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Abstract

Human breast milk has been shown to reduce the incidence of necrotizing enterocolitis (NEC). Breast milk has many
components (immunoglobulins, proteins, fat, and, of recent interest, exosomes), but the specific component that affords
protection against NEC is not known. Exosomes are small-nanometer vesicles that are rich in protein, lipid, and
microRNA. Here, we hypothesized that human breast milk-derived exosomes can protect intestinal epithelial cells
(IECs) from cell death. Human breast milk was collected, separated using ultracentrifugation, and quantified using
NanoSight tracking analysis. Purified exosomes were added to IECs that had been treated with varying concentrations
of H,O,. Cells were then incubated overnight with the human breast milk-derived exosomes and assessed for cell
viability. VWestern blot analysis showed that both clathrin and CD81 were present in the purified sample. Oxidative stress
using H,O; caused a 50% decrease in cell viability and human breast milk-derived exosomes had a protective effect in
IECs. In the presence of H,O,, exosomes had a statistically significant protective effect. The protection seen by human
breast milk-derived exosomes was not attenuated by cycloheximide. Thus, human breast milk-derived exosomes allow
IECs to be protected from oxidative stress, but the mechanism is still not clear. Exosomes derived from human breast
milk are an attractive treatment concept for children with intestinal injury.
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the circulatory, digestive, and immune system;
hypoxia-ischemia; and enteral feedings.® Therapeutic
strategies are desperately needed for this devastating

Introduction

Necrotizing enterocolitis (NEC) is one the leading

causes of morbidity and mortality among neonates.'
NEC can affect thousands of premature neonates per
year, making it the leading cause of gastrointestinal
surgical emergencies in neonates. In the United
States, the incidence is around two per 1000 live
births.* NEC can occur in up to 10% of babies weigh-
ing less than 1500 g.°> The mortality in severe NEC can
be as high as 50%, leading to a high number of neo-
natal deaths per year.* Many of the surviving neonates
of severe NEC are left with devastating morbidity,
which can include short bowel syndrome and abnormal
neurodevelopmental outcomes.® The etiology of NEC
is not completely known, but possible causes include:
pathogenic bacterial colonization;” immaturity of

condition.
Breast milk (compared with infant formula) has been
shown to be protective against NEC.” ' Its benefits to
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newborns include neutralizing and killing luminal
pathogens, developing the immune system,'? promoting
microbial/host intestinal immunity,'* and reducing the
incidence of food and environmental allergies.'” The
mechanism by which breast milk protects neonates
from NEC is still not well understood.

One of the leading potential protective mechanisms
could be related to the high number of exosomes in
breast milk. Over the past few years, exosomes have
been identified to have an impact on how we under-
stand intercellular communication. Exosomes are
small endocytic vesicular bodies (30—200 nm) released
from the plasma membrane of cells.'® They play a crit-
ical role in many physiological processes such as cell
communication, therapeutic applications,'”'® and
viral entry.'”?® They are found in numerous body
fluids such as saliva, urine, plasma, and breast milk.%!
A recent study of proteomics in breast milk-derived
exosomes suggested that these vesicles can support the
development of the gastrointestinal and immune
system.??

In an in vivo model of NEC, exosomes derived from
bone marrow-derived mesenchymal stem cells were
protective.23 Also, in an in vitro model using intestinal
epithelial cells (IECs), it was shown that exosomes
derived from murine breast milk increased cell growth
and proliferation.>* To date, no studies have looked at
human breast milk-derived exosomes to determine if
they have a protective effect on the intestinal epithelial
compartment. In our present study, we aimed to show
the protective effect of human breast milk-derived
exosomes. Our hypothesis was that IECs would be
protected from oxidative stress by human breast
milk-derived exosomes. This study provides useful pre-
clinical data that support investigating human breast
milk-derived exosomes as a therapeutic option to decrease
the incidence and severity of NEC in at-risk neonates.

Materials and methods
Human breast milk collection

Breast milk was collected in the University of Alabama
at Birmingham (UAB) Regional Intensive Care Unit.
Scavenged samples were collected after breast milk was
thawed for patient use and the patient was not able to
take the whole feeding. These feedings are normally
discarded but were collected for research purposes.
Samples were collected and stored at —80°C until
time for the experiments. Collection was approved by
the UAB Internal Review Board Protocol N160203002.

Electromagnetic imaging

A 10° sample of exosomes was prepared for electron
microscopy (EM). Samples for analysis were processed
at the UAB Cryo-EM facility. The core EM facility

uses an FEI Tecnai F20 200kV field-emission gun
transmission electron microscope. Images were col-
lected using a 4k x4k-pixel Gatan charge-coupled
device camera.

Exosome isolation

Breast milk was centrifuged twice at 3000 g for 10 min
at 25°C. The fat layer was aspirated and supernatant
transferred to a new tube. A third spin was performed
at 5000 g for 30 min at 25°C. The fat layer was aspirated
from the sample and the supernatant transferred to a
new tube. Breast milk was then syringe filtered with a
0.22 pm filter collected and prepared for the ultracen-
trifuge. A final spin at 32,000 g for 70 min at 4°C was
done and the pellet was collected and re-suspended in
sterile PBS.

Exosome visualization

A nanoparticle tracking analysis system (NanoSight
LM10, Malvern Instruments Ltd., UK) was used to
determine particle size and particle concentration per
milliliter.

IEC-6 cells

IEC-6 cells were purchased from Sigma-Aldrich. RPMI
1640 medium (Mediatech Inc., Manassas, VA) was
used in all experiments, supplemented with 8 mM glu-
tamate, 1% penicillin/streptomycin, and 5% FCS. IEC-
6 cells were grown to 80% confluence. Cells were
seeded at density of 3 x 10° and plated on six-well
tissue culture dishes. Experimental cells were used
between passages 8 and 12. Cells were treated with
100 or 200 uM doses of H,0O, and varying concentra-
tions of breast milk-derived exosomes. IEC-6 cells were
imaged using an Olympus inverted microscope.

Cell count

An Invitrogen Countess automated cell counter was
used to measure cell viability. In brief, 10 ul of trypan
blue 0.4% solution was added to the same volume of
sample and mixed. Ten pL of the mixture was added to
the slide and cells were counted.

Protein concentration assay

The Bio-Rad DC Protein Assay was used to determine
the protein concentrations of the samples. The absor-
bencies were read on a spectrophotometer at 750 nm.

Western blot

Cells were triturated and pelleted then lysed with radio-
immunoprecipitation assay buffer (150mM NaCl,
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S50mM Tris, 1% NP-40, 0.5% deoxycholate, 0.1%
SDS, pH 8.0). Fifteen ml of protein was collected
and run on an SDS 12% gel. Samples were run at
120V for 60 min. Gel was transferred to nitrocellulose
using the Trans Blot Semi-Dry apparatus for 30 min at
15V. The blot was washed three times with TBS-0.1%
Tween (TBST). The membrane was blocked for 60 min
with 3% milk solution. Primary Ab (CDS81 and cla-
thrin) was added at 1:1000 dilutions in
TBST, incubated for 1h at 21°C (room temperature)
on a rotator, and then washed three times. Biotin
anti-rabbit or anti-mouse secondary Ab (Invitrogen),
along with streptavidin HRP (Invitrogen) at a 1:1000
dilution of each in TBST, was incubated for 1 h at room
temperature on a rotator. The blot was washed
three times for 15min each and developed using the
Novex ECL Chemiluminescent and film with Kodak
developer.

Statistics

Two-tailed Student’s ¢ test and one-way ANOVA with
Dunnett’s multiple-comparisons post hoc test were used
to analyze data (GraphPad Prism 7).

Results

Characterization of human breast milk-derived
exosomes
Purified exosomes had a mean size less than 200 nm

(Figure la) as seen by NanoSight tracking analysis.
Western blot analysis was performed in the samples

to determine if markers of exosomes were in this
fraction. CD81 and clathrin were both present in
the purified sample (Figure 1b). Particles were in the
range of 3-9 x 10° particles per ml; mean size was
74.6 £48.0 nm.

Human breast milk-derived exosomes and
oxidative stress

The direct effect of exosome viability on IECs was not
observed until exosome concentrations were at 10 pg
with a statistical significance of P <0.0403 (Figure 2).
To assess whether human breast milk-derived exosomes
could protect against oxidative stress, we used H,O, at
100 uM. There was minimal cell death with 100 uM
H>0, and 0.1 ug of exosomes, but a protective trend
at both 1 and 10pg of exosomes (Figure 3). We
increased the concentration to 200uM H»O, and
observed 50% cell death without exosomes, which
was statistically significant compared with control.
Cells treated with 1 and 10 pg of exosomes in the pres-
ence of H,O, had complete recovery and these results
were statistically significant, P <0.05 for 1pg and
P <0.01 for 10 pg (Figure 4).

Protective mechanism and protein synthesis

One potential mechanism involved in exosome protec-
tion of TEC-6 cells could be linked to gene regulation
requiring new protein synthesis. A well-known inhibi-
tor of protein synthesis (cycloheximide) was used in
similar experiments as above. Results were similar to
experiments without cycloheximide. Concentrations at
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Figure 1. Characteristics of human breast milk. (a) Average size of exosome particles plotted as the number of particles per ml. (b)
Western blot representation of CD8I and clathrin represented at approximately 26 and 180 kDA, respectively. (c) A 10° sample of
exosomes was prepared for EM. Samples for analysis were processed at the UAB Cryo-EM facility. The core EM facility uses an FEI
Tecnai F20 200 kV field-emission gun transmission electron microscope. Images were collected using a 4 k x 4 k-pixel Gatan charge-

coupled device camera.
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Figure 2. Viability of IEC-6 cells treated with increasing doses of human breast milk-derived exosomes. *P < 0.05 using post hoc
Dunnett’s test. Bright-field images of IEC-6 cells were taken at 10x magnification. (a) Control, (b) exosome concentration of 0.1 g, (c)
exosome concentration of | ug, (d) exosome concentration of 10 ng.
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Figure 3. Viability of IEC-6 cells treated with 100 uM H,0O,
with increasing concentrations of human breast milk-derived
exosomes.

1 and 10 pg had the most dramatic effect, but were only
significant at 10 ug (Figure 5).

Discussion

The work from this study demonstrates that human
breast milk-derived exosomes reduce oxidative stress-
related injury on IECs. The use of IEC-6 cells is a
well-characterized and reliable means to clarify epithe-
lial/host defense mechanisms and the effect of oxidative
stress on immune dysfunction. In the present system,
we used H,O, as an inducer of oxidative stress in the
intestinal epithelium. Oxidative stress on the intestinal
epithelial compartment is one potential mechanism
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Figure 4. Viability of IEC-6 cells treated with 200 uM H,0O,
with increasing concentrations of human breast milk-derived
exosomes. *P < 0.05, *P < 0.0 using post hoc Dunnett’s test.

leading to NEC in neonates.” For the first time, we
have shown that human breast milk-derived exosomes
are a potential therapy to decrease cell toxicity in IECs.
The study also confirms the ability to isolate exosomes
from stored breast milk samples and demonstrates their
functionality. The protective effect of exosomes can be
found in several cell types. The specifics are incompletely
understood, but an emerging body of work suggests that
IECs themselves also have the potential to secrete exo-
somes.”® It is unclear if breast milk-derived and intes-
tine-derived exosomes have the same immune profile. It
is also not known what effect breast milk-derived exo-
somes have on IEC secretion of endogenous exosomes.
These subjects are the focus of ongoing research.
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Figure 5. Viability of IEC-6 cells treated with 100 or 200 pM
H,O, with increasing concentrations of human breast milk-
derived exosomes and cycloheximide. **P < 0.0l using post hoc
Dunnett’s test.

In the context of NEC pathogenesis, many of the
protective properties of exosomes on the intestinal epi-
thelial compartment make it an ideal therapeutic target.
Exosome-mediated delivery of epigenetic modifications
have been found to have an impact on barrier func-
tion,”” pathogenic microbial luminal sensing,*® and
the up-regulation of antimicrobial peptides in intestinal
crypts.?’ All of these factors have been implicated in
NEC pathogenesis, including oxidative stress.’*>! In
the present study, we used H>O, to induce oxidative
stress on IECs. The focus in our laboratory has been
to better understand the protective mechanisms of
oxidative stress-induced cellular damage.’> Oxidative
stress has also been studied as a potential mechanism
in NEC pathogenesis.**** These mechanisms are not
clear, making the protective role of breast milk-derived
exosomes appealing. The IEC-6 cell line is a small IEC
line. In NEC, the small intestine is the primary location
of intestinal injury.®> It is unclear if breast milk-derived
exosomes are able to provide protective benefits directly
to the intestinal crypt or if their effects are mediated
through other intestinal cell types. Future studies in
animal models will further clarify this.

The biology of exosomes is in its infancy and it is
unclear if exosome production changes during cellular
stress. Murine breast exosomes have been shown to
promote IEC growth.?* Here, we show that intestinal
cells can be protected by human breast milk-derived
exosomes. We also show that, despite the species differ-
ence, human exosomes were still able to protect murine
IECs. The conserved protection offered by human
exosomes suggests that this mechanism could be

a powerful defense mechanism against injury. The pro-
tective effect is most likely multifactorial, but we do
show that the effect appears to be able to acutely pro-
tect cells. When protein synthesis was inhibited with
cycloheximide, the protective effect persisted. This is
of particular interest because it argues that the exosome
has what it needs to offer this protection without alter-
ing any protein levels. Therefore, to determine which
single or multiple factor is able to confer protection is
of great importance.

Exosomes have fundamental roles in delivering func-
tional messages to cells both in an autocrine and para-
crine manor. Stressed cells may have different messages
to other cells or may have decreased trophic factors
emitted. It is unclear if supplemental exosomes restore
this system. Breast milk-derived exosomes offer a
potential therapy that may improve early gut integrity.
The importance of exosomes in early development is
not well understood. Thus, understanding their role in
cytoprotection could lead to alternative treatment
options. The concentration of exosomes delivered and
the timing of their delivery will be vital to understand-
ing this process.

An alternative protective mechanism of exosomes on
IECs is the regulation of apoptosis. Oxidative stress is
one of the major factors causing cell apoptosis resulting
from increased expression of p53.° The effect of oxi-
dative stress on p53-regulated epithelial cell apoptosis is
well established;37 however, the effect of the tumor sup-
pressor p53 on NEC pathogenesis is not clear. A recent
study by Hackam et al. demonstrated that pS3 regulates
epithelial damage in in a TLR4-dependent mechan-
ism.*® Exosome administration may provide a targeted
therapy for this protective mechanism. The means by
which exogenous exosomes may regulate p53 could be
facilitated by microRNAs, cellular fragments that pre-
vent the binding of a particular protein. Milk exosomes
deliver microRNA-125b, which can target and inacti-
vate the apoptosis-inducer p53.> microRNA-148a pro-
motes growth and survival of IECs through promoter
demethylation. Exosomes have been shown to increase
villus height in a murine model.*’ This may be a unex-
plored mechanism of NEC prevention and will be the
focus of future exploration. In addition, breast milk-
derived miRNA-125b, miRNA-30d, and miRNA-25
have been shown to alter cellular kinetics, apoptosis,
and metabolism.*!

In conclusion, our study confirms that breast milk-
derived exosomes are protective against cell toxicity
induced by H»>O,. The study also shows that protein
synthesis does not play the only role in the observed
protection. This helps us to understand that the exo-
somes are capable of protecting cells with their own
cargo. Human breast milk offers a potentially plentiful
source of exosomes that could one day be used in neo-
nates with intestinal injury. The exosomes in this work
were given at the time of the injury and could give the
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same benefit clinically. It is not known which patients
will develop intestinal pathologies such as NEC, so the
treatment would most likely be after the injury or at the
time the injury is occurring. Even after the onset of
NEC, patients are not given breast milk. Along this
line of thinking, exosomes could be delivered at any
time to the neonate directly into the gastrointestinal
tract. More studies will need to be done, but this is a
promising line of research and utilizes a natural and
readily available source of protection.
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