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Abstract

Context: The premature newborns are prone to develop both early onset and late onset neonatal sepsis. The major causes of this
phenomenon rely on the immaturity of the immune system, which has reduced capability to respond adequately to pathogens.
Evidence Acquisition: Titles and abstracts of previous papers were scanned before reading the full-text, in order to retrieve appro-
priate information. The databases used for searching were PubMed, Cochrane, and Embase for articles published before 1st of July,
2016. Secondary search for articles cited in reference lists were identified by the primary search. This review focused on neonatal sep-
sis incidence and the associated immune response with regards to microRNAs of human milk as a new microelement that enables
regulation of innate immunity functions.
Results: Since human milk is a valuable source of microRNAs, a better understanding of its content will open a new therapeutic
avenue for the clinical management of infectious diseases affecting premature newborns. The variation in miRNAs quantity in hu-
man milk needs to be considered. Mother’s milk can have different amounts of miRNAs and the identification of a microMilk batch
richer of miRNAs can be a nutrition intervention method for modulating innate immunity in clinical management of premature
newborns.
Conclusions: Routine translation of the microMilk concept for neonatal intensive care unit (NICU), in the management of prema-
ture newborns could be a way of defending premature newborns and Very Low Birth Weight (VLBW) infants from both early and
late sepsis.
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1. Context

Premature newborns are prone to develop infection as
shown by world statistics reporting that neonatal infec-
tions cause about 35% of the estimated 4 million neonatal
deaths, annually (1, 2). Neonates, who survive sepsis, have
an increased risk of prolonged hospitalization, bronco-
pulmonary dysplasia, and unfavorable neurodevelopment
(3, 4). The prevalence of neonatal sepsis is inversely corre-
lated with gestational age and birth weight (5), and it is
related to the physiological immaturity of the newborns
immune system (6). In the gestational room, the fetus
develops its immune system in a sterile and safe milieu,
thus it misses the antigenic experience; in addition, the
fetus’s immune system coexists with the immune system
of the mother. Therefore, after birth the newborn is bare
to the microbial “adverse world” and should defend itself
immediately. In the first three months of life, neonate’s

immunologic competence progresses rapidly as the cells
of adaptive immunity mature acquiring the antigenic ex-
perience. In these 3 months of life, the neonate princi-
pally depends on components of the innate immune sys-
tem, (7, 8) yet, neonatal innate immune responses may not
be fully developed so that the entire performance of its
immune system is decreased (9). In premature neonates,
the reduced pool of neutrophils and monocytes as well
as their precursors lead to greater susceptibility to seri-
ous bacterial, viral or fungal infections. A better under-
standing of the mechanisms underlying neonatal immu-
nity could be helpful in preventing and treating neonatal
infections. In this view, Vorbach et al. (10) postulated that
the mammary gland has evolved as a protective immune
gland as part of the mother’s immune system, since hu-
man milk is full of various peptides, small proteins, and en-
zymes with immune activity. Therefore, breastfeeding pro-
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motes immunity through numerous human milk-derived
compounds, and among them microRNAs is an important
class of emerging biomolecules (11) that play a critical role
in gene expression regulation at the post-transcriptional
level. This review highlights some of the new concepts as-
sociated with human milk miRNAs profiling for the pos-
sible control of innate immunity, and discusses their con-
nection with clinical management at the neonatal inten-
sive care unit for preventing neonatal sepsis in critical pre-
mature newborns.

2. Evidence Acquisition

Titles and abstracts of previous papers were scanned
before reading the full-text, in order to retrieve appro-
priate information. The databases used for the search
were PubMed, Cochrane, and Embase for articles pub-
lished before 1st of July, 2016. Secondary search for arti-
cles cited in reference lists was identified by the primary
search. The remaining articles were then subject to a ci-
tation search before a final hand-search of all reference
lists. Papers were deemed eligible if they included the
following phrases: “Neonatal premature and sepsis inci-
dence”, “innate immunity”, “immune modulating microR-
NAs”, “preterm infant and microRNAs”, and “human milk
and microRNAs”. In agreement with our previous papers,
all citations were downloaded with the Endnote® software
version 14. To avoid bias of elimination, full text articles
were re-considered following the first round exclusions
and were subject to two independent eligibility reviews (FL
100% and LG 20%), this time with perfect agreement. The
studies that were evaluated as adequate were enclosed in
the present review.

3. Results

3.1. Neonatal Sepsis

A serious complication among premature infants with
very low birth weight (VLBW) is infectious disease that
leads to hospitalization in neonatal intensive care units.
Early onset neonatal sepsis (EOS) involves the follow-
ing risk factors, prematurity, immunologic immaturity,
prolonged rupture of membranes, and maternal intra-
amniotic infection. Although blood culture-proven EOS
involves less than 2% of VLBW premature newborns, it is
often associated with considerable morbidity and mor-
tality. What emerges from monitoring EOS is that there
is a change in the distribution of pathogens associated
with it (2). The predominantly gram-positive infections are
switching towards gram-negative organisms. This change
is worrying, due to the high death rate associated with

gram-negative bacteria. In particular, pathogens causing
EOS showed over the past decade, an important decrease of
streptococcal Group B infections and a significant increase
of Escherichia coli infections. However, Haemophilus in-
fluenzae and Listeria monocytogenes may also be identi-
fied (12, 13). In contrast, gram-positive infections mostly,
coagulase negative Staphylococci and Staphylococcus au-
reus, are characteristic of Late-onset neonatal sepsis (LOS)
(14-16). Late-Onset neonatal Sepsis is associated with high
mortality due to difficult diagnosis and empirical antibi-
otic treatment. These are used often inappropriately with
an increased risk of both antibiotic resistance and invasive
candidiasis infections (14). This latter problem can be over-
come by fluconazole prophylaxis in VLBW newborns, dur-
ing the first 6 weeks of life (17). Today, cost-effective strate-
gies to reduce the burden of LOS are as follows, i) antimi-
crobial stewardship; ii) limit in steroid use; iii) early en-
teral feeding; iv) minimization of invasive procedures, and
v) hand hygiene.

3.2. Function of the Innate Immunity

The immune system consists of cells and molecules
with specialized roles in defending the body against in-
vading pathogens. The immune system challenges invad-
ing pathogens via 2 different types of responses, which dif-
fer from each other regarding the immunologic memory
presence. The innate immune responses use natural killer
cells and cells belonging to the phagocytic and inflamma-
tory systems, such neutrophils, monocytes, macrophages,
basophils, mast cells, and eosinophils. The molecular arm
of the innate responses consists of complement, acute-
phase proteins, and soluble factors, such as cytokines and
interferons. The immune system of preterm newborns
is immature with a reduced innate and adaptive immu-
nity; in addition, their immune responses may also com-
promise of other factors due to the preterm birth. In pre-
mature newborns, the reduced capability to adequately re-
spond to infections, is mainly related to a) decreased levels
of both Immunoglobulins type G (IgGs) and Antimicrobial
Proteins and Peptides (APPs); b) impaired function of com-
plement proteins; and c) reduced pool of neutrophils and
monocytes. The IgG is transferred to the fetus across the
placenta at 32 weeks of gestation (18), so that premature
newborns have lower levels of circulating maternal IgGs,
which results in a lack of opsonization and impairment of
phagocytosis (18). Moreover, APPs released by white blood
cells destroy pathogens and are positively correlated with
gestational age (19). In premature newborns, the impair-
ment of phagocytosis is amplified by the immaturity of
complement proteins of both classical (C1, C4) and alter-
native (factor B) pathways (20), and by the reduced pool
of neutrophils and monocytes and of their precursors, due
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to the low production of granulocyte-macrophage colony-
stimulating factor (GM-CSF) (19). The decreased synthesis
and release of soluble factors also affects cytokines such
as interleukin-12 (IL-12) /IL-23, IL-18, and Interferon-gamma
(IFN-α), involved in the efficiency of innate immune re-
sponse (20).

It has been documented that toll-like receptors (TLRs)
play a critical role in early innate immune response (21).
These receptors recognize pathogen-associated molecular
motifs, and are expressed on the surface of both anti-
gen presenting cells and epithelial cells. The stimulation
of TLRs evocates intracellular signaling cascades that in
turn lead to transcriptional and cellular activation and cy-
tokine/chemokine production (21). Among TLRs, TLR4 is
a transmembrane component of the Lipopolysaccharide
(LPS) receptor. It also recognizes heat-shock proteins and
unsaturated fatty acids such as lipoteichoic acids synthe-
sized by gram-positive bacteria (22, 23).

The LPS, component of E. coli and other gram-negative
bacteria, is able to evocate inflammation through its
binding to the TLR4/MD2/CD14 complex present on the
macrophages surface (24). In preterm infants, the de-
creased functionality of TLR4 is associated with a reduced
receptor expression on cord blood mononuclear cells, sup-
porting the pivotal role of TLR4 in increased susceptibil-
ity to infection (25, 26). Of note, microRNAs have emerged
as fine modulators of TLRs signaling (27), proving to be
a bridge between innate and adaptive immune response.
MicroRNA in immune regulation is an intense area of re-
search that will facilitate the understanding of the devel-
opment and the function of the innate immune system in
neonates.

3.3. MicroRNAs Regulation of Innate Immunity

One of the most promising aspects in modern
medicine is undoubtedly the discovery of the family of
small non-coding RNAs, known as microRNAs (miRNAs).
Originally identified in C. elegans, they were then found
in all vertebrates including humans (28) as key regulators
of gene expression at post-transcriptional level, either
by inhibition of translation or degradation of the mRNA
target (29). MiRNAs are found within both the introns or
exons of protein-coding regions and the intergenic sites
in the genome (30, 31). They exist either individually or
in clusters (32, 33) and they are transcribed from their
own genes by RNA Polymerase II (RNA Pol II) to generate
single-stranded primary miRNA transcripts (pri-miRNA)
in the nucleus (34). Pri-miRNA transcripts are processed
by an RNase III ribonuclease, called Drosha, to ~ 60 to 70
nucleotides long stem-loop structures known as the pre-
cursor of miRNAs (pre-miRNAs) (35, 36). The pre-miRNAs

are exported out of the nucleus by the Guanosine Triphos-
phate (Ran-GTP)-dependent Exportin-5 into the cytoplasm
(37, 38). Within the cytoplasm, further processing of the
pre-miRNAs by RNAse III enzyme, known as Dicer, takes
place and results in the formation of 18 to 22 nucleotides
long miRNA duplexes (39, 40). These duplexes are then
incorporated into a ribonucleoprotein complex, referred
to as RNA-induced silencing complexes (RISC) (41). The
RISC complex identifies miRNA targets for translational
modulation via complementary base pairing. The RISC
complex will cleave the mRNAs if the complementarity
between the miRNA and the target mRNA is fulfilled.
When the complementarity is partial, as often observed
in mammals, the translation process will be inhibited
(42). This makes it possible for a single miRNA to bind to
many mRNAs and regulate a large number of genes. Most
miRNAs are thought to inhibit the translational process
by binding to mRNAs at the 3’ untranslated region (UTR).
However, some reports suggest that miRNAs have also the
ability to modulate transcription (43, 44). The binding of
MiRNAs to the promoter regions of a gene has been shown
to either activate or inhibit transcription (43, 44). Func-
tional studies indicated that essential cellular processes
such as differentiation, apoptosis, and metabolic activities
are controlled by varying specific miRNA levels (45). In
addition, several authors have demonstrated the essential
role of miRNAs in orchestrating immune response (46-
50). The first miR linked to the immuno system was the
miR-155, which is first transferred to the fetus, across the
placenta and then the infant later via human milk (Figure
1). It emerges as a central regulator of immunity having
an important role in the maturation of macrophages
and dendritic cells into the active phenotype through
toll-like receptors (TLRs). The regulation of miR-155 ex-
pression supports the idea that activating signals are
crucial, since danger stimulating signaling via both TLR
and interferon, can upregulate miR-155 expression. In fact,
upon stimulation with Interferons and Tumor Necrosis
Factor (TNF)-alpha, there is an induction of miR-155 in
various cell types (51-54). Furthermore, TLR ligands poly
(I:C) and LPS acting on TLRs 3 and 4, respectively, induce
miR-155 expression in innate cell models (53). The abla-
tion of miR-155 in dendritic cells (DCs) does not induce
efficient T-cell activation in response to antigens for the
impaired antigen presentation capability (54). A target
gene of miR-155 is the suppressor of cytokine signaling 1
(SOCS1) and it is important to mention that SOCS1 per se,
negatively regulates the antigen presenting capability of
DCs (55). MiR-223 was the first non-coding RNA discovered
to be highly expressed in hematopoietic cells of myeloid
lineage in both mice and humans (56-58). This microRNA
is expressed in cells of the granulocytic lineage acting
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as a differentiation factor. Its expression becomes incre-
mentally higher as granulocytes reach the full mature
stage. In contrast, ablation of miR-223 in mice leads to
hyper-mature granulocytes, spontaneous inflammatory
lung pathology, and cell-autonomous expansion of the
granulocyte progenitor population, as one of the miR-223
targets is the transcription factor Mef2c. Myeloid-specific
ablation of Mef2c in miR-223 knockout mice rescued the
neutrophilia phenotype (56).

The family of the miR-146 is highly expressed in the
human monocytic THP-1 cell line upon stimulation by LPS
and pro-inflammatory cytokines such as TNF-αor IL-1β (59-
61). Both miR-146a and miR-146b are transcriptionally up-
regulated by these molecules, yet, only the miR-146a ma-
ture form is generated. This microRNA negatively regu-
lates the acute innate immune response. The miR-146a
promoter contains several binding sites for nuclear factor
(NF)-κB and has been shown both in vitro and in vivo to
target IRAK1 and TRAF6, thus suppressing the expression
of NF-κB’s target genes such as IL-6, IL-8, IL-1β, and TNF-α
(62, 63). Therefore, miR-146a acts as an effector molecule
that drives a negative feedback mechanism, able to attenu-
ate the TLRs response (64). In contrast to miR-155 and miR-
146, in macrophages miR-125b is down-regulated upon LPS
stimulation (65). Tumor Necrosis Factor-α is also a tar-
get gene of miR-125b, suggesting that down-regulation of
miR-125b is required to ensure a proper inflammatory re-
sponse in response to infections by macrophages, or con-
versely miR-125b may be considered a safety mechanism to
ensure negligible TNF-α expression by inadequately stimu-
lated macrophages. The regulation process by microRNAs
is shown in Figure 1 and Table 1.

Table 1. Effects of miR146, 155, 223 and 125b on Tumor Necrosis Factor Alpha (TNFα),
Nuclear Factor Kappa-Light-Chain-Enhancer of Activated B Cells (NFkB); Dendritic
Cells (DC); Toll-Like Receptor (TLR); Interleukin 6 (IL6) and Interleukin 1 Beta (IL1β)

miRNA Regulated Process

125b Control of TNFα production

146a NFkB-mediated inflammatory response; type 1 interferon
induction and signaling

155 DCs development; maturation granulocytes; monocytes expansion

223 Monocytes differentiation; granulocytes proliferation/activation;

TLR induction of IL6/IL1β production

Abbreviations: DC, Dendritic Cells; IL6, Interleukin 6; IL1β, Interleukin 1 beta;
NFkB, Nuclear Factor kappa-light-chain-enhancer of activated B cells; TLR, Toll-
Like Receptor; TNFα, Tumor Necrosis Factor alpha.

3.4. Nutrition: The Role of microRNAs

Vorbach et al. (10) in a previous review, described that
mammary gland evolved in a protective immune gland as

part of mother’s immune system, since human milk is full
of various peptide, small proteins, and enzymes with in-
nate immune function. Human breast milk also provides
nutrition to the newborn and facilitates the maturation
of the newborn’s immune system (66). The finding that
human breast milk contains microRNAs that tightly reg-
ulates innate immunity such as the miR146a opens a new
scenario for the biological function of these molecules in
neonatal nutrition with a particular focus for premature
newborns and VLBW babies. MicroRNAs milk derivatives
are stable under harsh conditions such as freeze-thaw cy-
cles and low pH (pH 1); this is of importance for prema-
ture newborns, VLBW, and hospitalized infants, who usu-
ally receive freezer-stored breast milk (even donated). Low
pH stability suggests that miRNAs can be tolerated by new-
born’s gastrointestinal milieu and could be absorbed into
the small intestine directly influencing the gut mucosal
immunity and therefore microbiome (11, 67). The analysis
of miRNAs profile, in human breast milk, with respect to
innate immunity could represent a strategy to treat critical
premature newborns. Even if there is a variation between
each person, the expression pattern of miRNAs in human
breast milk samples of the same mother is constant. Hu-
man breast milk reflects a mother’s constitution and liv-
ing environment such as food intake. This aspect assumes
an important and crucial meaning for human milk bank
since they collect milk form mothers having hospitalized
newborns and/or milk from a donor. Identifying a richer
human milk batch and using it for critical premature new-
borns and VLBW disorder could be a tangible way to both
improve their health status and reduce the days of hos-
pitalization. The variation in the miRNAs quantity in hu-
man milk needs to be considerate. Donor’s milk can have
different amounts of miRNAs and the identification of a
“microMilk” batch richer of miRNAs than others can be a
nutrition intervention method for modulating innate im-
munity in clinical management of premature newborns.
Translating this concept for the NICU management of the
premature newborn will be a way to protect premature
newborns and VLBW by both early and late sepsis.

4. Conclusions

Translating the microMilk concept for the NICU rou-
tinely, in the management of premature newborns could
be a pioneering way for defending premature newborns
and VLBW by both early and late sepsis.
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Figure 1. Schematic Representation of microRNAs Action on Innate Immunity Development
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