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Abstract Exposure to the immunologic factors found in

maternal breast milk has been shown to compensate for the

immature immune system that characterizes the preterm

infant. Feeding preterm infants with human milk not only

provides protection from disease pathogenesis and ensures

an optimal source of nutrients in the short term, but it also

helps to ensure the development of a healthy immune

response in the long term. Here, we review the immuno-

logical significance and antiinflammatory effects of a

selection of the bioactive molecules found in human milk

and how they may differ under conditions of preterm birth.

In addition, the role that human milk plays in the intestinal

colonization of the preterm infant and why this is important

to short- and long-term health outcomes are discussed.
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Introduction

Human milk has been recommended as the optimal and

exclusive source of early nutrition for all infants following

birth and until at least 6 months of age [1, 2]. Human milk

is the ideal source of early infant nutrition as a result of

potent immune factors and a unique composition of nutri-

ents that evolve in tandem with the growth and develop-

mental needs of the infant. For infants who are born

preterm, exposure to the immune factors of human milk is

of paramount importance as these infants are born with an

immature immune system. For these infants, human milk

not only provides protection from disease pathogenesis in

the short term, but it also helps to ensure the development

of a healthy immune response in the long term. In this

article, we will provide an overview of what is known

about the immunological profile of preterm infants and

review in depth the immunological factors found in human

milk that are important for disease prevention and health.

Immunological Profile of the Preterm Infant

Preterm birth (PTB), defined as birth occurring prior to

37 weeks of gestation [3], persists as a leading perinatal

health problem facing women and children. The causes are

not fully understood, and preventative measures are lacking

[4–6]. The PTB rate is currently reported at 12.8 % of all

births in the USA [7, 8] and affects as many as 15 million

infants worldwide [9]. The implications of PTB on human

health have been well documented [10–17]. One of the

leading causes of morbidity and mortality among infants

born preterm is infection (bacteremia, pneumonia, menin-

gitis) during the early neonatal period, occurring approxi-

mately in one in six infants. A disproportionate number of
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fatal infections occur in the smallest and most premature

infants [18, 19] who require invasive interventions dis-

rupting the protective mucosal and epithelial barriers in the

face of inadequate innate immunity [20].

Innate Immunity in the Preterm Infant

Innate immunity is of primary importance during early life

while a fully functional adaptive immune system is

developing through interactions with the environment at

the mucosal surfaces. The innate immune system specific

to the preterm infant is characterized by developmental

immaturities that include deficiencies in the number and

function of white blood cells, reduced pattern-recognition

receptors (PRR) such as Toll-like receptors (TLRs), and

limited tight junction (TJ) function of defensins such as

Paneth cells [20, 21]. These characteristics common to the

preterm infant result in an inadequate extracellular elimi-

nation of bacterial infections and aberrant recruitment of

immune cells to the site of infection or inflammation [22].

Factors such as TLR4, MD-2, a molecule that participates

in the LPS response on TLR4, and other components of the

innate immune system are found in human milk and, in the

case of the preterm infant, may provide an innate immune

response that would not otherwise exist.

Infants who are born preterm start life at an immuno-

logical disadvantage when compared to their full-term

counterparts, who receive maternal antibodies that are

transferred via the placenta during the later stages of

pregnancy [23, 24]. Preterm infants are also prone to

aberrant intestinal colonization as a result of routine use of

antibiotics at birth, often limited exposure to breast milk,

increased incidence of birth by Cesarean section, and

prolonged hospitalization during early infancy. These fac-

tors place infants at a microbial disadvantage and high-risk

for inflammatory immune diseases [25, 26], both in the

early neonatal period and later in life. Exposure to the

immunological factors found in maternal breast milk has

been shown to contribute to the development of a more

optimal immune response in the preterm infant, thereby

overcoming some of the deficiencies of the innate immune

function.

Immunological Factors Found in Human Milk

Breast milk has been called the gold standard for protective

nutrients [27] as a result of the potent immunological

properties of this dynamic body fluid. As outlined in

Table 1, exposures to the protective immunological factors

found in human milk counteract the deficiencies that

characterize the preterm infant’s innate immune system

and contribute to the development of the overall immune

function. Here, we review the immunological significance

and effects of a selection of the bioactive molecules found

in human milk under conditions of premature birth. In

addition, the role that human milk plays in the intestinal

colonization of the preterm infant is also discussed.

Immunoglobulins

Immunoglobulin-producing B cells are not fully functional at

birth, which causes a delayed activation of B cells and, in

turn, delayed maturation of antibody-producing plasma cells.

These delays result in a temporary deficit of secretory IgA

(SIgA) production. This deficit is especially problematic for

the preterm infant because SIgA is not absorbed by the

neonatal gut, allowing these antibodies to protect the infant’s

intestinal mucosa from potentially harmful pathogens. Thus,

the absence of SIgA leaves the preterm intestinal mucosa

highly vulnerable to pathogenic microorganisms.

SIgA has been measured and compared in the colostrum

and mature milk of women who deliver preterm and or at

term. These studies have shown that there is significantly

more SIgA in the breast milk of women who deliver pre-

term, with the highest concentrations in the colostrum of

women who deliver early [28•, 29, 30]. SIgA concentra-

tions have been shown to taper over time. This taper is

slower and more gradual in the milk of women who deliver

preterm when compared to that of women who deliver at

term [31]. It is speculated that an immunological adaptive

response may be present in the breast milk of women who

deliver preterm, providing protection to the preterm intes-

tinal mucosa from microorganisms.

IgG is of importance to the preterm infant for its

opsonization and agglutination mechanism in pathogen

Table 1 Protective immunologic factors found in human milk mitigate characteristics of immature innate immunity

Characteristics of Innate Immunity in the Preterm Infant Protective Immunologic Factors Found in Human Milk 
Lack of maternal antibodies transferred via the placenta during 
late pregnancy 

Immunoglobulins:
Secretory IgA, IgG

Inadequate extracellular elimination of bacterial infections Cytokines: 
IL-6, IL-8, TNF-α, TGF 1 and TGF 2

Reduced pattern-recognition receptor (PRR) and tight junction 
(TJ) function contributing to inappropriate inflammation 

Growth Factors: 
EGF, TGF-α and TGF-

Aberrant intestinal colonization Microbiologic Factors:
Lactoferrin, Human Milk Oligosaccharides, Probiotic Bacteria  
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protection. IgG is transferred from the mother to the

fetus via the placenta during the later stages of preg-

nancy, thereby providing immune protection to the fetus

and the neonate. Infants who are born preterm do not

receive the full benefit of this immune protection and

are IgG deficient at birth when compared to their full-

term counterparts. IgG, much like SIgA, while found in

small concentrations in breast milk, is of great impor-

tance to the preterm infant. Past studies have shown

that IgG is detected in the majority of colostrum sam-

ples and that the concentrations of this antibody are

similar in the colostrum of women who deliver preterm

and at term [32–34]. However, more recent studies

suggest that IgG is higher in the colostrum obtained

from women who give birth prior to 32 weeks gestation

[31]. Evidence suggests that an IgG Fc receptor is

expressed on the luminal surface of the enterocytes in

the fetal human intestine [35]. These receptors may

function after birth as a transport system for IgG,

facilitating the uptake of IgG in breast milk, contrib-

uting to the immune response of the premature infant.

These findings reinforce the speculation that there may

be a unique adaptive response mechanism associated

with the lactation pattern of women who deliver

preterm.

The neonatal immune system is capable of producing

IgM in response to pathogens. Thus, it is not surprising that

the IgM concentration in colostrum is low, and detected in

approximately 20 % of samples [31]. In studies that have

evaluated IgM in the milk of women who deliver at dif-

ferent points in gestation, no significant differences have

been observed in the concentrations of IgM in the milk [31,

33, 34, 36].

Cytokines

Breast milk functions to influence the immunological

development of the infant through the action of cytokines,

one of the most important bioactive components found in

human milk. Cytokines are pluripotent polypeptides that

act as chemical messengers among cells. These proteins

operate in a complex stepwise approach, producing a cas-

cade of effects that contribute to the development and

function of the immune system. Cytokines regulate the

inflammatory responses stimulated by an antigenic chal-

lenge. Through the use of immunoassays, several cytokines

have been measured in human milk [28•, 37, 38, 39•]. The

majority of research conducted on cytokines in human milk

has been done using milk obtained from women who gave

birth to full-term infants. However, measurements of milk

from women who gave birth to preterm infants show

important differences in the cytokine profile that vary with

length of gestation.

IL-6 is a cytokine with both pro- and antiinflamma-

tory functions important to the immune system. IL-6

has been highly correlated with IgA, TGF-b1, and TGF-

b2 in the milk from women following PTB. These

findings support the hypothesis that IL-6 plays a sig-

nificant role in the development and differentiation of

IgA-producing cells [37, 40]. When measured in

colostrum, transitional milk, and mature milk obtained

from women who deliver at term or prematurely, IL-6

has been shown to be highest in the colostrum, tapering

off as the milk matures [28•, 41]. Interestingly, when

cytokines were measured in the milk obtained from

women after birth at different points of gestation, the

highest concentrations of IL-6 were observed between

30 weeks and term, and then lowest concentrations

prior to 30 weeks of gestation. Slightly different results

have been reported from a study that compared IL-6 in

the milk of women who deliver very preterm

(24–31 weeks) with that of women who deliver at term

(38–41 weeks). IL-6 was found to be higher in the

transitional breast milk of women in the very preterm

group when compared to the term group; however, this

difference decreased in mature milk, suggesting that

cytokine content of breast milk decreases with ongoing

lactation [39•]. In addition, although IL-6 was higher in

the preterm group, multiple regression analysis con-

ducted in this study indicated that the difference was

not associated with gestational age at birth, but cesarean

delivery. Other discrepancies among studies may be

explained by how colostrum, transitional, and mature

milk are defined, as well as how infants are classified

based on their gestational age at birth.

Overall, the findings relative to IL-6 suggest that human

milk may have the ability to compensate for the immu-

nological immaturity common to premature infants, but

perhaps only after a certain point in gestation. Thus, infants

born extremely preterm (i.e., before 30 weeks) appear to be

at an even greater immunological disadvantage; not only is

their immature immune system ill prepared for the extra-

uterine environment, but also the compensatory properties

found in human milk that support development of the

immune system and protection from infection are less

abundant.

IL-8 is typically secreted by macrophages, cells with

TLRs that are involved in the innate immune response. For

preterm infants, who have a delayed innate immune system

that is slow to respond to antigens, exposure to IL-8 in

human milk is of great importance. IL-8 has consistently

been shown to decrease with duration of lactation,

regardless of gestational age. The results are inconsistent

when compared across gestational ages. Ustundag and

colleagues found no differences in the levels of IL-8 based

on gestation [41], while Castellote and colleagues, as well
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as Mehta and Petrova, observed a lower amount of IL-8

measured in the colostrum from women who delivered

prior to 30 weeks as compared to the colostrum obtained at

later gestational ages [28•, 39•]. The decrease in IL-8 over

the duration of lactation underscores the bioactive nature of

human milk, which adjusts to the developing competence

of the human immune system.

Similar to IL-6 and IL-8, IL-10 and TNF-a have been

shown to vary based on gestational age at birth and dura-

tion of lactation. While the measurements of these cyto-

kines are far lower when compared to IL-6 and IL-8,

concentrations of IL-10 and TNF-a are highest in the milk

of women who give birth between 30 and 37 weeks of

gestation and lowest in women who give birth prior to

30 weeks of gestation [28•]. The high concentration of

cytokines in colostrum when compared to more mature

milk emphasizes the importance of early exposure to

human milk as an essential component of the developing

immune system during infancy, especially in the preterm

infant.

Growth Factors

Growth factors are among the important bioactive com-

ponents found in human milk. Of particular importance to

the preterm infant are epidermal growth factor (EGF) and

transforming growth factor alpha and beta (TGF-a and

TGF-b). These specific growth factors promote the func-

tional development of the gastrointestinal mucosa begin-

ning at birth, and when working together with antiinflammatory

IL-10, they allow the immune system to tolerate antigens from

nutritional exposures and specific microbiota found in the gut.

In addition, these growth factors participate in the immune

system to downregulate the inflammatory response and pro-

mote repair of damaged intestinal cells. The healing aspect of

growth factors is of particular importance to preterm infants

who may suffer intestinal injury including necrotizing entero-

colitis (NEC).

Not unlike several other bioactive immune factors

important to the preterm infant, EGF and TGF-a have been

measured at higher concentrations in the milk of women

who deliver preterm when compared to the milk of women

who deliver at term [28•, 42]. In one study, where total

protein concentrations did not vary based on gestational

age at birth or in the first 7 days of lactation, both EGF and

TGF-a were significantly higher during the first post-natal

week in the milk of women who delivered very preterm

(prior to 27 weeks of gestation) when compared with

women who delivered between 32 and 36 weeks of ges-

tation or between 38 and 42 weeks of gestation [42]. Fur-

thermore, this study showed that both of these growth

factors were measured at the highest concentrations in the

first week following birth and then tapered off gradually

during the early neonatal period, but remained highest in

the very preterm group even as the number of days of

lactation increased. A more recent study with a similar

design also showed that the EGF concentration in the milk

of women who deliver before 30 weeks of gestation is

higher than that of women who deliver later in pregnancy

[28•]. The concentrations of TGF-b measured in this study

were highest in the milk of women who delivered preterm

(between 30 and 37 weeks), not in the very preterm group,

who delivered before 30 weeks. The concentrations of

TGF-b1 gradually decreased over time in all groups, with

the highest concentrations measured in colostrum and the

lowest concentrations measured in mature milk. This was

slightly different for TGF-b2, where concentrations tapered

less significantly from colostrum to mature milk and were

slightly lower in the colostrum of the women who deliv-

ered very preterm [28•].

The high concentration of growth factors such as EGF

measured in human milk, especially the milk of women

who deliver preterm, very likely contributes to the pro-

tective effect of human milk for neonatal gastrointestinal

diseases such as NEC. The unique importance of EGF to

the immature gut is further supported by the fact that EGF

receptors are found in both the fetal and neonatal intestine

[43]. Finally, the inverse relationship between EGF con-

centrations and gestational age support the speculation that

growth factor content in human milk may be a maternal

adaptation to premature delivery.

Lactoferrin

Lactoferrin, a prominent whey protein found in breast milk,

is not only a prebiotic, but also antiinfective. Lactoferrin

has been shown to reduce the production of inflammatory

cytokines in monocytes and, in the presence of a probiotic

(Lactobacillus GG), has enhanced defenses against infec-

tive enteric pathogens such as E. coli in the small intestines

[44]. In studies evaluating bioactive compounds in the

breast milk of women who deliver preterm, lactoferrin has

been shown to decrease over time, with higher levels

observed during early lactation and lower levels observed

by the end of the first month of lactation [38•]. When

compared to the breast milk of women who deliver at term,

lactoferrin has been measured at lower concentrations in

the milk of women who deliver preterm [38•]. The higher

concentration of lactoferrin in the milk of women who

deliver at term might be explained by the need for higher

concentrations of this protein in more mature infants,

which serves as a growth factor for Bifidobacterium and

Lactobacillus species.
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Microbiology of Human Milk and Intestinal

Colonization of the Preterm Infant

The implementation of advanced molecular approaches in

the study of human microbiology and discoveries gener-

ated by the Human Microbiome Project have resulted in a

renewed emphasis on the importance of microbial health

[45–49]. While complex microbial-host relationships are

understood to play a role in health and disease across the

lifespan, never are they more important than during

infancy, when the intestinal microbiome is first assembled

[50]. This assembly process is highly dependent on nutri-

tional exposures during early infancy, where breast milk is

likely to play a leading role as a result of the diversity of

microbes that are present in this body fluid and due to the

molecular mechanisms that are triggered by human milk

oligosaccharides (HMO) found in breast milk, which act as

a source of energy for desirable bacteria that are important

to the establishment of an optimal microbiome.

The most recent metagenomic studies employing Illu-

mina sequencing have shown that there is a highly diverse

community of bacteria present in human milk samples

[51•]. The population of bacteria found in the human milk

samples included in this study was primarily aligned with

the phyla of Proteobacteria (65 %) and Firmicutes (34 %)

and the genera of Pseudomonas (61.1 %), Staphylococcus

(34.4 %), and Streptococcus (0.5 %). Within these overall

categories, 177 unique bacterial genera were measured in

human milk samples. In another study involving 16S rRNA

sequencing, stool samples obtained from breastfed infants

were compared to those of formula-fed infants [52•]. In this

study, breastfed infants had a higher proportion of Bac-

teroidetes and a lower proportion of Firmicutes and Ver-

rucomicrobia when compared to formula-fed infants [52•].

The diversity of the bacterial communities found within

human milk likely contributes to the overall intestinal

colonization that occurs during infancy, but the exact

mechanisms are not fully understood. The differences

observed in this study may be explained by the microbial

diversity found within the milk itself or by the presence of

HMO within human milk (and lacking in infant formula)

and, in turn, the intestinal microbiome of the breastfed

infant who is colonized with health-promoting bacteria that

are capable of metabolizing HMO.

Regardless of the mechanisms, studies using both Illu-

mina and 16S rRNA sequencing have shown that the

human milk microbiome, not unlike the microbiome found

in other bodily habitats, is highly unique in its composition

to each individual. The unique nature of the microbiome

found in human milk is very likely influenced by the

intestinal microbiome of the mother [53]. It has been

hypothesized that during the perinatal period, the perme-

ability of the maternal gut allows for uptake of bacteria into

the mother’s blood stream and then into the breast milk.

Thus, the microbial population of the maternal gut has a

potentially strong influence on the microbes found in breast

milk and very likely contributes to the symbiotic effect of

HMO on breast milk microbiota, which is ultimately an

important part of infant nutrition and early intestinal col-

onization. In term infants, this process stimulates growth of

Bifidobacteria, Lactobacillus, and Bacteroides, all of

which have a protective effect on the newborn intestine.

Unfortunately, the preterm infant does not benefit from this

pattern of colonization, leaving the immature gut especially

vulnerable [54]. Further study of the microbiome charac-

terizing human milk investigating the influence of the

maternal gestation (i.e., term vs. preterm milk) and Holder

pasteurization (65 �C for 5–30 min) commonly used by

milk banks. This will enhance our understanding of the

unique properties of human milk and the role that it plays

in the intestinal colonization of the preterm infant.

Conclusion: Human Milk Exposure and Disease

Prevention in the Preterm Infant

Children born preterm are characterized by an immature

immune response and, as a result, are especially vulnerable

to infectious and immune-mediated disease. As outlined in

this article, human milk provides a unique composition of

bioactive factors that have the ability to overcome the

immature immune response and thus may prevent inflam-

matory diseases such as NEC in the short term, resulting in

optimal growth and neurodevelopment in the long term.

NEC remains the most catastrophic gastrointestinal

disease among preterm infants. The mechanisms under-

pinning NEC are multifactorial and remain poorly under-

stood. The only consistently identified protective strategy

against NEC is exposure to human milk [26, 55]. Preterm

infants who are breast fed have been shown to be at a

sixfold to tenfold lower risk of NEC when compared to

formula-fed infants [56]. The protective mechanisms pro-

vided by human milk against this disease are likely asso-

ciated with optimal intestinal colonization, which helps to

prevent against inflammation and infection by pathogenic

bacteria. In addition, preterm infants fed with human milk

have the advantage of an innate immune system that is

programmed by the powerful immunological factors found

in human milk. As a result, these children are better

equipped to mount an appropriate inflammatory response

that may prevent the disease pathogenesis common to

NEC. In sum, providing human milk to preterm infants is

of paramount importance to enhancing both short- and

long-term health outcomes as a result of the unique

immunologic properties found in this optimal source of

infant nutrition.
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