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Abstract: Breastfeeding is considered the gold standard for infants’ nutrition, as mother’s own milk
(MOM) provides nutritional and bioactive factors functional to optimal development. Early life
microbiome is one of the main contributors to short and long-term infant health status, with the
gut microbiota (GM) being the most studied ecosystem. Some human milk (HM) bioactive factors,
such as HM prebiotic carbohydrates that select for beneficial bacteria, and the specific human milk
microbiota (HMM) are emerging as early mediators in the relationship between the development
of GM in early life and clinical outcomes. The beneficial role of HM becomes even more crucial for
preterm infants, who are exposed to significant risks of severe infection in early life as well as to
adverse short and long-term outcomes. When MOM is unavailable or insufficient, donor human
milk (DHM) constitutes the optimal nutritional choice. However, little is known about the specific
effect of DHM on preterm GM and its potential functional implication on HMM. The purpose of this
narrative review is to summarize recent findings on HMM origin and composition and discuss the
role of HMM on infant health and development, with a specific focus on preterm infants.
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1. Introduction

Nutrition in early life plays a key role in shaping an infant’s future health. Specifically, human
milk (HM) is known to exert a series of beneficial effects for infants, including improved neurological,
immunological, and metabolic outcomes. Breastfeeding is considered the gold standard for infants’
nutrition, as mother’s own milk (MOM) provides all the nutritional factors required for optimal
infant development. In addition to its nutritional content, MOM constitutes “nature’s first functional
food” [1], as it harbours a variety of bioactive factors, including soluble immune factors, antimicrobial
proteins and peptides, functional fatty acids, hormones, oligosaccharides, nucleic acids, stem cells,
antioxidants, and a wide array of microbes known as the HM microbiome (HMM) [2–7]. The ongoing
acknowledgment of the role of the microbiome in human health and disease had led to an increased
scientific interest for HMM. Early life microbiome is now recognized as one of the main contributors to
short and long-term infant health status [8], and included among key participants in the Developmental
Origins of Health and Disease (DOHaD) [9]. According to the DOHaD hypothesis, environmental
exposures during critical time windows in early life can alter foetal and infant programming, thus
leading to alterations in health status [10]. As for the microbiome assembly, transient variations in the
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composition and function of human microbiome in this critical developmental window have been
associated with several non-communicable diseases in infancy and childhood, such as necrotizing
enterocolitis (NEC), asthma and atopic disease, obesity, and neurodevelopmental disorders [9].

The gut microbiota (GM) constitutes the most studied ecosystem in infants: Many factors, such as
gestational age, mode of delivery, antibiotics, type of nutrition, and social environment, impact on
the composition of the infant’ early GM. Among these factors, some HM bioactive factors, such as
HM prebiotic non-digestible carbohydrates (i.e., human milk oligo-saccharides (HMOs)) that select for
beneficial bacteria, and the specific HM microbiota, are emerging as early mediators in the relationship
between the development of GM in early life and short and long-term health outcomes.

In this review we will summarize recent findings on HMM origin and composition and discuss
the role of HMM on infant health and development, with a specific focus on preterm infants.

2. The Human Milk Microbiome

Until recently, HM was considered a sterile fluid. Although there existed reports of viable bacteria
in HM from healthy women, these bacteria were thought to be contaminants from the skin or other
environmental sources [11]. The long-standing dogma of HM sterility was so well-established that
the large Human Microbiome Project [12], which was aimed at describing the microbiome features
from multiple body sites, did not include HM or the mammary gland among the sites of interest.
Nonetheless, most experts now agree about the existence of a specific HMM [13], which is responsible
for the recent definition of HM as “mother nature’s prototypical probiotic food” [14].

At present, several studies support the idea that HM harbours a complex microbial community,
which is a source of a huge number of viable commensal, mutualistic, or potentially probiotic bacteria
for developing infants and their gut (estimated as 1 × 105 to 1 × 107 bacteria daily for an infant receiving
800 mL/day of HM) [15].

The first characterizations of HMM in healthy women were based on culture-dependent
techniques [16,17], whose limit was to allow the isolation of only a limited number of bacterial
genera: studies performed using culture-dependent methods revealed that facultative anaerobic
or prevalently aerobic species were the main colonizers of the HM ecosystem, with Streptococcus
and Staphylococcus being the most frequently isolated and abundant bacterial groups, together with
skin-derived or environmental contaminants (i.e., Propionibacterium and genera belonging to the
Enterobacteriaceae family). However, well-known intestinal probiotic bacteria (i.e., Bifidobacterium and
Lactobacillus) had been isolated as well.

The development of culture-independent techniques, such as quantitative polymerase chain
reaction (qPCR) and, later on, next generation sequencing (NGS), mostly based on 16S rRNA gene,
has allowed the characterization of the composition and diversity of HMM in deep detail, and has
documented a huge number of bacteria in breast milk and a high variability in HMM composition.
Indeed, microbiome research has experienced an unprecedented rate of data productivity in the last
decade. While allowing for an everyday-increasing amount of evidences on microbiome–human
dynamics and interactions, such an amount of studies and results have also highlighted considerable
limitations in data obtained from the molecular approaches. For instance, NGS studies provide only a
sense of relative abundance because actual bacterial counting is lost during amplification. Another
limitation of molecular methods is the so called “viability bias”, i.e., the detection of bacterial DNA
does not mean the corresponding microorganism is alive in the original sample. Moreover, different
methods of DNA extraction and processing are known to have an impact on the results and their
reproducibility [18]. Nonetheless, the amount of molecular data available today on HM composition
constitutes good evidence that HM is not only consistently present in healthy lactating women but is
also likely to play an ecological role in mother and infant health.

Fitzstevens et al. [19] recently performed a systematic review including twelve studies which
used culture-independent methods to identify bacteria at the genus level in HM from healthy women.
In most of these studies, Streptococcus and Staphylococcus appeared to be the predominant genera
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in HM independently from the geographic location of the study and from the selected technique
(qPCR or NGS). Culture independent studies have also allowed the detection in HM of obligate
anaerobic, gut-associated genera, such as Bacteroides, Blautia, Dorea, and Faecalibacterium [20]. Single
studies previously performed had suggested the existence of two different “core HMM”, consisting
of seven (Staphylococcus, Streptococcus, Bacteroides, Faecalibacterium, Ruminococcus, Lactobacillus, and
Propionibacterium [21]) or nine (Staphylococcus, Streptococcus, Serratia, Pseudomonas, Corynebacterium,
Ralstonia, Propionibacterium, Sphingomonas, and uncultured members of Bradyrhizobiaceae) microbial
genera [22]. Staphylococcus, Streptococcus, and Propionibacterium were the only three genera reported
as predominant in both these studies, suggesting that the concept of “core microbiota” was probably
dependent on the geographic location of the study, and on the method used for HM collection, storage,
and analysis. The predominance of Streptococcus and Staphylococcus genera in HM was confirmed also
in the study by Lackey et al. [23], who analysed HM and neonatal faecal samples from 11 geographical
sites through sequencing of the V1-V3 region of the bacterial 16S rRNA gene. This study highlighted
that HMM composition and diversity are characterized by huge intra- and inter-population variability.
In this context, significant associations between individual bacterial genera in HM and infants’ faeces
were hard to detect; however, strong, even if geographically specific, associations between the complex
microbial communities of infant’s faeces and MOM could be reported by multivariate analyses.

The very recent work by Togo et al. [24] summarized the results of 242 papers from 38 countries,
including data from over 15,000 samples. Data from breast tissue, colostrum, and HM samples were
analysed at the species level and more than 800 bacterial species, mainly belonging to Proteobacteria
and Firmicutes, were identified. The most frequently detected bacterial species were Staphylococcus
aureus, Staphylococcus epidermidis, Streptococcus agalactiae, Propionibacterium acnes, Enterococcus faecalis,
Bifidobacterium breve, Escherichia coli, Streptococcus sanguinis, Lactobacillus gasseri, and Salmonella enterica.
The breast and HM microbiota shared 49% of the species of their repertoire with the gut, 30% with
the vagina, 28% with the urinary tract, 28% with the respiratory tract, and 21% with the oral cavity.
Approximately 300 bacterial species were found only in the breast and HM microbiota and not
in other human microbial niches, suggesting the existence of a breast and HM microbiota with
distinctive features.

Variation in HMM composition among women and populations could be related to several factors,
including but not limited to length of gestation, delivery mode, time postpartum, and maternal factors
such as diet, intake of specific nutrients (i.e., HMOs), and use of antibiotics/probiotics. In addition, it
is unclear how much of the geographical variability in HMM composition is truly related to actual
differences among studied populations or rather to differences in the setting and procedure of milk
collection, storage, and analysis. However, it should be noted that recent large-scale studies have
documented that infants’ GM and their mothers’ HMM are more similar within than across cohorts,
suggesting that the characteristics of both GM and HMM could be tailored not only to the infants’ and
mothers’ lifestyle but also to specific environmental settings [23].

3. Origin and Determinants of the Human Milk Microbiome

The origin of bacteria in HM is not well established, but growing literature suggests that
the genesis of HMM is a complex phenomenon. Two different routes, which are probably not
mutually exclusive, have been proposed for HMM establishment: microbes can colonise HM
through surface skin contamination and retrograde flow (salivary backwash) during breastfeeding
or, alternatively, they might translocate to HM through a more speculative gut-mammary route, the
so-called “entero-mammary pathway”.

Biagi et al. examined HMM, infant’s oral as well as gut microbiota in a cohort of healthy term
infants and their mothers. According to their data, the infant’s mouth, which is the transition point for
HM to reach the gut, could play a relevant role in shaping the characteristics of both HMM and the
infant’s gut microbiota [25]. The existence of a salivary backwash is also supported by data from the
Canadian Healthy Infant Longitudinal Development (CHILD) Study: in a subgroup of mother–infant
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dyads from the CHILD cohort, the determinants of HMM composition and diversity were examined.
The mode of HM feeding (direct breastfeeding vs. provision of MOM expressed through a breast
pump) was found to be associated with HMM distinctive features. Specifically, expressed MOM had
a higher content of potential pathogens and a lower abundance of bifidobacteria compared to HM
provided directly from the breast [26]. This observation supports a retrograde inoculation hypothesis,
with the infant’s saliva seeding HMM during breastfeeding. In addition, Ruiz et al. examined the
microbiota from colostrum expressed by pregnant women before delivery and from the mouth of those
women’s infants. Several taxa were shared by the two ecosystems, with Streptococcus and Staphylococcus
being the most abundant [27]. These observations document the presence in human colostrum, before
delivery, of bacteria which are typical of the infants’ mouth; this supports the hypothesis of a direct
colonization of the infant’s mouth through breastfeeding, as part of a dynamic cycle with a bidirectional
flow of bacteria between the mother and the infant during suckling. In a prospective study, Biagi et al.
recruited a cohort of HM-fed moderately preterm infants (gestational age 32–34 weeks) and examined
their mother’s milk microbiota before and after the beginning of actual breastfeeding [28]. The infant’s
latching to the mother’s breast produced an increase in HMM diversity and a shift in its composition,
characterised by the dominance of typical oral microbes, such as Streptococcus and Rothia. The changes
in HMM following the beginning of breastfeeding were associated with an increase in the abundance
of beneficial bacteria, such as Bifidobacterium, in the infants’ faeces and to a reduction of Pseudomonas in
oral samples.

On the other side, according to the entero-mammary pathway theory [29], maternal intestinal
bacteria would be able to reach extraintestinal sites. During late pregnancy and lactation, these bacteria
would first translocate through the intact maternal gut mucosa by internalization in the dendritic and
CD18+ cells, and then circulate to the mammary gland via the lymphatic and blood circulation [30].
The existence of an endogenous route for the colonization of the mammary gland by gut bacteria
from the mother could be supported by the retrieval, in HMM, of DNA from anaerobic bacterial
families, such as Lachnospiraceae, Ruminococcaceae, and Bacteroidaceae, which are commonly found
in the adult human intestine [25]. Furthermore, Ruiz et al. recently reported the presence of typical
oral bacteria in precolostrum samples, collected during late gestation and thus before any contact of
the infant’s mouth to the breast [27]. The retrieval of these bacteria in precolostrum confirms that
at least some bacteria are present in HM before delivery and before the beginning of breastfeeding;
however, at present an actual mechanism for an entero-mammary bacterial translocation has yet to
be demonstrated. Alternatively, the endogenous route could concern only bacterial antigens, such as
DNA or proteins, instead of living bacterial cells.

Putting these observations together, HMM may be considered as a dynamic crossroad of different
and inter-related bacterial communities. However, HMM assembly is far from clear and mother–infant
microbial dynamics during breastfeeding need further investigation because of the critical role played
by the microbial colonization of the infant’s gut in immune system education and development.

In the complex scenario of the HMM assembly, it is likely that also maternal (BMI, parity, and
mode of delivery), infant (gestational age, gender), and environmental factors (geographic study
location, substance exposure) interact in influencing HMM composition.

Several studies have explored environmental determinants of microbial composition and diversity
in HMM, among which geographical and lifestyles differences have been shown to explain a certain
degree of interindividual variation [23,31,32]. In the study by Kumar et al., HM samples were collected
from selected populations in Europe, Africa, and Asia, and analysed for fatty acid profile and microbiota
features [31]. In addition to differences related to mode of delivery, both fatty acid and microbiota
composition were related to the geographical study location. Similarly, Gomez-Gallego et al. examined
the influence of mode of delivery and geographic location on HMM and HM metabolites, evaluated by
nuclear magnetic resonance: a high variability in HM metabolites was documented across study sites,
and variations in HM metabolome were found to be associated with specific features of HMM [32].
These observations were confirmed by the study by Lackey et al. [23], where HM and infant gut
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microbiota were examined across multiple geographical sites across the world. Even if a limited
number of core genera both in HM and infant’s faeces were shared among different populations, a
significant variability was documented within and across cohorts.

Other environmental factors that could shape HMM are exposure to disinfection agents [33],
exposure to maternal and neonatal antibiotics [34], and the structure of human social networks. A
study performed in Central Africa Republic within a small-scale society documented a relationship
between HMM composition and diversity and the size of the mother–infant social network and the
amount of care received by the infant [35].

Other factors associated with an overall variation in the HMM structure include mode of
delivery [26,32,34,36] and lactational stage [37,38]. Differences in the HMM structure between women
who delivered vaginally and those who delivered by C-section have been frequently reported,
though the specific taxa involved (Lactobacillus spp., Bifidobacterium spp.) vary among cohorts and
studies [26,32,34,36]. In general, HMM from mothers who delivered vaginally is richer and more
diverse compared to HMM from mothers who underwent a C-section [36]. Differences were also
documented in HMM between mothers who had received antibiotics in the peripartum compared to
those who had not [34], and between elective vs. non-elective C-section [37].

Differences in the composition of HMM among colostrum, transition, and mature milk have been
reported by some authors, with an increased abundance of typical oral inhabitants in transition and
mature milk, and higher counts of Bifidobacterium at later stages of lactation, though such differences
have not been consistently observed across studies [37–39].

The influence of length of gestation has also been investigated, with higher counts of Bifidobacterium
spp. in milk samples from term-delivering compared to preterm-delivering mothers. As for the degree
of premature delivery, a progressive increase in total bacterial count appears to be associated with
increasing length of gestation [38]. In the two studies by Biagi et al. [25,28], examining two distinct
cohorts of term-delivering vs. moderately preterm-delivering mothers from the same study site, the
differences in HMM were significant, especially when HM samples collected in the first few days
after delivery from mothers of preterm infants were compared to those from mothers of term infants.
Nonetheless, differences between the two cohorts appeared to decrease when moderately preterm
infants started to be fed directly at their mothers’ breast, strengthening the hypothesis of a direct
influence of breastfeeding on HMM composition.

It is likely that milk components other than HMM, such as HMOs, milk fatty acids, hormones,
immune cells, and antibodies, could modulate the milk “microenvironment”, possibly affecting the
composition of its microbial community [5,32,40].

Although HMM studies have mainly focused on bacteria, HM harbours and may also vehiculate
yeasts or viruses. Pannaraj et al. examined the relationship in the virome composition between HM
and infant stools: the milk virome showed a higher diversity compared to the infant gut virome, and
both showed distinctive features compared to the adult sites’ virome. Although differences in viral
microbiota composition between HM and stools were substantial, a significant number of viruses
was shared between the two ecosystems, with a large proportion of bacteriophages transmitted from
the mother to the infant through breastfeeding, which could contribute actively at modifying HMM
bacterial composition [41]. To date, the features of HM’s eucariome have not been explored yet.

4. Human Milk Microbiome and Its Influence on Infant Gut Colonisation and Health

Human breast milk is considered the gold standard for infant nutrition. Beyond its nutritional
benefits, breastfeeding is known to reduce respiratory and gastrointestinal infections in early life and
decrease the risk of non-communicable diseases such as atopy, diabetes, obesity, and inflammatory
bowel disease. As for preterm infants, exclusive HM feeding is also associated with improved
neurodevelopmental outcomes and reduced risk of NEC [42–44].

Among bioactive factors, which could modulate clinical outcomes, HMOs and HMM appear
to exert a synergic action in shaping the infant’s GM [5,13]. HMOs act as prebiotics promoting the
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proliferation of specific bacteria, including Bifidobacterium [45]—the most important probiotic group
residing in the gut of healthy term infants [8]. Microbes in MOM seed the infant’s oral cavity and
gut, providing pioneer colonizer bacteria and enrichment of bacteria associated with beneficial effects,
and contributing to the establishment of the infant intestinal and oral microbiome [46,47]. Indeed,
multiple studies have documented that breast milk and term infants’ faeces share specific microbial
strains of Bifidobacterium, Lactobacillus, Enterococcus, and Staphylococcus [48–50]. It has also been shown
that GM of breastfed infants differ from non-breastfed individuals and that early fingerprints may
persist into adulthood. GM plays crucial roles in early life metabolic and immune system homeostasis
and development [51,52]: host-microbiota interplay promotes barrier function, mucosal, and systemic
immune function, leading from a Th2-biased toward a balanced Th1/Th2 immune response [53]. It also
“educates” the gut-associated lymphoid tissue, allowing the establishment of a tolerant state between
the microbiota and the immune system [54]. Furthermore, patterns of initial colonisation affect host
metabolic function, including fat deposition, circulating leptin levels, and insulin resistance in the
neonatal period [8]. In early life, being a term, vaginally delivered, and exclusively breastfed infant is
considered the ideal condition for developing a healthy microbiota. However, gut colonization occurs
differently in preterm infants [55]. Preterm gut structural and immunological immaturity together with
a unique set of environmental conditions (mode of birth, antibiotic administration, setting of care, and
nutritional exposure) contribute to abnormal bacterial colonisation and decreased microbial diversity
compared to term infants. Such dysbiosis may result in an inflammatory response exacerbated by an
immature innate immune response that increases the risk of diseases such as NEC and late onset sepsis
(LOS), both significant causes of mortality. Many episodes of LOS are due to gut-derived organisms,
and changes in the intestinal barrier contribute to both LOS and NEC [56]. NEC does not have a specific
microbial signature, however large-scale variation in bacterial taxa at high phylogenetic level (i.e.,
differential abundances in phyla Proteobacteria, Firmicutes, and Bacteroidetes) was reported to precede
NEC [57,58]. The increase in proteobacteria, along with increased enterocyte Toll like receptor 4 activity
in neonates with NEC, suggests a hyperinflammatory response to a dysbiotic microbiome [59,60]. A
recent paper by Fundora et al. aimed at assessing the causality for intestinal dysbiosis leading to NEC:
Although causality was supported by biological plausibility of an aetiological role of Gram-negative
bacteria and temporal evidence of enteric dysbiosis preceding NEC, consistency among studies was
low, and the effect appeared to be non-specific [61].

Beyond the unique set of clinical factors that predispose preterm infants to gut dysbiosis, infant
feeding has a huge impact in shaping the GM. Several studies have documented substantial differences
in the composition of GM for preterm infants fed MOM, donor HM (DHM), and formula, with MOM
leading to the highest microbial diversity compared to both DHM and formula [62], as well as a more
gradual acquisition of diversity compared to formula [63]. In addition, provision of MOM appears
to attenuate the detrimental effect of low birth weight/low gestational age, leading to an ordered
succession of bacterial phenotypes independently from the infant’s degree of immaturity [63]. Recent
data also suggest that variation in GM bacterial diversity and composition induced by different feeding
practices could be associated with the extent of systemic oxidative stress, measured as levels of urinary
F2-isoprostane metabolites in very low birth weight preterm infants [64].

Thus, it can be speculated that both HM and HMM may act as early mediators between the
development of GM in early life and health outcomes. Lactobacillus and Bifidobacterium species isolated
from HM appear to play a beneficial role in the infant’s health [52]. These bacteria have been extensively
studied, given the potential of many strains belonging to Lactobacillus or Bifidobacterium spp. to be used
as probiotics. Some Lactobacillus and Bifidobacterium strains [65] have demonstrated an antimicrobial
activity and a role in the development of the gut barrier function, protection against infectious diseases,
metabolism, immunomodulation, and neuromodulation in studies in vitro and in vivo, both in animal
models and in human clinical trials. Moreover, the frequent retrieval of Streptococcus and Staphylococcus
spp. in the faeces of breast-fed infants, as well as in their mothers’ milk microbiota, might call for a
possible biological role for these bacteria during the infant’s microbiota assembly [28].
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Beyond the seeding effect on infant gut of HM beneficial bacteria, the presence of bacterial DNA,
including DNA derived from dead bacterial cells, may also play a role in the infant immune development.
Ward et al. [66] analysed HM through a metagenomic approach, identifying abundant and prevalent
functions in HMM compared to the infant GM, and described putative immunomodulatory motifs
in microbiota-derived DNA sequences. Among them, unmethylated cytosine phosphate guanine
(CpG) dinucleotides within bacterial DNA are known as strong immune stimulators, acting through
toll-like receptor 9 [67]. Furthermore, immunosuppressive DNA sequences that can counteract the
effects of CpGs have been discovered in commensal Lactobacillus [68]. Therefore, it is likely that
immune-modulatory motifs in HM-derived DNA could contribute to the preterm infants’ immune
balance by decreasing the exaggerated inflammatory response to colonizing bacteria, which is involved
in the pathogenesis of NEC.

5. Human Milk Microbiota: Implications for Preterm Infants’ Care and Role of Donor Milk

Exclusive HM feeding is of utmost importance for preterm infants, as MOM-feeding is linked
to a reduction in the incidence of life-threatening diseases, such as NEC and LOS, as well as to an
improvement in preterm infants’ neurodevelopment [69]. HM feeding promotes a healthy microbiome,
supports appropriate maturation of the developing immune system [70], and protects infants against
infections mainly via secretory IgA antibodies, as well as via immunomodulatory factors such
as enzymes (lysozyme, lactoferrin, etc.), cytokines, complement system components, leukocytes,
oligosaccharides, nucleotides, lipids, and hormones, which ensure host defence against infections and
modulate the immune response [3].

The beneficial role of HM in infants’ feeding becomes even more crucial for preterm infants born
with a very low birth weight [71], whose structural immaturity conflicts with the need to sustain a
huge growth and maturation after birth. Preterm birth exposes the infants to significant risk of severe
infections in early life, and this is associated with adverse outcomes, including death, chronic lung
disease, and neurodevelopmental impairment [72].

However, providing an exclusive HM diet to preterm infants presents a variety of challenges
related to prematurity itself and to hospitalization. For preterm infants, the term “exclusive HM
feeding” covers a range of feeding practices other than direct breastfeeding, such as the use of fresh
vs. frozen expressed breast milk given by bottle or tube feeding, the addition of HM fortifiers, and a
variable duration of exclusive HM feeding. Some of these interventions (pumping, storage process,
etc.) might affect the nutritional and non-nutritional components of HM. The results of the CHILD
study reported a reduced risk of wheezing, asthma, and high BMI among breastfed children [73].
These associations were stronger among infants fed directly at the breast compared to those receiving
expressed breast milk, although both practices were superior to infant formula. Furthermore, Biagi
et al. [28] showed in a cohort of moderately preterm infants that HMM composition changed following
the infant’s latching to the mother’s breast, shifting towards a more diverse microbial community
dominated by typical oral microbes, with a high abundance of Bifidobacterium in the infants’ faeces
collected after actual breastfeeding had started. Taken together, these evidences suggest that latching,
the act of suckling and/or skin-to-skin contact, may contribute to the protective effect of breastfeeding.
Specifically, the infant’s latching to the mother’s breast might constitute an independent factor
helping the health-promoting assembly of the infant gut microbiome, and thus an early initiation of
breastfeeding should be encouraged and promoted among mothers of preterm infants.

When MOM is unavailable or insufficient, the latest recommendations identify DHM, provided
by a qualified HM bank, as the optimal alternative or supplement to MOM [74]. In order to inactivate
viral and bacterial agents, current international guidelines recommend HM pasteurization using
the Holder method [75], which guarantees DHM microbiological safety but is also known to impair
several nutritional and biological HM properties [76,77]. Furthermore, it is likely that pasteurization,
while inactivating potentially harmful microorganisms, might interfere with the resident HMM,
thus impairing the probiotic effect of MOM. A recent study demonstrated that MOM-fed preterm



Nutrients 2019, 11, 2944 8 of 13

infants showed different microbial patterns in their GM compared to DHM-fed infants [78], with a
significantly higher abundance of Bifidobacteriaceae and lower Staphylococcaceae, Clostridiaceae, and
Pasteurellaceae. The gut microbial profile in formula-fed infants was different to that of infants receiving
MOM, while infants fed DHM showed a microbial profile more like infants fed their mothers’ milk.

Even if some analogies are documented between DHM and MOM in terms of the composition
of GM in preterm infants, little is known about the specific effect of DHM on preterm GM and its
potential functional implications. Some authors postulate that preterm infants fed DHM or formula
are devoid of contact with HMM [79], and for this reason strategies which allow an early exposure of
preterm infants to the HMM have been proposed. To this purpose, Cacho et al. [80] inoculated DHM
with small amounts of MOM from mothers of preterm infants. According to viable cell counts and
microbiome analysis, they suggested that DHM incubated with 10% MOM for 4 h was a reasonable
restoration strategy. Alternatively, it has been proposed that, when MOM is not available, a detailed
screening of HM donors, including HM routine assay for cytomegalovirus, would permit to avoid
the HM pasteurization in a certain proportion of donors [81]. Furthermore, when only pasteurized
DHM or formula are available, their supplementation with probiotic strains isolated from HM might
partially cover for the missing HMM function [79].

No specific evaluation of potential probiotic properties of DHM in its current form is available at
present. It appears reasonable that, given the pasteurization process underwent by DHM, no viable
beneficial bacteria would be retrieved in pasteurized DHM.

However, according to recent evidence, the probiotic effect of beneficial microbes does not rely
necessarily on their viability, but their interaction with the host might be based on the capacity of
human cells to recognise specific bacterial components or products, giving rise to responses that
commonly involve the mucosa-associated lymphoid tissue and, therefore, the immune system. For this
reason, the term “para-probiotics” or “ghost probiotics” has been proposed for “non-viable (more often
heat-inactivated) microbial cells (intact or broken) or crude cell extracts (i.e., nucleic acids, cell-wall
components), which, when administered (orally or topically) in adequate amounts, confer a benefit on
the human or animal consumer”. Ghost probiotics might act through several mechanisms, including
the modulation of various steps of the inflammatory and immune responses; given their potentially
higher safety compared to standard viable microbial cells, a potential application for para-probiotics
has been recently suggested also for preterm infants [82].

In analogy with ghost probiotics (beneficial microbial cells inactivated by heat treatment), one
can speculate that DHM processed through Holder Pasteurization (HoP), despite not retaining intact
microbial cells, might harbour a ghost microbiota, whose clinical significance has not been yet
investigated. The exact role of this putative “ghost microbiota” in DHM still needs to be described.

6. Conclusions and Future Directions

Further studies are required to evaluate in detail the characteristics and biological role of HMM.
It is of paramount importance to first understand what constitutes a healthy reference for HMM, as
well as what are the determinants of milk microbial community structure. Such increased knowledge
would shed light on how this important source of microbes impacts on infant health, and how the
process might be positively influenced by clinical practice in preterm infants. More targeted studies are
warranted to define the mechanism by which the HMM impacts immune and gut development in the
infant host. Indeed, it appears that this field of research, merging microbial ecology and clinical practice,
has reached a point in which observational studies should be gradually replaced by mechanistic
approaches, which would be able to provide a finer comprehension on microbes–mother–infant
interaction during this crucial period of human life. Knowledge that goes beyond the community
profile and starts to provide functional insights into HMM, as well as other non-viable probiotic
components of HM, may provide new opportunities to improve health or modify disease outcomes.
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LOS late-onset sepsis
MOM mother’s own milk
NEC necrotizing enterocolitis
NGS next generation sequencing
qPCR quantitative polymerase chain reaction
rRNA ribosomal RNA

References

1. Gura, T. Nature’s first functional food. Science 2014, 345, 747–749. [CrossRef] [PubMed]
2. Gila-Diaz, A.; Arribas, S.M.; Algara, A.; Martin-Cabrejas, M.; Lopez de Pablos, Á.; Saenz de Pipaon, M.;

Ramiro-Cortijo, D. A Review of Bioactive Factors in Human Breastmilk: A Focus on Prematurity. Nutrients
2019, 11, 1307. [CrossRef] [PubMed]

3. Palmeira, P.; Carneiro-Sampaio, M. Immunology of breast milk. Rev. Assoc. Med. Bras. 2016, 62, 584–593.
[CrossRef] [PubMed]

4. Cacho, N.T.; Lawrence, R.M. Innate immunity and breast milk. Front. Immunol. 2017, 8, 584. [CrossRef]
[PubMed]

5. Moossavi, S.; Miliku, K.; Sepehri, S.; Khafipour, E. The Prebiotic and Probiotic Properties of Human Milk:
Implications for Infant Immune Development and Pediatric Asthma. Front. Pediatr. 2018, 6, 197. [CrossRef]
[PubMed]

6. Hill, D.R.; Newburg, D.S. Clinical applications of bioactive milk components. Nutr. Rev. 2015, 73, 463–476.
[CrossRef] [PubMed]

7. Aceti, A.; Beghetti, I.; Martini, S.; Faldella, G.; Corvaglia, L. Oxidative Stress and Necrotizing Enterocolitis:
Pathogenetic Mechanisms, Opportunities for Intervention, and Role of Human Milk. Oxid. Med. Cell. Longev.
2018, 2018, 7397659. [CrossRef] [PubMed]

8. Arrieta, M.C.; Stiemsma, L.T.; Amenyogbe, N.; Brown, E.M.; Finlay, B. The intestinal microbiome in early life:
Health and disease. Front. Immunol. 2014, 5, 427. [CrossRef] [PubMed]

9. Stiemsma, L.T.; Michels, K.B. The Role of the Microbiome in the Developmental Origins of Health and
Disease. Pediatrics 2018, 141, e20172437. [CrossRef] [PubMed]

10. Waterland, R.A.; Michels, K.B. Epigenetic Epidemiology of the Developmental Origins Hypothesis. Annu.
Rev. Nutr. 2007, 27, 363–388. [CrossRef] [PubMed]

11. West, P.A.; Hewitt, J.H.; Murphy, O.M. The Influence of Methods of Collection and Storage on the Bacteriology
of Human Milk. J. Appl. Bacteriol. 1979, 46, 269–277. [CrossRef] [PubMed]

12. Peterson, J.; Garges, S.; Giovanni, M.; McInnes, P.; Wang, L.; Schloss, J.A.; Bonazzi, V.; McEwen, J.E.;
Wetterstrand, K.A.; Deal, C.; et al. The NIH Human Microbiome Project. Genome Res. 2009, 19, 2317–2323.
[CrossRef] [PubMed]

13. McGuire, M.K.; McGuire, M.A. Got bacteria? The astounding, yet not-so-surprising, microbiome of human
milk. Curr. Opin. Biotechnol. 2017, 44, 63–68. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.345.6198.747
http://www.ncbi.nlm.nih.gov/pubmed/25124424
http://dx.doi.org/10.3390/nu11061307
http://www.ncbi.nlm.nih.gov/pubmed/31185620
http://dx.doi.org/10.1590/1806-9282.62.06.584
http://www.ncbi.nlm.nih.gov/pubmed/27849237
http://dx.doi.org/10.3389/fimmu.2017.00584
http://www.ncbi.nlm.nih.gov/pubmed/28611768
http://dx.doi.org/10.3389/fped.2018.00197
http://www.ncbi.nlm.nih.gov/pubmed/30140664
http://dx.doi.org/10.1093/nutrit/nuv009
http://www.ncbi.nlm.nih.gov/pubmed/26011900
http://dx.doi.org/10.1155/2018/7397659
http://www.ncbi.nlm.nih.gov/pubmed/30057683
http://dx.doi.org/10.3389/fimmu.2014.00427
http://www.ncbi.nlm.nih.gov/pubmed/25250028
http://dx.doi.org/10.1542/peds.2017-2437
http://www.ncbi.nlm.nih.gov/pubmed/29519955
http://dx.doi.org/10.1146/annurev.nutr.27.061406.093705
http://www.ncbi.nlm.nih.gov/pubmed/17465856
http://dx.doi.org/10.1111/j.1365-2672.1979.tb00820.x
http://www.ncbi.nlm.nih.gov/pubmed/572360
http://dx.doi.org/10.1101/gr.096651.109
http://www.ncbi.nlm.nih.gov/pubmed/19819907
http://dx.doi.org/10.1016/j.copbio.2016.11.013
http://www.ncbi.nlm.nih.gov/pubmed/27940404


Nutrients 2019, 11, 2944 10 of 13

14. McGuire, M.K.; McGuire, M.A. Human milk: Mother nature’s prototypical probiotic food? Adv. Nutr. 2015,
6, 112–123. [CrossRef] [PubMed]

15. Heikkila, M.P.; Saris, P.E.J. Inhibition of Staphylococcus aureus by the commensal bacteria of human milk.
J. Appl. Microbiol. 2003, 95, 471–478. [CrossRef] [PubMed]

16. Martín, R.; Langa, S.; Reviriego, C.; Jimínez, E.; Marín, M.L.; Xaus, J.; Fernández, L.; Rodríguez, J.M. Human
milk is a source of lactic acid bacteria for the infant gut. J. Pediatr. 2003, 143, 754–758. [CrossRef] [PubMed]

17. Jost, T.; Lacroix, C.; Braegger, C.; Chassard, C. Assessment of bacterial diversity in breast milk using
culture-dependent and culture-independent approaches. Br. J. Nutr. 2013, 110, 1253–1262. [CrossRef]
[PubMed]

18. LeMay-Nedjelski, L.; Copeland, J.; Wang, P.W.; Butcher, J.; Unger, S.; Stintzi, A.; O’Connor, D.L. Methods and
Strategies to Examine the Human Breastmilk Microbiome. Methods Mol. Biol. 2018, 1849, 63–86. [CrossRef]
[PubMed]

19. Fitzstevens, J.L.; Smith, K.C.; Hagadorn, J.I.; Caimano, M.J.; Matson, A.P.; Brownell, E.A. Systematic Review
of the Human Milk Microbiota. Nutr. Clin. Pract. 2017, 32, 354–364. [CrossRef] [PubMed]

20. Ruiz, L.; García-Carral, C.; Rodriguez, J.M. Unfolding the human milk microbiome landscape in the omics
era. Front. Microbiol. 2019, 10, 1–11. [CrossRef] [PubMed]

21. Jiménez, E.; de Andrés, J.; Manrique, M.; Pareja-Tobes, P.; Tobes, R.; Martínez-Blanch, J.F.; Codoñer, F.M.;
Ramón, D.; Fernández, L.; Rodríguez, J.M. Metagenomic Analysis of Milk of Healthy and Mastitis-Suffering
Women. J. Hum. Lact. 2015, 31, 406–415. [CrossRef] [PubMed]

22. Hunt, K.M.; Foster, J.A.; Forney, L.J.; Schütte, U.M.E.; Beck, D.L.; Abdo, Z.; Fox, L.K.; Williams, J.E.;
McGuire, M.K.; McGuire, M.A. Characterization of the diversity and temporal stability of bacterial
communities in human milk. PLoS ONE 2011, 6, e21313. [CrossRef] [PubMed]

23. Lackey, K.A.; Williams, J.E.; Meehan, C.L.; Zachek, J.A.; Benda, E.D.; Price, W.J.; Foster, J.A.; Sellen, D.W.;
Kamau-Mbuthia, E.W.; Kamundia, E.W.; et al. What’s normal? Microbiomes in human milk and infant feces
are related to each other but vary geographically: The INSPIRE study. Front. Nutr. 2019, 6, 45. [CrossRef]
[PubMed]

24. Togo, A.; Dufour, J.C.; Lagier, J.C.; Dubourg, G.; Raoult, D.; Million, M. Repertoire of human breast and milk
microbiota: A systematic review. Future Microbiol. 2019, 14, 623–641. [CrossRef] [PubMed]

25. Biagi, E.; Quercia, S.; Aceti, A.; Beghetti, I.; Rampelli, S.; Turroni, S.; Faldella, G.; Candela, M.; Brigidi, P.;
Corvaglia, L. The bacterial ecosystem of mother’s milk and infant’s mouth and gut. Front. Microbiol. 2017,
8, 1214. [CrossRef] [PubMed]

26. Moossavi, S.; Sepehri, S.; Robertson, B.; Bode, L.; Goruk, S.; Field, C.J.; Lix, L.M.; de Souza, R.J.; Becker, A.B.;
Mandhane, P.J.; et al. Composition and Variation of the Human Milk Microbiota Are Influenced by Maternal
and Early-Life Factors. Cell Host Microbe 2019, 25, 324–335. [CrossRef] [PubMed]

27. Ruiz, L.; Bacigalupe, R.; García-Carral, C.; Boix-Amoros, A.; Argüello, H.; Silva, C.B.; de los Angeles
Checa, M.; Mira, A.; Rodríguez, J.M. Microbiota of human precolostrum and its potential role as a source of
bacteria to the infant mouth. Sci. Rep. 2019, 9, 1–13. [CrossRef] [PubMed]

28. Biagi, E.; Aceti, A.; Quercia, S.; Beghetti, I.; Rampelli, S.; Turroni, S.; Soverini, M.; Zambrini, A.V.; Faldella, G.;
Candela, M.; et al. Microbial Community Dynamics in Mother’s Milk and Infant’s Mouth and Gut in
Moderately Preterm Infants. Front. Microbiol. 2018, 9, 2512. [CrossRef] [PubMed]

29. Rodríguez, J.M. The Origin of Human Milk Bacteria: Is There a Bacterial Entero-Mammary Pathway during
Late Pregnancy and Lactation? Adv. Nutr. 2014, 5, 779–784. [CrossRef] [PubMed]

30. Fernández, L.; Langa, S.; Martín, V.; Maldonado, A.; Jiménez, E.; Martín, R.; Rodríguez, J.M. The human
milk microbiota: Origin and potential roles in health and disease. Pharmacol. Res. 2013, 69, 1–10. [CrossRef]
[PubMed]

31. Kumar, H.; du Toit, E.; Kulkarni, A.; Aakko, J.; Linderborg, K.M.; Zhang, Y.; Nicol, M.P.; Isolauri, E.; Yang, B.;
Collado, M.C.; et al. Distinct Patterns in Human Milk Microbiota and Fatty Acid Profiles Across Specific
Geographic Locations. Front. Microbiol. 2016, 7, 1619. [CrossRef] [PubMed]

32. Gómez-Gallego, C.; Morales, J.M.; Monleón, D.; du Toit, E.; Kumar, H.; Linderborg, K.M.; Zhang, Y.; Yang, B.;
Isolauri, E.; Salminen, S.; et al. Human breast milk NMR metabolomic profile across specific geographical
locations and its association with the milk microbiota. Nutrients 2018, 10, 1355. [CrossRef] [PubMed]

http://dx.doi.org/10.3945/an.114.007435
http://www.ncbi.nlm.nih.gov/pubmed/25593150
http://dx.doi.org/10.1046/j.1365-2672.2003.02002.x
http://www.ncbi.nlm.nih.gov/pubmed/12911694
http://dx.doi.org/10.1016/j.jpeds.2003.09.028
http://www.ncbi.nlm.nih.gov/pubmed/14657823
http://dx.doi.org/10.1017/S0007114513000597
http://www.ncbi.nlm.nih.gov/pubmed/23507238
http://dx.doi.org/10.1007/978-1-4939-8728-3_5
http://www.ncbi.nlm.nih.gov/pubmed/30298248
http://dx.doi.org/10.1177/0884533616670150
http://www.ncbi.nlm.nih.gov/pubmed/27679525
http://dx.doi.org/10.3389/fmicb.2019.01378
http://www.ncbi.nlm.nih.gov/pubmed/31293535
http://dx.doi.org/10.1177/0890334415585078
http://www.ncbi.nlm.nih.gov/pubmed/25948578
http://dx.doi.org/10.1371/journal.pone.0021313
http://www.ncbi.nlm.nih.gov/pubmed/21695057
http://dx.doi.org/10.3389/fnut.2019.00045
http://www.ncbi.nlm.nih.gov/pubmed/31058158
http://dx.doi.org/10.2217/fmb-2018-0317
http://www.ncbi.nlm.nih.gov/pubmed/31025880
http://dx.doi.org/10.3389/fmicb.2017.01214
http://www.ncbi.nlm.nih.gov/pubmed/28713343
http://dx.doi.org/10.1016/j.chom.2019.01.011
http://www.ncbi.nlm.nih.gov/pubmed/30763539
http://dx.doi.org/10.1038/s41598-019-42514-1
http://www.ncbi.nlm.nih.gov/pubmed/31182726
http://dx.doi.org/10.3389/fmicb.2018.02512
http://www.ncbi.nlm.nih.gov/pubmed/30405571
http://dx.doi.org/10.3945/an.114.007229
http://www.ncbi.nlm.nih.gov/pubmed/25398740
http://dx.doi.org/10.1016/j.phrs.2012.09.001
http://www.ncbi.nlm.nih.gov/pubmed/22974824
http://dx.doi.org/10.3389/fmicb.2016.01619
http://www.ncbi.nlm.nih.gov/pubmed/27790209
http://dx.doi.org/10.3390/nu10101355
http://www.ncbi.nlm.nih.gov/pubmed/30248972


Nutrients 2019, 11, 2944 11 of 13

33. Bever, C.S.; Rand, A.A.; Nording, M.; Taft, D.; Kalanetra, K.M.; Mills, D.A.; Breck, M.A.; Smilowitz, J.T.;
German, J.B.; Hammock, B.D. Effects of triclosan in breast milk on the infant fecal microbiome. Chemosphere
2018, 203, 467–473. [CrossRef] [PubMed]

34. Hermansson, H.; Kumar, H.; Collado, M.C.; Salminen, S.; Isolauri, E.; Rautava, S. Breast milk microbiota
is shaped by mode of delivery and intrapartum antibiotic exposure. Front. Nutr. 2019, 6, 4. [CrossRef]
[PubMed]

35. Meehan, C.L.; Lackey, K.A.; Hagen, E.H.; Williams, J.E.; Roulette, J.; Helfrecht, C.; McGuire, M.A.;
McGuire, M.K. Social networks, cooperative breeding, and the human milk microbiome. Am. J. Hum. Biol.
2018, 30, e23131. [CrossRef] [PubMed]

36. Cabrera-Rubio, R.; Mira-Pascual, L.; Mira, A.; Collado, M.C. Impact of mode of delivery on the milk
microbiota composition of healthy women. J. Dev. Orig. Health Dis. 2016, 7, 54–60. [CrossRef] [PubMed]

37. Cabrera-Rubio, R.; Collado, M.C.; Laitinen, K.; Salminen, S.; Isolauri, E.; Mira, A. The human milk microbiome
changes over lactation and is shaped by maternal weight and mode of delivery. Am. J. Clin. Nutr. 2012, 96,
544–551. [CrossRef] [PubMed]

38. Khodayar-Pardo, P.; Mira-Pascual, L.; Collado, M.C.; Martínez-Costa, C. Impact of lactation stage, gestational
age and mode of delivery on breast milk microbiota. J. Perinatol. 2014, 34, 599–605. [CrossRef] [PubMed]

39. Chen, P.-W.; Lin, Y.-L.; Huang, M.-S. Profiles of commensal and opportunistic bacteria in human milk from
healthy donors in Taiwan. J. Food Drug Anal. 2018, 26, 1235–1244. [CrossRef] [PubMed]

40. Moossavi, S.; Atakora, F.; Miliku, K.; Sepehri, S.; Robertson, B.; Duan, Q.L.; Becker, A.B.; Mandhane, P.J.;
Turvey, S.E.; Moraes, T.J.; et al. Integrated analysis of human milk microbiota with oligosaccharides and fatty
acids in the CHILD cohort. Front. Nutr. 2019, 6, 1–16. [CrossRef] [PubMed]

41. Pannaraj, P.S.; Ly, M.; Cerini, C.; Saavedra, M.; Aldrovandi, G.M.; Saboory, A.A.; Johnson, K.M.; Pride, D.T.
Shared and distinct features of human milk and infant stool viromes. Front. Microbiol. 2018, 9, 1–13.
[CrossRef] [PubMed]

42. Schneider, N.; Garcia-Rodenas, C.L. Early nutritional interventions for brain and cognitive development in
preterm infants: A review of the literature. Nutrients 2017, 9, 187. [CrossRef] [PubMed]

43. Belfort, M.B.; Anderson, P.J.; Nowak, V.A.; Lee, K.J.; Molesworth, C.; Thompson, D.K.; Doyle, L.W.; Inder, T.E.
Breast Milk Feeding, Brain Development, and Neurocognitive Outcomes: A 7-Year Longitudinal Study in
Infants Born at Less Than 30 Weeks’ Gestation. J. Pediatr. 2016, 177, 133–139. [CrossRef] [PubMed]

44. Sullivan, S.; Schanler, R.J.; Kim, J.H.; Patel, A.L.; Trawöger, R.; Kiechl-Kohlendorfer, U.; Chan, G.M.;
Blanco, C.L.; Abrams, S.; Cotten, C.M.; et al. An exclusively human milk-based diet is associated with a
lower rate of necrotizing enterocolitis than a diet of human milk and bovine milk-based products. J. Pediatr.
2010, 156, 562–567. [CrossRef] [PubMed]

45. Underwood, M.A. Probiotics and human milk oligosaccharides in premature infants. Neoreviews 2019, 20,
e1–e11. [CrossRef] [PubMed]

46. Rautava, S. Early microbial contact, the breast milk microbiome and child health. J. Dev. Orig. Health Dis.
2016, 7, 5–14. [CrossRef] [PubMed]

47. Milani, C.; Duranti, S.; Bottacini, F.; Casey, E.; Turroni, F.; Mahony, J.; Al, E. The First Microbial Colonizers of
the Human Gut: Composition, Activities, and Health Implications of the Infant Gut Microbiota. Microbiol.
Mol. Biol. Rev. 2017, 81, 1–67. [CrossRef] [PubMed]

48. Ferretti, P.; Pasolli, E.; Tett, A.; Asnicar, F.; Gorfer, V.; Fedi, S.; Armanini, F.; Truong, D.T.; Manara, S.; Zolfo, M.;
et al. Mother-to-Infant Microbial Transmission from Different Body Sites Shapes the Developing Infant Gut
Microbiome. Cell Host Microbe 2018, 24, 133–145.e5. [CrossRef] [PubMed]

49. Murphy, K.; Curley, D.; O’Callaghan, T.F.; O’Shea, C.A.; Dempsey, E.M.; O’Toole, P.W.; Ross, R.P.; Ryan, C.A.;
Stanton, C. The composition of human milk and infant faecal microbiota over the first three months of life: A
pilot study. Sci. Rep. 2017, 7, 1–10. [CrossRef] [PubMed]

50. Asnicar, F.; Manara, S.; Zolfo, M.; Truong, D.T.; Scholz, M.; Armanini, F.; Ferretti, P.; Gorfer, V.; Pedrotti, A.;
Tett, A.; et al. Studying Vertical Microbiome Transmission from Mothers to Infants by Strain-Level
Metagenomic Profiling. mSystems 2017, 2. [CrossRef] [PubMed]

51. Laforest-Lapointe, I.; Arrieta, M.-C. Patterns of Early-Life Gut Microbial Colonization during Human
Immune Development: An Ecological Perspective. Front. Immunol. 2017, 8, 788. [CrossRef] [PubMed]

52. Toscano, M.; De Grandi, R.; Grossi, E.; Drago, L. Role of the human breast milk-associated microbiota on the
newborns’ immune system: A mini review. Front. Microbiol. 2017, 8, 1–5. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.chemosphere.2018.03.186
http://www.ncbi.nlm.nih.gov/pubmed/29635158
http://dx.doi.org/10.3389/fnut.2019.00004
http://www.ncbi.nlm.nih.gov/pubmed/30778389
http://dx.doi.org/10.1002/ajhb.23131
http://www.ncbi.nlm.nih.gov/pubmed/29700885
http://dx.doi.org/10.1017/S2040174415001397
http://www.ncbi.nlm.nih.gov/pubmed/26286040
http://dx.doi.org/10.3945/ajcn.112.037382
http://www.ncbi.nlm.nih.gov/pubmed/22836031
http://dx.doi.org/10.1038/jp.2014.47
http://www.ncbi.nlm.nih.gov/pubmed/24674981
http://dx.doi.org/10.1016/j.jfda.2018.03.004
http://www.ncbi.nlm.nih.gov/pubmed/30249322
http://dx.doi.org/10.3389/fnut.2019.00058
http://www.ncbi.nlm.nih.gov/pubmed/31157227
http://dx.doi.org/10.3389/fmicb.2018.01162
http://www.ncbi.nlm.nih.gov/pubmed/29910789
http://dx.doi.org/10.3390/nu9030187
http://www.ncbi.nlm.nih.gov/pubmed/28241501
http://dx.doi.org/10.1016/j.jpeds.2016.06.045
http://www.ncbi.nlm.nih.gov/pubmed/27480198
http://dx.doi.org/10.1016/j.jpeds.2009.10.040
http://www.ncbi.nlm.nih.gov/pubmed/20036378
http://dx.doi.org/10.1542/neo.20-1-e1
http://www.ncbi.nlm.nih.gov/pubmed/31261069
http://dx.doi.org/10.1017/S2040174415001233
http://www.ncbi.nlm.nih.gov/pubmed/26051698
http://dx.doi.org/10.1128/MMBR.00036-17
http://www.ncbi.nlm.nih.gov/pubmed/29118049
http://dx.doi.org/10.1016/j.chom.2018.06.005
http://www.ncbi.nlm.nih.gov/pubmed/30001516
http://dx.doi.org/10.1038/srep40597
http://www.ncbi.nlm.nih.gov/pubmed/28094284
http://dx.doi.org/10.1128/mSystems.00164-16
http://www.ncbi.nlm.nih.gov/pubmed/28144631
http://dx.doi.org/10.3389/fimmu.2017.00788
http://www.ncbi.nlm.nih.gov/pubmed/28740492
http://dx.doi.org/10.3389/fmicb.2017.02100
http://www.ncbi.nlm.nih.gov/pubmed/29118752


Nutrients 2019, 11, 2944 12 of 13

53. Walker, W.A.; Iyengar, R.S. Breast milk, microbiota, and intestinal immune homeostasis. Pediatr. Res. 2015,
77, 220–228. [CrossRef] [PubMed]

54. Tamburini, S.; Shen, N.; Wu, H.C.; Clemente, J.C. The microbiome in early life: Implications for health
outcomes. Nat. Med. 2016, 22, 713–722. [CrossRef] [PubMed]

55. Arboleya, S.; Binetti, A.; Salazar, N.; Fernandez, N.; Solis, G.; Hernandez-Barranco, A.; Margolles, A.; de Los
Reyes-Gavilan, C.G.; Gueimonde, M. Establishment and development of intestinal microbiota in preterm
neonates. FEMS Microbiol. Ecol. 2012, 79, 763–772. [CrossRef] [PubMed]

56. Stewart, C.J.; Embleton, N.D.; Marrs, E.C.L.; Smith, D.P.; Fofanova, T.; Nelson, A.; Skeath, T.; Perry, J.D.;
Petrosino, J.F.; Berrington, J.E.; et al. Longitudinal development of the gut microbiome and metabolome in
preterm neonates with late onset sepsis and healthy controls. Microbiome 2017, 5, 75. [CrossRef] [PubMed]

57. Stewart, C.J.; Embleton, N.D.; Marrs, E.C.L.; Smith, D.P.; Nelson, A.; Abdulkadir, B.; Skeath, T.; Petrosino, J.F.;
Perry, J.D.; Berrington, J.E.; et al. Temporal bacterial and metabolic development of the preterm gut reveals
specific signatures in health and disease. Microbiome 2016, 4, 67. [CrossRef] [PubMed]

58. Pammi, M.; Cope, J.; Tarr, P.I.; Warner, B.B.; Morrow, A.L.; Mai, V.; Gregory, K.E.; Simon Kroll, J.; McMurtry, V.;
Ferris, M.J.; et al. Intestinal dysbiosis in preterm infants preceding necrotizing enterocolitis: A systematic
review and meta-analysis. Microbiome 2017, 5, 1–15. [CrossRef] [PubMed]

59. Hodzic, Z.; Bolock, A.M.; Good, M. The role of mucosal immunity in the pathogenesis of necrotizing
enterocolitis. Front. Pediatr. 2017, 5, 1–17. [CrossRef] [PubMed]

60. Mihi, B.; Good, M. Impact of Toll-Like Receptor 4 Signaling in Necrotizing Enterocolitis: The State of the
Science. Clin. Perinatol. 2019, 46, 145–157. [CrossRef] [PubMed]

61. Fundora, J.B.; Guha, P.; Shores, D.R.; Pammi, M.; Maheshwari, A. Intestinal dysbiosis and necrotizing
enterocolitis: Assessment for causality using Bradford Hill criteria. Pediatr. Res. 2019. [CrossRef] [PubMed]

62. Xu, W.; Judge, M.P.; Maas, K.; Hussain, N.; McGrath, J.M.; Henderson, W.A.; Cong, X. Systematic Review of
the Effect of Enteral Feeding on Gut Microbiota in Preterm Infants. J. Obstet. Gynecol. neonatal Nurs. 2018, 47,
451–463. [CrossRef] [PubMed]

63. Gregory, K.E.; Samuel, B.S.; Houghteling, P.; Shan, G.; Ausubel, F.M.; Sadreyev, R.I.; Walker, W.A. Influence
of maternal breast milk ingestion on acquisition of the intestinal microbiome in preterm infants. Microbiome
2016, 4, 68. [CrossRef] [PubMed]

64. Cai, C.; Zhang, Z.; Morales, M.; Wang, Y.; Friel, J. Feeding practice influences gut microbiome composition in
very low birth weight preterm infants and the association with oxidative stress: A prospective cohort study.
Free Radic. Biol. Med. 2019, 142, 146–154. [CrossRef] [PubMed]

65. Ruiz, L.; Delgado, S.; Ruas-madiedo, P.; Sánchez, B. Bifidobacteria and Their Molecular Communication
with the Immune System. Front. Microbiol. 2017, 8, 2345. [CrossRef] [PubMed]

66. Ward, T.L.; Hosid, S.; Ioshikhes, I.; Altosaar, I. Human milk metagenome: A functional capacity analysis.
BMC Microbiol. 2013, 13, 116. [CrossRef] [PubMed]

67. Dalpke, A.; Frank, J.; Peter, M.; Heeg, K. Activation of toll-like receptor 9 by DNA from different bacterial
species. Infect. Immun. 2006, 74, 940–946. [CrossRef] [PubMed]

68. Bouladoux, N.; Hall, J.A.; Grainger, J.R.; dos Santos, L.M.; Kann, M.G.; Nagarajan, V.; Verthelyi, D.; Belkaid, Y.
Regulatory role of suppressive motifs from commensal DNA. Mucosal Immunol. 2012, 5, 623–634. [CrossRef]
[PubMed]

69. Miller, J.; Tonkin, E.; Damarell, R.A.; McPhee, A.J.; Suganuma, M.; Suganuma, H.; Middleton, P.F.;
Makrides, M.; Collins, C.T. A Systematic Review and Meta-Analysis of Human Milk Feeding and Morbidity
in Very Low Birth Weight Infants. Nutrients 2018, 10, 707. [CrossRef] [PubMed]

70. Collins, A.; Weitkamp, J.-H.; Wynn, J.L. Why are preterm newborns at increased risk of infection? Arch. Dis.
Child.-Fetal Neonatal Ed. 2018, 103, F391–F394. [CrossRef] [PubMed]

71. American Academy of Pediatrics—Section on Breastfeeding. Breastfeeding and the use of human milk.
Pediatrics 2012, 129, e827–e841. [CrossRef] [PubMed]

72. Strunk, T.; Inder, T.; Wang, X.; Burgner, D.; Mallard, C.; Levy, O. Infection-induced inflammation and cerebral
injury in preterm infants. Lancet Infect. Dis. 2014, 14, 751–762. [CrossRef]

73. Azad, M.B. Infant Feeding and the Developmental Origins of Chronic Disease in the CHILD Cohort: Role of
Human Milk Bioactives and Gut Microbiota. Breastfeed. Med. 2019, 14, S22–S24. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/pr.2014.160
http://www.ncbi.nlm.nih.gov/pubmed/25310762
http://dx.doi.org/10.1038/nm.4142
http://www.ncbi.nlm.nih.gov/pubmed/27387886
http://dx.doi.org/10.1111/j.1574-6941.2011.01261.x
http://www.ncbi.nlm.nih.gov/pubmed/22126419
http://dx.doi.org/10.1186/s40168-017-0295-1
http://www.ncbi.nlm.nih.gov/pubmed/28701177
http://dx.doi.org/10.1186/s40168-016-0216-8
http://www.ncbi.nlm.nih.gov/pubmed/28034304
http://dx.doi.org/10.1186/s40168-017-0248-8
http://www.ncbi.nlm.nih.gov/pubmed/28274256
http://dx.doi.org/10.3389/fped.2017.00040
http://www.ncbi.nlm.nih.gov/pubmed/28316967
http://dx.doi.org/10.1016/j.clp.2018.09.007
http://www.ncbi.nlm.nih.gov/pubmed/30771815
http://dx.doi.org/10.1038/s41390-019-0482-9
http://www.ncbi.nlm.nih.gov/pubmed/31238334
http://dx.doi.org/10.1016/j.jogn.2017.08.009
http://www.ncbi.nlm.nih.gov/pubmed/29040820
http://dx.doi.org/10.1186/s40168-016-0214-x
http://www.ncbi.nlm.nih.gov/pubmed/28034306
http://dx.doi.org/10.1016/j.freeradbiomed.2019.02.032
http://www.ncbi.nlm.nih.gov/pubmed/30851363
http://dx.doi.org/10.3389/fmicb.2017.02345
http://www.ncbi.nlm.nih.gov/pubmed/29255450
http://dx.doi.org/10.1186/1471-2180-13-116
http://www.ncbi.nlm.nih.gov/pubmed/23705844
http://dx.doi.org/10.1128/IAI.74.2.940-946.2006
http://www.ncbi.nlm.nih.gov/pubmed/16428738
http://dx.doi.org/10.1038/mi.2012.36
http://www.ncbi.nlm.nih.gov/pubmed/22617839
http://dx.doi.org/10.3390/nu10060707
http://www.ncbi.nlm.nih.gov/pubmed/29857555
http://dx.doi.org/10.1136/archdischild-2017-313595
http://www.ncbi.nlm.nih.gov/pubmed/29382648
http://dx.doi.org/10.1542/peds.2011-3552
http://www.ncbi.nlm.nih.gov/pubmed/22371471
http://dx.doi.org/10.1016/S1473-3099(14)70710-8
http://dx.doi.org/10.1089/bfm.2019.0029
http://www.ncbi.nlm.nih.gov/pubmed/30985197


Nutrients 2019, 11, 2944 13 of 13

74. Italian Association of Human Milk Banks; Arslanoglu, S.; Bertino, E.; Tonetto, P.; De Nisi, G.; Ambruzzi, A.M.;
Biasini, A.; Profeti, C.; Spreghini, M.R.; Moro, G.E. Guidelines for the establishment and operation of a donor
human milk bank. J. Matern. Fetal Neonatal Med. 2010, 23, 1–20. [CrossRef]

75. Weaver, G.; Bertino, E.; Gebauer, C.; Grovslien, A.; Mileusnic-milenovic, R.; Arslanoglu, S.; Barnett, D.;
Boquien, C. Recommendations for the Establishment and Operation of Human Milk Banks in Europe:
A Consensus Statement From the European Milk Bank Association (EMBA). Front. Pediatr. 2019, 7, 1–8.
[CrossRef] [PubMed]

76. Wesolowska, A.; Sinkiewicz-Darol, E.; Barbarska, O.; Bernatowicz-Lojko, U.; Borszewska-Kornacka, M.K.;
van Goudoever, J.B. Innovative techniques of processing human milk to preserve key components. Nutrients
2019, 11, 1169. [CrossRef] [PubMed]

77. Peila, C.; Moro, G.E.; Bertino, E.; Cavallarin, L.; Giribaldi, M.; Giuliani, F.; Cresi, F.; Coscia, A. The effect
of holder pasteurization on nutrients and biologically-active components in donor human milk: A review.
Nutrients 2016, 8, 477. [CrossRef] [PubMed]

78. Parra-Llorca, A.; Gormaz, M.; Alcántara, C.; Cernada, M.; Nuñez-Ramiro, A.; Vento, M.; Collado, M.C.
Preterm gut microbiome depending on feeding type: Significance of donor human milk. Front. Microbiol.
2018, 9, 1376. [CrossRef] [PubMed]

79. Fernández, L.; Ruiz, L.; Jara, J.; Orgaz, B.; Rodríguez, J.M. Strategies for the preservation, restoration and
modulation of the human milk microbiota. Implications for human milk banks and neonatal intensive care
units. Front. Microbiol. 2018, 9, 1–13. [CrossRef] [PubMed]

80. Cacho, N.T.; Harrison, N.A.; Parker, L.A.; Padgett, K.A.; Lemas, D.J.; Marcial, G.E.; Li, N.; Carr, L.E.; Neu, J.;
Lorca, G.L. Personalization of the microbiota of donor human milk with mother’s own milk. Front. Microbiol.
2017, 8, 1–12. [CrossRef] [PubMed]

81. Hartleif, S.; Göhring, K.; Goelz, R.; Jahn, G.; Hamprecht, K. Quantitative monitoring of HCMV DNAlactia in
human milk by real time PCR assay: Implementation of internal control contributes to standardization and
quality control. J. Virol. Methods 2016, 237, 101–106. [CrossRef] [PubMed]

82. Deshpande, G.; Athalye-Jape, G.; Patole, S. Para-probiotics for preterm neonates—The next frontier. Nutrients
2018, 10, 871. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3109/14767058.2010.512414
http://dx.doi.org/10.3389/fped.2019.00053
http://www.ncbi.nlm.nih.gov/pubmed/30886837
http://dx.doi.org/10.3390/nu11051169
http://www.ncbi.nlm.nih.gov/pubmed/31137691
http://dx.doi.org/10.3390/nu8080477
http://www.ncbi.nlm.nih.gov/pubmed/27490567
http://dx.doi.org/10.3389/fmicb.2018.01376
http://www.ncbi.nlm.nih.gov/pubmed/29997594
http://dx.doi.org/10.3389/fmicb.2018.02676
http://www.ncbi.nlm.nih.gov/pubmed/30473683
http://dx.doi.org/10.3389/fmicb.2017.01470
http://www.ncbi.nlm.nih.gov/pubmed/28824595
http://dx.doi.org/10.1016/j.jviromet.2016.08.020
http://www.ncbi.nlm.nih.gov/pubmed/27587292
http://dx.doi.org/10.3390/nu10070871
http://www.ncbi.nlm.nih.gov/pubmed/29976885
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Human Milk Microbiome 
	Origin and Determinants of the Human Milk Microbiome 
	Human Milk Microbiome and Its Influence on Infant Gut Colonisation and Health 
	Human Milk Microbiota: Implications for Preterm Infants’ Care and Role of Donor Milk 
	Conclusions and Future Directions 
	References

