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Abstract

Human Milk (HM) is the gold standard for nutrition of new-born infants. Human Milk Oligosaccharides (HMOs) are abundant-
ly present in HM and exert multiple beneficial functions, such as support of the colonization of the gut microbiota, reduction of 
pathogenic infections and support of immune development. HMO-composition is during lactation continuously adapted by the 
mother to accommodate the needs of the neonate. Unfortunately, for many valid reasons not all neonates can be fed with HM and 
are either totally or partly fed with cow-milk derived infant formulas, which do not contain HMOs. These cow-milk formulas are 
supplemented with non-digestible carbohydrates (NDCs) that have functional effects like that of some HMOs, since production 
of synthetic HMOs is challenging and still very expensive. However, NDCs cannot substitute all HMO functions. More effica-
cious NDCs may be developed and customized for specific groups of neonates such as pre-matures and allergy prone infants.

Human milk is finely attuned to the needs of infants supporting optimal growth and overall development. In addition to the nu-
tritional components, it contains important bioactive components, such as enzymes, growth factors, antimicrobial compounds, 
oligosaccharides, and immunological factors .Emerging evidence suggests that the distinct array of oligosaccharides in human 
milk provides a variety of physiologic benefits to infants, including the establishment of a balanced gut microbiota .prevention 
of pathogen adhesion to mucosal surfaces , modulation of the immune response , and potential support to brain development . 
Currently, most infant formulas do not contain human milk oligosaccharides and their absence may contribute to differences in 
health outcomes that have been observed between human milk- and formula-fed infants.

Human milk contains a wide range of immunomodulatory factors, including immunoglobulins, human milk oligosaccharides, 
cytokines, microbiome, innate factors and food antigens. Maternal diet can influence the content of human milk as it is well-
established that dietary antigens can be secreted in human milk after maternal consumption, but whether these dietary antigens 
promote tolerance or sensitization in the infant is a subject of debate. 

This review summarizes the current literature on these immunologically active factors in human milk, including the micro-
biome, innate factors, and maternal diet-derived dietary antigens in the context of infant  growth and development of allergic 
diseases, with the focus on food allergy.
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Introduction
As per the World Health Organization, infants must be ex-
clusively breastfed during the first six months of life. Human 
breast milk provides more than half of the child’s nutritional 
needs during the second year of life [1]. World Health Organi-
zation. 2018. The infants who are formula-fed are more prone 
to infectious diseases, such as gastroenteritis and acute otitis 
media, and immune-mediated diseases such as allergy, when 
compared to the infants who are exclusively breastfed [2]. 
ESPGHAN Committee on Nutrition, Agostoni C, Braegger 
C2009. The first milk produced by mothers after the delivery is 
called colostrum, it is biochemically, and functionally different 
from the mature milk [3]. The human milk is a rich and com-
plete nourishment that is essential for the correct development 
of the infant’s organism [4]. Colostrum, indeed, contains high 
concentration of lactoferrin, Immunoglobulin A (IgA), leuko-
cytes and specific developmental factors, and a low amount of 
lactose, potassium and calcium, underlying its immunological 
functions rather than nutritional [5,6].

From 5 days to 2 weeks postpartum, there is the production 
of transitional milk which shares some characteristics of co-
lostrum, although its main function is to support new born at 
nutritional level [7, 8]. Bacteria located in both colostrum and 
mature milk can stimulate the anti-inflammatory response, by 
stimulating the production of specific cytokines, reducing the 
risk of developing a broad range of inflammatory diseases and 
preventing the expression of immune mediated pathologies, 
such as asthma and atopic dermatitis. This mini review dis-
cusses the composition of human milk and its biological ben-
efit for infants. Additionally, we also discuss how these benefi-
cial effects can be mimicked if breastfeeding is not possible.

Discussion
Microbiota and the rule in the early new born immunity the 
specific mechanisms that lead to the formation of the human 
milk microbiota are still unknown; however, there are different 
hypothesis that can explain the origin of milk associated bac-
teria. Indeed, some skin or infant’s oral cavity may become an 
integral component of the milk microbiota by means of a milk 
flow back into mammary ducts during lactation [9]. This mech-
anism may justify the presence of cutaneous and oral bacteria 
that are recovered in the milk microbiota, such as Streptococ-
cus spp. and Staphylococcus spp [10,11]. Interestingly micro-
organisms belonging to the maternal, human milk contained 
also a great number of intestinal bacteria, which may spread 
from the maternal intestinal environment by a mechanism in-
volving dendritic cells (DCs) and CD18+ cells; these cellular 
types would be able to capture intestinal microorganisms from 
the gut lumen and transfer them to lactating mammary glands 
by means of translocation, which results to be increased dur-
ing late pregnancy and lactation [9]. Consequently, the milk 
microbiota can shape the initial intestinal microbiome of new-
borns, together with the maternal intestinal and vaginal micro-
organisms that are ingested by the neonate during the passage 
through the birth canal [11].

Microbiota
The survival advantage of breastfed infants over non-breastfed 
infants is known since the 1900s. The stool bacterial compo-
sition of breastfed infants was reported to be different from 
that of the formula-fed infants. Additionally, the presence of 
an unidentified carbohydrate fraction was also reported in hu-

man breast milk. The amount and composition of microbiota 
vary among women, and during the lactation period. Generally, 
the total microbiota concentration is higher during the early 
stages of lactation and decreases within the first three months 
[12-14]. Xu G, Davis, 2017J Thurl S, Munzert M, 2010. The 
microbiota content of breast milk after term delivery is higher 
than that after preterm delivery. The HMO fraction is the third 
most abundant component in human milk after lactose and lip-
ids, excluding water. The HMO content usually varies between 
10–15 grams per liter (g/L) of mature milk (or 1.5–2.3 g/100 
kcal, assuming an energy density of human milk of 64 kcal/100 
mL) and 20–25 g/L of colostrum [15-17]. Bode L. 2012, Kunz 
C, Kuntz S 2014 Zivkovic AM, 2011The HMO content in the 
human breast milk is more abundant than the protein content, 
which is typically around 10 g/L or 1.5 g/100 kcal.

Health Benefits of the Microbiota:
Several studies have reported the beneficial effects of microbi-
ota that include modification of the intestinal microbiota, anti-
adhesive effect against pathogens, modulation of the intestinal 
epithelial cell response, and development of the immune sys-
tem. We will discuss each of these effects further

Modulation of intestinal microbiota:
Human Milk Oligosaccharides (HMO) are intrinsic compo-
nents that affect the gut microbiota by providing an energy 
source for the beneficial intestinal bacteria. Additionally, 
HMOs affect the health of the host by serving as a decoy recep-
tor for the opportunistic pathogens in the mucosal surface [18]. 
Salminen S. 2017 One study reported that none of the select-
ed Enterobacteriaceae strains exhibited growth on a medium 
containing 2′-FL, 6′-sialyllactose or LNnT as a carbohydrate 
source. However, several strains were capable of utilizing ga-
lacto-oligosaccharides (GOS), maltodextrin, and monosaccha-
ride and disaccharide components of HMOs for their growth 
[19, 20]. The enriched fecal consortia also did not exhibit 
growth on a medium containing 2′-FL or 6′-sialyllactose, but 
exhibited limited growth on a medium containing LNnT [19].

Several in vitro studies have demonstrated that HMOs promote 
the growth of certain but not all Bifidobacterium [15]. Bode L 
2012Bifidobacterium longum subsp. Bifidobacterium infantis 
exhibit good growth on medium supplemented with HMOs, 
including 2′-FL, as the sole source of carbohydrate [20]. Lo-
Cascio RG, 2007 over time, B. infantis consumes all HMOs 
including its monosaccharide and disaccharide metabolites 
[21]. Asakuma S, 2011. The growth of Bifidobacterium bifi-
dum is slower than that of B. infantis in the presence of HMOs. 
Additionally, certain B. longum strains metabolize fucosylated 
HMOs [15, 21, 22]. Bode L. 2012 Asakuma S, 2011 Garrido 
D, 2016, The Bifidobacterium kashiwanohense strain exhibits 
growth in the presence of 2′-FL and 3′-FL [23-25]. HMOs are 
a preferred substrate for B. infantis. Other bifidobacteria may 
reduce the nutrients available for potentially harmful bacte-
ria and limit their growth. Additionally, B. infantis produces 
shortchain fatty acids (SCFAs), which favor the growth of 
commensal bacteria and not pathogenic bacteria [23]. Gibson 
GR, 1994A study reported that among the 24-probiotic strains, 
only B. longum subsp. B. infantis ATCC 15697 and B. infantis 
M-63 were able to ferment 3′-sialyllactose, 6′-sialyllactose, 2′-
FL, and 3′-FL [24]. 

When infants are fed with a formula supplemented with 2′-FL 
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and LNnT, they develop a distinctive stool bacterial profile that 
is more similar to that of the breastfed infants compared to the 
infants that are fed with a formula not supplemented with pre-
biotics. The bacterial diversity of infants at the age of 3 months 
exhibited increased colonization with beneficial bifidobacteria 
and decreased colonization with pathogenic bacteria [25]. Puc-
cio G2017. Antiadhesive properties HMOs improve the host 
defense mechanism by strengthening the gut barrier function 
[26]. Angeloni S2005 the HMO, 2′-FL inhibits Campylobacter 
jejuni infection and C. jejuni -associated mucosal inflamma-
tion [27] Figure 1. 

An in vitro study demonstrated that 2′-FL attenuates C. jejuni 
invasion by 80% and inhibits the release of mucosal pro-in-
flammatory signals. A study on mouse model revealed that the 
ingestion of 2′-FL inhibits the C. jejuni colonization by 80%, 
weight loss by 5%, intestinal inflammation, and induction of 
inflammatory signaling molecules [28]. Ruiz-Palacios GM, 
A2003. Prospective study on infants suggested that the ben-
eficial effect of 2′-FL includes a reduction in the number of 
episodes of C. jejuni -associated diarrhea [29]. Morrow AL, 
Ruiz-Palacios GM, 2005 LNnT was reported to reduce the 
abundance of Streptococcus pneumoniae in the lungs of an ani-
mal model Idänpään-Heikkilä I, 1997 HMOs may function as a 
decoy receptor for group B Streptococcus [30, 31].

Figure 1: Approximate relative proportions of macronutri-
ents in human breastmilk and range of acetylated, sialylated, 

and fucosylated HMOs naturally occurring in breastmilk 
[22,23,57-59,60-62]. The proposed set of 5 core HMOs used 

in the fortification of infant formula likely recapitulates a wide 
range of benefits associated with HMOs in human breastmilk. 
HMO, human milk oligosaccharides; 2′-FL, 2′-fucosyllactose; 
3-FL, 3-fucosyllactose; 3′-SL, 3′-sialyllactose; 6′-SL, 6′-sialyl-

lactose; and LNT, lacto-N-tetraose.
HMOs reduce preterm mortality and morbidity by modulating 
the gut microbiome to protect against necrotizing enterocolitis, 
candidiasis, and several immune-related diseases [32]. Mou-
karzel S, 2017LNnT reduces the risk of developing necrotizing 
enterocolitis in preterm infants [33]. Autran CA 2018Similarly, 
2′-FL has also been reported to exhibit beneficial effect against 
necrotizing enterocolitis [34].

Modulators of Intestinal Cell Response 
HMOs can directly affect the intestinal cell response by reduc-
ing the cell growth and by inducing differentiation and apop-
tosis [35]. Kuntz S, Kunz C, 2009 Intestinal health and barrier 
function are considered the first line of defence in innate im-

munity. HMOs have been reported to increase the intestinal 
cell maturation [36]

Immune Modulators 
One of the important properties of HMOs is the immunomodu-
lation. HMOs directly modulate the gene expression of intes-
tinal cells, leading to changes in the expression of cell surface 
glycans and other cell responses [37]. Kulinich A, 2016 HMOs 
modulate lymphocyte cytokine production and enable a more 
balanced TH1/TH2 response. An increasing number of in vi-
tro. Studies suggest that HMOs exert microbiota-independent 
effects by directly modulating the immune response and by 
regulating the immune cell population and cytokine secretion 
[38]. Donovan SM, 2016HMOs may either act locally on the 
mucosa-associated lymphoid tissue or act at a systemic level.

The plasma concentration of inflammatory cytokines in the 
breastfed infants and infants fed with experimental formula 
supplemented with 2′-FL was markedly lower than that in the 
infants fed with control formula supplemented with galacto-
oligosaccharides [39]. Goehring KC, 2016 these data indicate 
that infants fed with a formula supplemented with 2′-FL ex-
hibit lower plasma inflammatory cytokine profiles, which is 
similar to those of a breastfed reference group [39].

Goehring KC, 2016 HMOs were more effective than non-hu-
man prebiotic oligosaccharides in modulating the systemic and 
gastrointestinal immune cell responses in pigs [40]. Comstock 
SS, 2017 these altered immune cell populations may mediate 
the rotavirus infection susceptibility [40]. Comstock SS, 2017 
the symptoms of food allergy are reduced by 2′-FL through 
induction of interleukin-10+ T-regulatory cells and through in-
direct stabilization of mast cells [41].

HMOs, especially 2′-FL, directly inhibit the lipopolysaccha-
ridemediated inflammation during enter toxigenic Escherichia 
coli invasion of T84 and H4 intestinal epithelial cells through 
attenuation of CD14 induction [42]. He Y, Liu S, 2016, CD14 
expression mediates the lipopolysaccharide-Toll-like receptor 
4 stimulation of a part of the macrophage migration inhibitory 
factors inflammatory pathway by suppressing the cytokine sig-
nalling 2/signal transducer and by activating the transcription 
factor 3/nuclear factor-κB. The direct inhibition of inflamma-
tion supports the role of HMOs as a stimulator of the innate 
immune system [42]. He Y, Liu S, 2016 Two-year-old children 
who were born through C-section and fed on an infant formula 
supplemented with 2′-FL had a lower risk of developing immu-
noglobulin E-associated allergies compared to those fed with 
unsupplemented formula [43].

Since the early 1980's, research unravelled that breastfed in-
fants show higher fecal numbers of bifidobacterial and a lower 
faecal pH compared to bottle-fed infants supplemented with-
out prebiotics (44). This lower pH of the stool in breastfed in-
fants is caused by higher lactate and acetate levels (45, ). Infant 
formula supplemented with a mixture of GOS/FOS promote 
a more bifidogenic microbiota composition (46) and a SCFA 
profile more similar to breast-fed infants (47). In line with these 
findings, our batch cultures showed that GOS induced the out-
growth of bifidobacteria and increased production of lactate. 
Although to a lesser extent, SL also boosted the abundance of 
bifidobacteria, which is in line with earlier reports showing that 
different strains of bifidobacteria are capable of metabolizing 
both neutral and acidic HMO
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New Insight into the Microbial Ecology 
The study of microbial interactions within a bacterial popula-
tion is of extreme importance to clearly understand the specific 
role of microbiome. Indeed, microorganisms compete for nu-
trients, exchange genetic material and metabolites, being re-
sponsible of influencing the microbiota composition and the 
host’s health [48]. Due to its dynamic nature and high hetero-
geneity, the microbiota can be considered a complex and vari-
able ecosystem not often well understandable. For this reason, 
in the last years a novel approach has been developed to study 
the microbiota, by using graph theoretical, systems-oriented 
method able to facilitate the understanding of evolutionary 
and complex ecological processes [48]. Bacterial network is 
becoming essential to study microbial relationships and clarify 
the impact of various interactions on the host by identifying 
the main “hubs” that may represent the most influential mem-
ber in a bacterial community [48]. Moreover, a central node is 
thought to have more links with other hubs, having a pivotal 
role in the stability of the whole microbial network.

Conclusion
Breast milk, with its complex and dynamic composition, has 
deep positive impacts on the health and development of new-
borns and infants, with great long-term benefits for children 
and adults. In this paper, we discussed the several physiologi-
cal and protective roles of HMOs, such as brain and intestinal 
development or protection from infections. This is one of the 
miracles of human milk: a single class of molecules has such a 
great impact on the development of the infant.

This Mini Review is to elucidate the specific immunologic role 
of the microbiota and its impact on the new-born’s health and 
life, highlighting the importance to properly study the biologi-
cal interactions in a bacterial population and between the mi-
crobiota and the host. Microbiota can serve as soluble decoy 
receptors that block the attachment of viral, bacterial, or pro-
tozoan parasitic pathogens to the epithelial cell surface recep-
tors, which may aid in preventing infectious diseases. HMOs 
are also antimicrobials that act as bacteriostatic or bacteri-
cidal agents. Additionally, microbiota enhance host epithelial 
and immune cell responses in the neonate. However, further 
studies are needed to highlight the direct and strong connec-
tion between the human milk microbiota and the stimulation 
of new-borns’ immune system, as to date there are no clear 
and specific evidence about this association. Application of 
network biology will significantly improve our knowledge on 
bacterial interactions among the milk microbiota, with impor-
tant applications for eventual targeted modification of bacterial 
composition, aimed to enhance the abundance of those micro-
organisms that may be essential not only for the modulation of 
the infants’ immune system, but also for improving the whole 
host’s health.

Human milk oligosaccharides may also influence the infants 
on a systemic level. Obviously, they are partially absorbed 
in the intestine of babies, and can be detected in the urine of 
breast-fed infants). Some evidence exists that milk oligosac-
charides may function as anti-inflammatory factors, contribut-
ing to the lower incidence and severity of inflammatory dis-
eases in breast-fed infants). Particularly, sialic acid-containing 
oligosaccharides were found to inhibit the formation of plate-
let–neutrophil complexes and neutrophil activation. In addi-
tion, the acidic oligosaccharide fraction significantly inhibited 
leucocyte rolling and adhesion on epithelial cells.

In healthy infants consuming a partly fermented infant formula 
(IF) with postbiotics, 2′-linked fucosyllactose (2′-FL), a spe-
cific prebiotic mixture of short-chain galacto-oligosaccharides 
(scGOS) and long-chain fructo-oligosaccharides (lcFOS), and 
milk fat. This double-blind, controlled trial randomised 215 
fully IF-fed infants ≤ 14 days of age to either: Test Group (IF) 
containing 26% fermented formula with postbiotics derived 
from Lactofidus fermentation process (including 3′-Galac-
tosyllactose; 3′-GL), 0.8 g/100 mL scGOS/lcFOS (9:1), 0.1 
g/100 mL 2′-FL, and milk fat), or Control group (IF with 0.8 
g/100 mL scGOS/lcFOS (9:1)) until 17 weeks of age.

Fully breastfed infants were included as a reference. Anthro-
pometric measures, gastrointestinal symptoms, and safety 
were assessed monthly. Equivalence in weight gain (primary 
outcome) between the Test and Control groups was confirmed 
(difference in means −0.08 g/day; 90% CI (−1.47;1.31)) with 
estimated mean weight gain (SE) of 31.00 (0.59) g/day and 
31.08 (0.60) g/day, respectively, (PP population, n = 196).

Equivalence in length and head circumference gain between 
the randomised groups was also confirmed. No statistically 
significant differences were observed in adverse events or gas-
trointestinal tolerance between randomised IF groups. A partly 
fermented IF with postbiotics, specific oligosaccharides, 2′-FL, 
and milk fat supports adequate infant growth and is safe and 
well-tolerated in healthy term infants.
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