramanti B, Haak W, Thomas MG. Absence of the
lactase-persistence-associated allele in early Neolithic Europeans. Proc Natl
Acad Sci (2007) 104:3736-41. doi:10.1073/pnas.0607187104

Conflict of Interest Statement: RN is an employee of FrieslandCampina and
MS received research funding from FrieslandCampina. All other authors declare
that the research was conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Perdijk, van Splunter, Savelkoul, Brugman and van Neerven.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Immunology | www.frontiersin.org

14

February 2018 | Volume 9 | Article 143


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.4049/jimmunol.1000695
https://doi.org/10.4049/jimmunol.1000695
https://doi.org/10.1089/aid.2012.0051
https://doi.org/10.4049/jimmunol.180.5.2786
https://doi.org/10.4049/jimmunol.180.5.2786
https://doi.org/10.1038/nature07180
https://doi.org/10.1007/s00439-008-0593-6
https://doi.org/10.1073/pnas.0607187104
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Cow’s Milk and Immune Function in the Respiratory Tract: Potential Mechanisms
	Introduction
	Homology Between Cow’s Milk and Breast Milk
	Epidemiological Evidence for the Immune Modulatory Role of Cow’s Milk on Respiratory Health
	Passage Through the Gastrointestinal Tract
	Binding of Bovine IgG to Respiratory Pathogens
	The First Host Barrier: The Epithelium
	Tight Junctions
	Effect of Milk Components on 
Barrier Functioning

	Do Milk Components Promote Immune Homeostasis?
	Systemic Responses; the Gut–Lung Axis
	Concluding Remarks
	Author Contributions
	Acknowledgments
	References


