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Abstract: Exosomes are a subtype of extracellular vesicles. They contain bioactive molecules, including nucleic
acids, proteins and lipids. Among the currently described exosomes, a majority are potential candidates for the
diagnosis and treatment of necrotizing enterocolitis (NEC). In this work, we reviewed existing literature reports on
exosomes and explored their roles in NEC. Exosomes derived from intestinal epithelial cells (IECs) participates in
the development of intestinal diseases, thus can potentially be utilized as biomarkers for NEC. Besides, exosomes
of human milk have been demonstrated to protect IECs from oxidative stress, stimulate intestinal stem cells activity,
improve the proliferation and migration of IECs, and lower the incidence and severity of experimental NEC. Further,
exosomes produced by stem cells can reduce the severity of experimental NEC and protect the intestinal barrier
function during NEC. Conclusively, exosomes have been shown to influence the pathogenesis of NEC and exert a
protective effect on NEC. However, additional investigations would be urgently necessary to comprehensively eluci-
date the underlying mechanisms of exosomes in NEC.
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Introduction

Necrotizing enterocolitis (NEC), as acute inflam-
matory bowel necrosis, primarily attacks pre-
mature infants. The infant mortality as a result
of NEC has been recorded as high as 30% [1].
Since the initial description of NEC, little chang-
es have been observed in total mortality and
treatment strategies [2]. Survivors may show
serious sequelae, including gastrointestinal
complications as well as severe neurodevelop-
mental retardation [3]. Among the possible risk
factors involved in the development of NEC
include: premature delivery, intestinal bacte-
rial colonization and formula food feeding [2,
4]. Integrating infectious and proinflammatory
components significantly contributes to the
development of this disease [3]. However, the
aetiology and pathogenesis of NEC remain ob-
scure, implicating it as an elusive disease in
terms of treatment and prevention. Therefore,
new advanced strategies are urgently needed
to prevent and treat this disease in preterm
infants.

Moreover, exosomes are extracellular nanovesi-
cles of endosomal origin acting as essential
biological units both under normal and patho-
logical circumstances. They encapsulate abun-
dant components and play crucial functions in
intercellular communication [5]. Notably, lipid
bilayers of exosomes also protect their cargo
from RNases and proteases, this implicates
them as ideal delivery vectors for therapy [6].
Exosomes have been revealed to potentially
exert regulatory functions on immune respons-
es and alter the epithelial barrier function to
protect the intestine against inflammation [7].
Proteomics of breast milk-derived exosomes
revealed that these exosomes promote the
development of the immune and gastrointesti-
nal system [8]. Besides, breast milk exosomes
have been reported to protect intestinal epithe-
lial cells (IECs) against H,0, induced cell toxicity
[9]. Those indicate that exosomes have thera-
peutic potential with regard to NEC.

Therefore, this study provides a review of the
currently available biological knowledge on
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Table 1. Three types of extracellular vesicles

Vesicle type Size (nm) Morphology  Origin

Markers

Exosomes 30-150

Cup-shaped Endolysosomal pathway; intralu- CD9, CD63, CD81, CD82,

minal budding of multivesicular ~ HSP70, HSP9O, Alix, TSG101,

body with cell membrane
50-1000 Heterogeneous Cell surface; outward blebbing of Integrin, selectins, CD40

Microvesicles

annexin, Rab GTPases

apoptotic cell membrane

Apoptotic bodies 500-4000 Heterogeneous Cell surface; outward blebbing of Phosphatidylserine, caspase 3
apoptotic cell membrane

Data from Colombo et al. (2014) [11].

exosomes and their emerging role in NEC. Also,
we share our opinion on the opportunities,
future directions, and drawbacks with the use
of exosomes in NEC diagnosis and therapy.

Exosomes: basic biological knowledge
Definition and classification

Although there are still controversies on no-
menclature, the term “exosomes” generally re-
fers to the lipid bilayer vesicles of endosomal
origin formed through vesiculation of intracel-
lular endosomes and release by exocytosis [5,
10, 11]. The first report about exosomes was
availed in the early 1980s. when sheep reticu-
locytes matured into red blood cells, nanovesi-
cles of endosomal origin loaded transferrin
receptor [12]. In the past few years, some re-
ports on the differentiation of red blood cells
described exosomes as the bodies through
which cells eliminate unwanted components
[11]. However, interest in exosomes rose aga-
inin the late 1990s, as researchers speculated
that exons might be an important medium for
intercellular communication [13].

Exosomes are considered to be a subtype of
extracellular vesicles, which differ from other
types of extracellular vesicles, such as apop-
totic bodies and microvesicles [14, 15]. The
characteristics of exosomes and other extra-
cellular vesicles are presented in Table 1. How-
ever, the nomenclature is still unclear and dif-
ferent terminologies are often used interch-
angeably across studies owing to the unclear
biogenesis of extracellular vesicles. As previ-
ously described, inward budding of the endo-
some lumen results in the formation of intra-
luminal vesicles. Late endosomes harbouring
intraluminal vesicles develop into multivesicu-
lar bodies. Subsequently, multivesicular bodi-
es fuse with lysosomes and either is degraded
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or fuse with the plasma membrane to release
exosomes [11]. However, inconsistencies exist
in extracellular vesicle purification protocols,
also vesicle characterization has not been fully
elucidated [11]. Therefore, to illuminate their
physiological relevance and comprehensively
understand the origin of the different popula-
tions of vesicles, their mechanisms of secretion
and biogenesis need an in-depth assessment.

Exosome contents

Lipids are primary components of exosomes
and have been revealed to be rich in diglycer-
ides, cholesterol, phospholipids, glycerophos-
pholipids, and sphingolipids or glycosylcera-
mides [16]. A previous study revealed that the
lipid composition of reticulocyte-derived exo-
somes was similar to that of the producing cells
[17]. Some of the exosomal lipid compositions
differ from the plasma membrane of the parent
cell, partly because the exosome also conta-
ins lipids from the Golgi apparatus [18]. Their
lipid composition depicts their unique rigidity.
Exosomes as lipid carriers deliver to carry bio-
active lipids to recipient cells. Besides, exoso-
mal lysophosphatidylcholine as a chemoattr-
actant for lymphocytes attract T lymphocytes
and induce the maturation of dendritic cells to
mediate immune response [19].

Moreover, exosomes contain genetic materials
and proteins. The genetic material packaged
within exosomes includes mRNAs, miRNAs,
circRNAs, IncRNAs and DNAs [11]. The hTERT
mRNA, a transcript of the enzyme telomerase,
was reported to be shuttled from cancer cells
via exosomes into telomerase negative fibro-
blasts. Consequently, it is translated into a ful-
ly active enzyme and transforms these cells
into telomerase positive fibroblasts, thus creat-
ing non-malignant cells with telomerase acti-
vity [20]. As post-transcriptional inhibitors of
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gene expression, miRNA plays a role in stimu-
lating the degradation of functional inhibition of
its MRNA targets. Exosomal miRNAs from the
rat PC12 cells transported to human tumours
could vary the expression level of the PTEN pro-
tein [21]. In addition, cardiovascular-expressed
miRNAs have been found in human pericardial
fluid exosomes whereby they promote thera-
peutic angiogenesis [22]. In addition, ZFAS1
IncRNA exists in exosomes and can be trans-
ported in exosomes to enhance the prolifera-
tion and migration of gastric cancer cells [23].

Previous reports have revealed that exosomes
have cellular proteins, such as targeting and
adhesion proteins (e.g. intergrins and tetraspa-
nins), chaperones (e.g. Hsp60 and Hsp9O0), pro-
teins involved in multivesicular body formation
(e.g. TSG101 and ALIX), cytoskeletal proteins
(e.g. actin and tubulin), cytoplasmic enzymes
(e.g. pyruvate kinases and lactate dehydroge-
nase) [11, 24]. Exosomes also contain cell-spe-
cific proteins. For example, the surface of the
exosomes secreted by T lymphocytes contain T
cell receptors, granzyme and perforin, which
activate of the immune response [25]. In recent
years, studies on multifunctional properties of
bioactive peptides derived from exosome have
matured. Targeted MRM-MS has been utilized
in detecting serum exosomes of cultured posi-
tive tuberculosis patients. Notably, 76 peptides
representing 33 unique Mycobacterium tuber-
culosis proteins were found in these exosomes
[26]. The highly purified CD81" exosomes from
human placenta were also revealed to contain
more than 27 different peptides [27].

Biological functions and therapeutic potential
of exosomes

Mediating intercellular communication is con-
sidered to be a highly crucial biological function
of exosomes. Exosomes carry and transfer bio-
logically active material to recipient cells, exert-
ing effects [28]. It is believed that exosomes
mediate cell-cell information exchange through
the following ways: (1) exosomes induces a
signal complex that directly stimulates recipi-
ent cells by binding to cell surface ligand; (2)
exosomes transfer receptors between cells;
(3) exosomes deliver functional proteins, infec-
tious particles or genetic information to recipi-
ent cells [6]. Once a recipient cell absorbs an
exosome, the contents of the exosome impact
the recipient cell by regulating key enzyme re-
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actions, signaling pathways, cellular homeos-
tasis, or other mechanisms. The mechanism by
which this occurs and its effects are predomi-
nantly determined based on the pathophysio-
logical status of the source cell and recipient
cells [29].

At present, exosomes are considered to be
important in the maintenance of normal phy-
siology. For instance, exosomes derived from
dendritic cells create a balance in pro- and anti-
inflammatory T cells by inducing T helper cells
to differentiate into regulatory T cells [30]. In
blood circulation, exosomes participate in the
coagulation cascade by providing a surface
for the aggregation of coagulation factors [6].
However, similar properties of exosomes can
associate them with the occurrence of pa-
thological conditions. Tumor-derived exosomes,
for example, can promote tumor growth, mig-
ration, invasion, microenvironment regulation,
angiogenesis, immune manipulation and chem-
otherapeutic resistance [30]. Given the biolo-
gical function and pathophysiologic effects of
these nanovesicles, they are implicated as hi-
ghly potential noninvasive biomarkers for diag-
nosis, therapeutic targets, biologic reagents,
and drug delivery in treating disease. Exosome
biogenesis, contents, and biological functions
are highlighted in Figure 1.

Epithelial cell and neutrophil-derived ex-
osomes in NEC progression

The intestinal epithelium is a huge interface
between the luminal commensal microorgan-
isms and the body. Epithelial injury and impair-
ed barrier function resulting from inflammatory
responses are common pathological features
of gastrointestinal diseases, including NEC
[31]. It has been reported IECs not only ab-
sorbed nutrition but also released exosomes
containing immunomodulatory molecules. A
previous study reported that IECs released
immunomodulatory exosomes containing MHC
class Il and the Fas ligand into the mesenteric
lymph following trauma/haemorrhagic shock
and mediated post-traumatic immunosuppres-
sion causing dysfunction and depletion of den-
dritic cells [32]. Elsewhere, IEC-derived exo-
somes were reported to exert immunoregula-
tory effects on dendritic cells in an inflamma-
tory bowel disease model [33]. IECs released
exosomes from the apical and basolateral si-
des, which carried MHC class | and class Il mol-
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Figure 1. Exosome biogenesis, contents and biological functions. The plasma membrane is invaginated to form an
early endosome, followed by budding of cargo (e.g., RNA, DNA, peptide and protein) into the endosomal membrane
to form intraluminal vesicles within MVBs. MVBs then fuse with the plasma membrane to release exosomes. Exo-
somes are released by almost all cell types and are present in most if not all biological fluids. The biologically active
cargo carried by exosomes can alter the phenotype of recipient cells. This process is mediated through endocytosis,
membrane fusion and/or receptor-mediated endocytosis. The cargo of the exosome then affects the recipient cell
by regulating key enzyme reactions, signaling pathways, cellular homeostasis, or other mechanisms. Exosomes may
act as noninvasive diagnostic biomarkers, therapeutic targets, biological reagents and drug delivery systems. MVBs,

multivesicular bodies.

ecules and were significantly increased in the
presence of interferon gamma [34]. In particu-
lar, EVs derived from IECs have been demon-
strated to activate wound repair circuits [35]
and maintain the intestinal immune balance
[32]. Also, epithelial cells release antimicrobial
peptides in free form or in association with
exosomes to kill parasites [36]. In addition,
crypt-based immature IECs were previously re-
vealed to transport the luminal peptidoglycan
across the intestinal epithelia via a Toll-like re-
ceptor 2-mediated phagocytosis-multivesicular
body-exosome pathway [37]. Notably, gasder-
min D (GSDMD) has been shown to induces
pyroptosis through the pore-forming activity of
its N-terminal domain, cleaved by activated
caspases associated with the release of IL-13
[38]. Furthermore, GSDMD mediated release
of exosomes that contained polyubiquitinated
IL-1B from IECs [39]. GSDMD-guided IL-13 se-
cretion through exosomes has distinct physio-
logical significance from pyroptotic IL-1B rele-
ase because producing cells remain viable and
continue to participate in the inflammatory re-
sponse [39]. Additionally, Adherent-invasive E.
coli (AIEC) are able to adhere to and invade
IECs, survive and replicate within macrophages
and induce a pro-inflammatory response [40].
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AIEC infection of IECs induces secretion of
exosomes that increase AIEC replication in exo-
some-receiving IECs and macrophages [40].
These findings suggest that exosomes of IECs
may affect the expression antigen in the mu-
cosal or systemic immune system via their
inter-cellular communication functions and ev-
entually impact NEC progression.

To our knowledge, polymorphonuclear neutro-
phils (PMN) play a role in the development of
tissue injury in NEC [41]. Interleukin-8 produc-
ed by epithelial cells attracts PMN to inflam-
matory sites and induces their activation, which
is known to lead to intestinal necrosis [42].
Tissue-infiltrating PMNs have been reported to
release exosome-like microparticles that trig-
ger acute remodelling of epithelial junctions
and reduce interepithelial adhesions, leading
to enhanced recruitment of PMNs and further
epithelial damage [31]. Besides, myeloperoxi-
dase was also reported to be mobilized to the
PMN surface and subsequently released in
association with PMN-derived microparticles
(PMN-MPs) upon PMN activation and binding
to IECs. Myeloperoxidase is a potent inhibitor of
wound closure following the binding of PMN-
MPs to IECs. Microinjection of PMN-MPs into
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Figure 2. The representative microscopic image of
human milk exosomes morphology. Samples were
analyzed by electron microscopy.

the injured colonic mucosa can interfere with
the healing of epithelial injury in vivo [43].
Notably, these findings suggest that PMN-MPs
act as shuttles to protect and transmit active
mediators to regulate cellular function during
the progression of NEC. It is fair to assume that,
by analysing changes in the exosome signature
in NEC, markers and therapeutic targets for
NEC can be identified.

Milk-derived exosomes in NEC prevention
Milk-derived exosomes

Breast milk or donor breast milk administration
has been reported to prevent NEC [44-47]. A
meta-analysis of 4 randomized clinical trials
conducted between 1983 and 2005 showed
that breast-feeding of premature infants was
associated with a significant reduction (58%)
in NEC incidence [48]. Moreover, a recent stu-
dy revealed that the NEC incidence of prema-
ture infants fed exclusively human milk de-
creased by 77% compared with human milk
supplemented with infant formula [49]. How-
ever, the mechanisms by which breast milk
exerts these benefits remain unclear. It is im-
portant to identify the components of human
milk that are involved in the prevention and
control of NEC. Of note, exosomes as an in-
ter-cell communication messenger have been
found in human milk, and are rich in colostrum
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and mature milk [50]. Similarly, in our group, we
isolated exosomes from human milk, and the
representative microscopy image is shown in
Figure 2.

Previous studies found that milk exosomes can
improve the development of intestines and
exerts potential protective effects on NEC. Mo-
reover, exosomes of porcine milk have been
reported to significantly promote the expres-
sion of CDX2, IGF-1R, and PCNA, whereas it
inhibited p53 gene expression, which is critical
for intestinal proliferation [51]. Additionally, rat
milk-derived exosomes were reported to signifi-
cantly enhance IECs viability, promote prolifera-
tion, and stimulate activity of intestinal stem
cells, which elevated Lgr5 gene expression
[52]. Furthermore, yak milk-derived exosomes
were revealed to promote the proliferation of
IECs in a hypoxic environment, and showed
higher activation of the HIF signaling pathway
promoting IECs survival than cow-milk-derived
exosomes [53]. Bovine milk exosomes were
demonstrated to improve goblet cell expres-
sion and mucin production, reduced the expres-
sion of myeloperoxidase in experimental NEC
[54] and exerted protective effects against oxi-
dative stress in IEC-6 cells [55]. The uptake of
bovine milk exosomes was shown to be medi-
ated by endocytosis and dependent on cell and
exosome surface glycoproteins in human and
rat intestinal cells [56]. Notably, it was also
shown that human milk exosomes preserved
IECs from oxidative stress, which is one of the
major factors causing cell apoptosis resulting
from increased p53 expression [9]. Additional-
ly, human milk exosomes protected intestinal
stem cells from oxidative stress injury in vitro,
which were potentially mediated via the Wnt/[3-
catenin signaling pathway [57]. Furthermore,
we found that preterm breast exosomes signi-
ficantly enhanced the proliferation and migra-
tion of IECs compared with full-term breast
exosomes in vitro [58]. Our in vivo study has
also confirmed the protective effects of pre-
term milk exosomes in a neonatal NEC animal
model [58]. Breast milk-derived exosomes was
then proved to significantly decrease the inci-
dence and severity of experimental NEC [59].
Additionally, pasteurized breast milk-derived
exosomes decreased the inflammation present
in intestinal organoids exposed to injury in vivo
[60Q]. Of note, colostrum-derived exosomes of-
fer the best protective effect among different
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periods breast milk on protecting intestine
organoids against epithelial injury induced by
LPS [61]. These findings suggest that exosom-
es in breast milk may exert potential protective
effects against NEC. However, to comprehen-
sively understand the protective role of human
breast milk exosomes, it is important to iden-
tify the components of human milk that are
involved in the prevention and control of NEC.

MiIRNAs in milk exosomes

MiRNAs as critical post-transcriptional regula-
tors of gene expression could be packaged in
breast milk-derived exosomes [62]. The exoso-
mal miRNAs could survive in vitro digestion and
be absorbed by intestinal epithelia [63]. The
miRNAs, including miR-4334, miR-219 and
miR-219 in porcine milk exosomes have been
reported to reduce LPS-induced proinflamma-
tory responses and apoptosis in intestinal por-
cine enterocytes [64]. With the use of deep-
sequencing technology to identify exosomal
mMiRNAs in human milk, 4 of the top 10 miRNAs
identified in human milk exosomes are desig-
nated as immune-related pre-miRNAs, and one
of these miRNAs, miR-182-5p, was induced by
interleukin-2 and promoted T cell-mediated
immune responses [65]. One of the identified
mMiRNAs is miR-22-3p, which has been con-
firmed to inhibit the activity of NF-kB, a key
inflammatory signalling molecule that may ca-
use NEC [66, 67]. Similarly, miR-148a-3p, whi-
ch was revealed to be highly expressed in
exosomes of preterm milk, can lower the re-
sponse of inflammation as well as influence
the embryonic cells differentiation [63]. Addi-
tionally, mothers with Type-1 diabetes exhibit
an altered miRNA profile in human milk exo-
somes, of which some of the differentially ex-
pressed miRNAs including hsa-miR-4497 and
hsa-miR-3178 could inducing pro-inflammatory
cytokine expression [68]. Several miRNAs in
NEC intestinal tissue have been reported to be
under-expressed compared to control tissues,
many of which play a role in intestinal goblet
cell differentiation, prevention of excessive in-
flammation and maintenance of intestinal epi-
thelial integrity [69]. These findings indicated
that the exosomal miRNAs transfer from bre-
ast milk to infants through the digestive tract
systemic circulation, and play an important role
in the treatment of NEC. In addition, human
milk-derived exosomes induced proliferation
and epithelial mesenchymal transformation-re-
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lated changes, such as collagen type | and twist
expression [70]. The positive effect of exosom-
es on normal cells may presents an aspect of
their safety when utilized as a nutritional sup-
plement to infant formula.

Proteins and peptides enriched in milk ex-
osomes

A few researchers have conducted proteomic
analyses of exosomes from breast milk. How-
ever, such studies are still in their initial stages.
Proteomic approach (iTRAQ) was used to ana-
lyse milk-derived exosomes of human and bo-
vine milk, and 575 differentially expressed exo-
some proteins were identified [71]. These pro-
teins were highly enriched in the pathways,
such as actin cytoskeleton, glycolysis/gluco-
neogenesis, leukocyte transendothelial migra-
tion, galactose metabolism, which are also
important in NEC. Besides, high amounts of
lactoferrin was found in human milk exosomes
and could regulate cell survival and preserve
infants from developing NEC [71]. In another
study, proximity extension assay was also us-
ed to detect more than 100 proteins in breast
milk-derived exosomes [72]. For instance, CX-
CL5 as an attractor of neutrophils was present
in milk exosomes and could regulate the im-
mune system including influencing inflamma-
tion in the newborn gut [73]. In addition, KLKG,
an important enzyme for immune cell differen-
tiation and survival has previously been detect-
ed in milk exosomes [74].

To our knowledge, peptides and their precur-
sors always have similar functions [75]. Modu-
lation of immune responses by immunoregula-
tory agents, such as the natural or synthetic
immunomodulatory peptides, has been sug-
gested as a potential strategy to modulate
immune system against infection and other im-
mune-related diseases including NEC [76]. To
comprehensively understand the protective ef-
fect of breast milk exosomes, we first perfor-
med a peptidomic analysis of full-term and pre-
mature breast milk exosomes. Many exosomal
peptide precursors from the breast milk of full-
term and premature infants are known to be
associated with metabolic processes, develop-
mental processes, immune system processes,
biological adhesion and cell proliferation, which
play important roles in the regulation of inte-
stinal homeostasis [58]. It is speculated that
these exosomal proteins and peptides trans-
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ferred from breast milk to infants may have pro-
tective functions in the NEC.

Milk-derived exosomes as potential nano-drug
carriers

There are various advantages of delivery of
biologically active substance via human milk-
derived exosomes: (1) exosomes protect mole-
cules from low pH and high enzymatic activity
environments, (2) capsulized pill delivery pro-
vides a higher local concentration, (3) efficient
batch recognition and internalization by the in-
testinal epithelium is possible [46]. In particu-
lar, milk-derived exosomes are present in abun-
dance and can be loaded with both hydrophilic
and lipophilic agents [77]. It is reported when
curcumin was mixed with milk exosomes in the
presence of 10% ethanol: acetonitrile (1:1),
18-24% concentration of the drug can be pro-
vided. Notably, the formula stored at -80°C
degree was stable for up to 6 months, which
was determined by particle size analysis, anti-
proliferative activity and drug loading [78]. Oral
administration of milk exosomal curcumin in
Sprague-Dawley rats proved that it was pre-
sent in various organs at 3-5 times the levels
obtained with its delivery as a free agent. Fur-
ther, compared with the free curcumin adminis-
tration mode, the system enhanced the anti-
proliferative activity against a variety of cancer
cell lines, including lung, breast and cervical
cancer [78].

Furthermore, milk-derived exosomes have be-
en assessed for oral chemotherapeutic drug
paclitaxel (PAC), as an alternative to conven-
tional intravenous therapy. Of note, the exoso-
mal delivery method improved the efficacy and
reduced toxicity of human lung tumour trans-
planted into nude mice. Importantly, oral PAC-
loaded exosomes showed significant inhibitory
effects on tumor growth. However, treatment
with PAC at the same dose as PAC-loaded
exosomes showed moderate but statistically
insignificant inhibitory effects [79]. In another
such study, Anthos loaded in milk exosomes
was found to have significantly increased anti-
proliferative activity against ovarian cancer ce-
lls, and was more effective than anthos alone
and vector control in inhibiting tumor growth
[80]. Thus, milk-derived exosomes can be har-
nessed as potential drug delivery systems for
various molecules that are otherwise limited by
their tissue bioavailability.
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When these functional molecules (miRNAs,
proteins, peptides and drugs) are added to milk
exosomes or formula milk may be highly use-
ful in NEC prevention. Ultimately, the future of
exosomes as therapeutics relies on evaluating
the optimal producer cells and the culture and
stimulation conditions, as well as large-scale
production of homogeneous exosomes. An in-
depth understanding of exosome biology is
essential to overcome these challenges and
make advances in this field.

The therapeutic potential of stem cell derived
exosomes in NEC

Stem cells have proved to be of great potential
in the treatment of NEC. Recent studies reveal
that intravenous or intraperitoneal administra-
tion of mesenchymal stem cells (MSCs) decre-
ases the incidence of experimental NEC in rats
[81, 82]. Previous studies indicate that despite
improved function after MSC transplantation,
both MSC engraftment and subsequent differ-
entiation into appropriate cell types are rare.
This signifies the presence of additional under-
ling mechanisms [83]. A study revealed that
exosomes secreted from MSCs carry critical
signalling molecules and can thus potentially
be utilized in disease intervention and treat-
ment [84].

Further, a study using a rat model of NEC
reported that intraperitoneal administration of
exosomes isolated from bone marrow-derived
MSCs reduced the severity and incidence of
experimental NEC, and could protect the in-
tegrity of intestinal barrier [85]. Additionally,
exosomes in other stem cells such as enteric
neural stem cells, amniotic fluid-derived MSCs
and amniotic fluid-derived neural stem cells
have been reported to preserve the intestines
from NEC [86-90]. These findings affirm that
exosomes of different stem cells have potential
function for NEC prevention and therapy. No-
tably, MSC derived exosomal miR-34a/c-5p
and miR-29b-3p were found to improve intesti-
nal epithelial barrier function by targeting the
Snail/Claudins signaling pathway [91]. Another
study reported that miR-200b in heme oxyge-
nase-1-modified bone marrow MSC derived
exosomes alleviates inflammatory injury of IECs
by targeting high mobility group box 3 [92].
Although the other contents of stem cell-deriv-
ed exosomes and mechanisms underlying the-

Am J Transl Res 2020;12(11):7020-7033



The emerging role of exosomes in necrotizing enterocolitis

Table 2. Examples of the functional effects of exosomes/EVs in NEC

Source of exosomes/EVs Target cells/tissues Findings Ref.
Neutrophils IECs Promoted epithelial injury and increased neutrophil recruitment. [31]
Neutrophils Intestinal tissues Impaired epithelial wound healing. [43]
IECs Immune cells Decreased colitis severity by inducing regulatory T cells and immunosuppressive dendritic cells. [32]
IECs Dendritic cells Caused depletion and dysfunction of dendritic cells. [33]
IECs Epithelial wound Accelerated the healing of murine colonic wounds after biopsy-induced injury. [35]
IECs Intestinal tissues Participate in the inflammatory response. [39]
IECs IECs and macrophages Increase AIEC replication in exosome-receiving IECs and macrophages. [40]
Porcine milk Intestinal tissues Facilitated intestinal cell proliferation and intestinal tract development. [51]
Rat milk IECs Promoted IEC viability, enhanced proliferation, and stimulated intestinal stem cell activity. [52]
Yak milk IECs Promote proliferation of intestinal epithelial cells in a hypoxic environment. [53]
Bovine Milk Goblet cells Enhance goblet cell activity and prevent the development of experimental necrotizing enterocolitis. [54]
Bovine Milk IECs Protected against oxidative stress. [55]
Bovine Milk IECs Mediated by endocytosis and was dependent on cell and exosome surface glycoproteins in human and rat intestinal cells. [56]
Human milk IECs Potected IECs from oxidative stress. [9]

Human milk IECs Enhanced the proliferation and migration of IECs and reduced the severity of experimental NEC. [58]
Human milk Intestinal tissues Reduced the severity of experimental NEC. [59]
Pasteurized human milk Intestinal tissues Decreased the inflammation present in intestine. [60]
Human milk Terminal ileum Protected intestine organoids against epithelial injury induced by LPS. [61]
BM-MSCs Intestinal tissues Reduced the incidence and severity of experimental NEC, and preserved the integrity of the gut barrier. [85]
Human umbilical cord-MSCs Intestinal tissues Relieved colitis in mice. [88]
Amniotic fluid-derived neural stem cells Intestinal tissues Reduced the incidence and severity of experimental NEC. [89]
Neonatal enteric neural stem cells Intestinal tissues Reduced the incidence and severity of experimental NEC. [89]
Gut microbiota IECs/macrophages Regulated intestinal UGT1A1 partially through secreting OMVs, which interacted with IECs directly or via activating macrophages. [94]
Juice of grapes Intestinal stem cells Mediated intestinal tissue remodeling and protected against colitis. [96]
Grapes, grapefruit, ginger and carrot Intestinal macrophages Induced expression of genes for anti-inflammatory cytokines, antioxidants, and Wnt signaling activators. [97]

and stem cells

|ECs, intestinal epithelial cells; AIEC, adherent-invasive E. coli; NEC, necrtotizing enterocolitis; LPS, lipopolysaccharide; BM-MSCs, bone marrow-derived mesenchymal stem cells; UGT1A1, UDP-glucuronosyltransferase 1A1; OMV, outer mem-

brane vesicle.
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Figure 3. Different sources of exosomes in NEC. Exosomes from IECs and neu-
trophils transport bioactive substances to regulate cell function and intestinal
homeostasis. Both human milk and stem cells exosomes have protective ef-
fects in animal models of NEC. Exosome-like nanoparticles of plant and gut
microbiota indicate the potential of cell-free therapy in NEC. The positive ef-
fects of exosomes are mediated by multiple mechanisms. Exosomes protect
mucus barrier, improve IECs proliferation and intestinal stem cells viability,
reduce oxidative stress and inflammation of IECs, and increase neutrophil re-
cruitment hence are ideal therapeutic agents in NEC. NEC, necrotizing entero-

colitis; IECs, intestinal epithelial cells.

se therapeutic effects need further investiga-
tion.

Other exosome-like nanoparticles in NEC

After birth, the gradual colonization of gut mi-
crobes and the development of the body occur
simultaneously. Environmental microbes con-
stitute the most vital group of exogenous stim-
uli in the perinatal period. Recent studies have
revealed that bacterial outer membrane exo-
some-like vesicles (OMEVs) can regulate inflam-
matory responses by interacting with immune
cells; upregulate the expression of tight junc-
tion proteins in IECs to enhance barrier func-

7028

Neutrophil
recruitment

Cell viability

tion; transfer virulence fac-
tors to host cells and lead to
cell injury; stimulate the ex-
pression of endothelial cell
adhesion molecules; serve
as natural nanocarriers for
immunogenic antigens, and
enter systemic circulation to
induce various immunologi-
cal and metabolic respons-
es [93]. Further, the gut mi-
crobiota has been proved
to influence intestinal UDP-
glucuronosyltransferase 1A1
partially by secreting OMEVs
[94]. Based on these find-
ings, it would be worthy to
conduct a further assessm-
ent of whether and how bac-
terial OMEVs is associated
with NEC.

Previously, studies demonst-
rated that plant cells can se-
cret exosomes [95]. It has
been demonstrated that gr-
ape derived exosome-like na-
noparticles penetrated the
intestinal mucus barrier and
were absorbed by mouse in-
testinal stem cells thereby
protecting them from colitis
[96]. Besides, grapes, grape-
fruit, ginger and carrot edi-
ble plant-derived exosome-
like nanoparticles were sh-
own to induce the expres-
sion of genes that code for
Wnt signalling activators, an-
tioxidants and anti-inflammatory cytokines, all
of which critically maintained intestinal ho-
meostasis [97]. These findings may prompt the
development of new and safe strategies for
using edible plant-derived nanoparticles as an
alternative drug delivery vehicle or as nanosize
therapeutic agents.

Conclusions

By integrating the findings of previous studies,
exosomes that play important roles in NEC are
briefly summarized in Table 2. Multiple mecha-
nisms of exosomes may have positive effects
on NEC and they were show in Figure 3. Since

Am J Transl Res 2020;12(11):7020-7033
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cargo related to the exosomes often reflects
the various health and pathogenic states of
released cells and tissues, efforts are being
made to explore the possibility that the exo-
somes can be used as a biomarker and thera-
peutic target to diagnose and evaluate thera-
peutic success of NEC. However, further stud-
ies are underway to fully understand the under-
lying mechanisms. Since exosomes are speci-
fically used to regulate the transfer of bioacti-
ve substances between cells, the possibility of
using these vesicles for treatment is currently
being studied. Notably, efforts are being made
to develop technologies for encapsulating ther-
apeutic peptides, nucleic acids and drugs into
exosomes, as well as to protect them and im-
prove their bioavailability and transportation
into disease tissues. We believe that, eventu-
ally, exosomes containing beneficial molecules
can be harnessed to benefit NEC patients.
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