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Abstract

Purpose—Necrotizing enterocolitis (NEC) remains a devastating disease in premature infants.
We previously showed that four stem cell (SC) types equivalently improve experimental NEC.
Exosomes are intercellular nanovesicles containing RNA, miRNA, DNA, and protein. Because SC
therapy faces challenges, our aim was to determine if the beneficial effects of SC are achievable
with cell-free exosomes.

Methods—Exosomes from four SC types were compared: (1) amniotic fluid-derived
mesenchymal SC (AF-MSC); (2) bone marrow-derived MSC (BM-MSC); (3) amniotic fluid-
derived neural SC (AF-NSC); and (4) neonatal enteric NSC (E-NSC). Rat pups exposed to NEC
received a varying concentration of a single type of exosome with control pups receiving PBS
only. Intestinal damage was graded histologically.

Results—The incidence of NEC was 0% in unstressed pups and 60.7% in control pups subjected
to NEC. Exosomes (4.0x108) reduced NEC incidence to: AF-MSC 25.0%; BM-MSC 23.1%; AF-
NSC 11.1%; E-NSC 27.3%. When administered at a concentration of at least 4.0x108, all groups
demonstrated a significant reduction in NEC compared to untreated pups. At this minimum
concentration, there was no difference in treatment efficacy between exosomes and the SC from
which they were derived.

Conclusion—Stem cell-derived exosomes reduce the incidence and severity of experimental
NEC as effectively as the stem cells from which they are derived, supporting the potential for
novel cell-free exosome therapy for NEC.
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Necrotizing Enterocolitis (NEC) has been the subject of a substantial amount of research,
however little progress has been made in significantly improving patient outcomes, with
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overall mortality for infants requiring surgery remaining greater than 30%.[1] The cost of
treating premature infants affected with NEC exceeds $1 billion annually in the United
States alone. Morbidity and mortality remain unacceptably high and have been relatively
unchanged in several decades.[2] We have previously shown that four types of stem cells all
equivalently promote improved gut barrier function and reduce the incidence and severity of
experimental NEC.[3,4]

Translation of stem cell research to the clinic is challenging, with many ethical, legal, and
scientific ramifications.[5] Interest has emerged in the potential diagnostic and therapeutic
use of exosomes, small extracellular vesicles approximately 100 nm in size.[6] Exosomes
are exocytosed by cells and contain RNA, miRNA, DNA, and proteins that are not only
reflective of intracellular activity in the cells from which they were derived, but also are able
to affect changes in neighboring cells and remote cells throughout the body via
hematogenous spread.[7] These nanovesicles have been shown to have therapeutic potential
in a number of areas, and interest has become so strong that in 2012 the NIH established a
Common Fund initiative specifically to fund research into exosome origins, distribution, and
potential impact.[8-10] In the current study, we sought to determine if stem cell-derived
exosomes have potential as a cell-free therapy in NEC, and if so, to determine if the
therapeutic effects are dose-dependent.

1. Methods

1.1 Stem Cell Culture and Verification

Using previously described methods, the following stem cell lines were cultured from Lewis
rats: amniotic fluid-derived mesenchymal stem cells (AF-MSC), bone marrow-derived MSC
(BM-MSC), amniotic fluid-derived neural stem cells (AF-NSC), and neonatal enteric NSC
(E-NSC).[3] These specific stem cell lines were chosen because we have previously
demonstrated their individual efficacy in treating experimental NEC. [3, 4] In addition, we
have demonstrated that different types of stem cells target different tissues. For example,
NSC target the injured enteric nervous system in our experimental NEC model, and improve
intestinal motility after NEC. Because of these different effects, we wanted to investigate
whether exosomes derived from these different types of stem cells might function differently
from one another in protection of the intestines from NEC.

All stem cell lines were confirmed by flow cytometry for specific cell surface markers
consistent with the different stem cell lines. AF-MSC cells were positive for CD29
(ThermoFisher, Waltham, MA), CD49e (ThermoFisher), CD90 (ThermoFisher), and Oct4
(Novus Biologicals, Littleton, CO), which are markers of MSCs and cells derived from AF.
These cells were also negative for the hematopoietic precursor cell markers CD11
(ThermoFisher) and CD45 (ThermoFisher), as expected. BM-MSCs were positive for CD90,
confirming their identity as MSC, and negative for CD11 and CD45. Both NSC cell
populations were confirmed to be positive for Nestin (R&D Systems, Minneapolis, MN), a
transient intermediate filament protein only expressed in NSCs and not in mature neural
tissue.
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Additionally, both mesenchymal stem cell lines were confirmed to be multipotent by
differentiation along adipocytic and osteocytic cell lines using commercially-available
differentiation kits (StemPro Adipogenesis Differentiation Kit, and StemPro Osteogenesis
Differentiation Kit, ThermoFisher).

1.2 Exosome Generation and Collection

Exosomes were generated and collected based upon published methods.[9,11] To generate
exosomes from MSC populations, which grow in an adherent fashion in cell culture flasks,
SC growth-supporting medium was replaced with media lacking fetal bovine serum (FBS).
This exosome generation media was composed of Minimum Essential Medium Alpha with
GlutaMAX™ (MEM-a, ThermoFisher) and 1% penicillin/streptomycin/amphotericin B
(PSA, ThermoFisher).

Exosomes were generated from NSC populations by placement of SC into media lacking
SC-supportive growth factors (EGF, FGF). Generation media was composed of Dulbecco’s
Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F12, ThermoFisher) supplemented
with 4% chicken embryo extract (Gemini Bio-Products, West Sacramento, CA), 2% PSA,
and 1X N-2 supplement (ThermoFisher). Cells in culture were centrifuged at 400 x g for 10
minutes, after which supernatants were removed and pellets resuspended in exosome
generation medium.

All SC were then placed into exosome generation media for 48 hours. Supernatants were
then collected and exosomes purified by differential ultra-centrifugation. Five rounds of
centrifugation were conducted: (1) 300 x g for 10 minutes, with supernatants retained for
subsequent stages; (2) 2000 x g for 10 minutes, with supernatants retained; (3) 10,000 x g
for 30 minutes, with supernatants retained; (4) 100,000 x g for 70 minutes, with the pellet
retained and resuspended in 1% phosphate-buffered saline (PBS, Corning, Manassas, VA);
(5) 100,000 x g for 70 minutes, with the pellet retained and resuspended in 200 pl of PBS.
These final 200 pL solutions were characterized using nanotracking analysis (NTA) on a
NanoSight NS300 instrument (NanoSight, Malvern Instruments Ltd, Worcestershire, UK).
Particle concentrations were determined over 2-5 runs and then averaged for each sample.
The exosome solutions were then diluted to reach a concentration of 4x108 exosomes/50 L.
This concentration was the initial concentration used in all experiments for all SC-derived
€X0S0me groups.

1.3 Experimental Model of NEC

All animal experiments were ethically conducted under protocol #AR15-00012 approved by
the Institutional Animal Care and Use Committee of the Research Institute at Nationwide
Children’s Hospital. The model is based upon the model originally devised by Barlow et al.
as previously described.[3,4,12-14] Sprague-Dawley rat pups were delivered prematurely at
estimated day of gestation 21 (E21) of an average 22-day gestation period. After delivery,
pups were randomized to one of the following groups: (1) breastfed, unstressed (n = 10); (2)
NEC + 50 uL 1% PBS (n = 28); (3) NEC + AF-MSC exosomes (n = 38); (4) NEC + BM-
MSC exosomes (n = 28); (5) NEC AF-NSC exosomes (n = 9); (6) NEC + E-NSC exosomes
(n = 20). Each pup received a single intraperitoneal (IP) injection of the respective exosome
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preparation in 50 pL in PBS, or the same volume of PBS alone in control pups, within one
hour after delivery. Over the next 96 hours, pups in the NEC groups were subjected to a
series of stresses to induce experimental NEC. These stresses included hypercaloric feeds
every 4 hours, and exposure to hypoxia and hypothermia every 8 hours.

Hypercaloric feeds were delivered orogastrically and composed of Esbilac milk replacer
(PetAg, Hampshire, IL) fortified with Similac 60/40 powder (Ross Pediatrics, Columbus,
OH). This combination delivered 836.8 kJ/kg per day. Feeds were initiated at 0.1 mL of
formula at each feed on day one and increased by 0.1 mL of formula per day to a total of 0.4
mL per feed on day 4. Additionally, on day one, the second feed included 2 mg/kg of
lipopolysaccharide (LPS, Sigma-Aldrich, St. Louis, MO). To induce hypoxia, pups were
placed in a sealed container for 90 seconds into which nitrogen gas was introduced to
achieve an ambient oxygen concentration of < 1.5%. Induction of hypothermia was through
placement of pups into 4°C for 10 minutes. Breastfed, unstressed control pups were placed
with a surrogate dam immediately after C-section delivery and not subjected to experimental
stress.

After 96 hours or upon development of clinical signs of NEC, pups were sacrificed and
intestinal tissue from duodenum through colon collected and fixed in 10% formalin (Fisher
Scientific, Pittsburgh, PA). Tissue samples collected for analysis were comprised of three
sections from each of duodenum, jejunum, and ileum.

1.4 Histologic Grading

Intestinal tissue collected from pups was embedded in paraffin, cut into 5 pm sections, and
stained with hematoxylin and eosin (H&E). Samples were graded independently by two
blinded reviewers to assess for mucosal damage using an established scale: 0, normal
mucosa; 1, epithelial cell lifting; 2, necrotic damage up to the mid-villus level; 3, necrotic
damage to the entire villus; 4, transmural necrosis of the entire mucosa [15]. Any score of
grade 2 or higher was considered consistent with NEC.

1.5 Exosome Dose-Response Determination

To determine whether exosome therapy was dose-dependent, varying concentrations of
exosomes derived from all four SC types were delivered in the experimental NEC model.
We have previously shown a concentration of ~2.5 x 109 exosomes/50 piL to be as effective
as the MSC from which they were derived when injected IP in a model of experimental
NEC.[9] The initial starting concentration chosen for the current study was 4x108
exosomes/50 pL. This concentration of SC-derived exosomes then underwent further serial
1:5 dilutions in PBS to produce the following additional concentrations: 8x107 exosomes/50
HL; 1.6x107 exosomes/50 pL; 3.2x108 exosomes/50 pL, 6.4x10° exosomes/50 L, 1.3x10°
exosomes/50 L. All SC-derived exosome concentrations were tested for efficacy in the
experimental NEC model.

1.6 Statistical Analysis

To determine the statistical significance of differences in NEC incidence and severity
between groups, chi-square or Fisher’s exact test was used where appropriate. Analysis of
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NEC incidence between breastfed unstressed pups and NEC + PBS pups used Welch’s t-test.
All pvalues < 0.05 were considered significant.

2.1 Exosome Characterization

Differential ultracentrifugation led to samples that were highly enriched in nanoparticles
(Figure 1). Purified particles from AF-MSC cells were enriched in the size range of 60-200
nm, with a mean diameter of ~120 nm, consistent with their identity as exosomes (Figure 2).
Purified particles from BM-MSC cells were also enriched in the size range of 60-200 nm,
with a mean diameter of ~120 nm. Purified particles from AF-NSC cells were enriched in
the size range of 85-200 nm, with a mean diameter of ~135 nm. Purified particles from E-
NSC cells were enriched in the size range of 70-250 nm, with a mean diameter of ~130 nm.

2.2 Histologic Analysis

Pups exposed to experimental NEC that were treated with exosomes had significantly less
intestinal injury compared to pups that received PBS only (Figure 3).

2.3 Dose-Response Results

In the current study, six different concentrations of exosomes were compared for each of the
four types of SC-derived exosomes: 1.3x10° exosomes/50 pL, 6.4x10° exosomes/50 L,
3.2x106 exosomes/50 L, 1.6x107 exosomes/50 pL, 8.0x107 exosomes/50 L, 4.0x108
exosomes/50 L. Overall, as the concentration of exosomes administered increased, the
incidence of NEC decreased, with the best results obtained at exosome concentrations of 8 x
107 or 4.0x108 exosomes/50 pL (Figure 4).

2.4 Incidence and Severity Results

Breastfed control pups that were not exposed to experimental stress did not develop NEC
(Figure 5). Pups that were exposed to experimental NEC that received PBS alone had an
incidence of NEC of 60.7% (n = 28).

Pups exposed to experimental NEC that were treated with exosomes had significantly less
intestinal injury compared to pups that received PBS only. Compared to pups that received
PBS alone, treatment with 8.0x107 SC-derived exosomes/50 pL reduced the incidence of
NEC as follows: AF-MSC-derived exosomes, 22.2% (n = 18, p= 0.005); BM-MSC-derived
exosomes, 26.7% (n = 15, p=0.012); AF-NSC-derived exosomes, 14.3% (n=14,p =
0.002); E-NSC-derived exosomes, 33.3% (n =9, p=0.076). Increasing the exosome
concentration to 4.0x108 SC-derived exosomes/50 pL further reduced the incidence of NEC
for E-NSC-derived exosomes to 27.3%, which was significantly lower than the incidence of
NEC for untreated pups (p= 0.03). There was no further significant reduction for other SC-
derived exosomes. When comparing treatment with different concentrations of each of the
different types of exosomes, there was a trend toward decreased severity of NEC as the
concentration of exosomes increased, however these differences did not reach statistical
significance for any of the groups.
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In our previous studies, we showed that treatment with the same four types of SC from
which the exosomes in the current study were derived resulted in comparable reductions in
the incidence of experimental NEC.[3] In those experiments, treatment with SC reduced the
incidence of NEC from 61% to: AF-MSC, 19.1% (n = 42, p< 0.0001); BM-MSC, 22.9% (n
=48, p<0.0001); AF-NSC, 18.9% (n = 37, p< 0.0001); E-NSC, 22.2% (n = 36, p=
0.0002).[3] Thus, treatment with SC-derived exosomes is equivalent to treatment with the
SC from which these exosomes are derived.

3. Discussion

Although significant advances have been made in neonatal care in recent decades, the
morbidity and mortality of NEC have not improved concomitantly. We have demonstrated
that multiple types of SC are able to reduce the incidence and severity of NEC [4], and
others have shown similar findings in a model of intestinal ischemia/reperfusion injury [16].
Although SC engraftment with replacement of injured tissue was initially believed to be
critical for SC efficacy, anti-inflammatory mechanisms may more likely account for the
benefits of SC therapy.[17-19] Although the pathophysiology of NEC is not entirely clear,
the heightened inflammatory response associated with the disease appears to be reduced
with SC treatment, supporting a SC-associated anti-inflammatory process.[20,21]

While these studies are promising, SC treatment faces many challenges. There remain
ethical concerns surrounding the use of SC in research, and in the translation of SC research
to the bedside.[5,22] SC therapy also faces the daunting risk of potential immunogenicity
and tumorigenicity.[23] There are potential links between genes activated in stem cells and
in tumors that also remain unclear, with long-term risks of SC treatment unknown.[24,25]
We have also shown that pulmonary sequestration of intravenously administered MSCs
results in significant entrapment of SC in the lungs, leading to decreased MSC delivery to
the target area of interest.[26]

We have shown in the current study that the benefits seen in treating experimental NEC with
SC-derived exosomes can be equivalent to treatment with SC themselves. Extracellular
vesicles such as exosomes are not subjected to the same immunogenic response as SC due to
their size and mechanism of action. These bilipid-membrane-bound vesicles are able to fuse
with recipient cell membranes and deposit their contents (proteins and nucleic acids) into the
recipient cells.[27] They have been shown to play key roles not only in regulation of the
immune system and its response to disease, but in many other important physiological
processes. Treatment with exosomes derived from SC has been shown to be beneficial in
rodent models of traumatic brain injury, where these vesicles are able to cross the blood-
brain barrier (unlike the SC from which they are derived), in regeneration of cardiac muscle
after scarring in animals and humans, and in improving kidney function in patients with
stage I11-1V chronic kidney disease.[10,28,29]

While the precise mechanisms by which exosomes deposit their contents into cells are
unknown, previous rodent studies demonstrating their ability to cross the blood-brain barrier
are particularly encouraging for NEC research.[10,30] A devastating complication of NEC is
subsequent neurological dysfunction. Exosomes have the ability to exert their effects on
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neighboring cells in a paracrine fashion, and to also impact cells in remote locations
throughout the body. Coupled with the observed benefits in studies on traumatic brain injury,
it is exciting to consider future research into the potential long-term benefits of exosome
therapy in NEC-induced brain injury.

Although the current study supports the efficacy of exosome therapy for NEC, it is unclear
precisely which nucleic acids and proteins contained within the exosomes are providing the
observed benefits. It is also currently unclear precisely what the half-life and activity of
exosomes are in our /n vivomodel. Future research focused on exosome contents may help
to elucidate which particular messengers are responsible for the observed benefits.
Interestingly, our previous studies have shown that exosomes specifically target injured
rather than non-injured intestine. In addition, exosomes can be used as delivery vehicles for
intestinal cytoprotective agents such as growth factors. Current studies in our laboratory are
focused on the use of exosomes as delivery vehicles to specifically target heparin-binding
EGF-like growth factor (HB-EGF) to NEC-injured intestine. Although the current studies
examine the ability of exosomes to prevent NEC, we also plan to investigate the ability of
exosomes to protect the intestines from NEC once injury has already occurred.

Our current findings could lead to specific therapies that may more effectively treat NEC
and be more readily translatable in the future. For example, amniotic fluid could be
harvested at the time of amniocentesis or delivery, AF-derived stem cells harvested and
expanded /n vitro, and exosomes purified and frozen. If clinically indicated, these exosomes
could be retrieved and administered, likely intravenously, as a prophylactic treatment to
prevent NEC in the future.

4. Conclusions

The current study confirms that exosomes derived from four different types of SC (AF-
MSC, BM-MSC, AF-NSC, E-NSC) not only significantly reduce the incidence of
experimental NEC, but are as therapeutically effective as the SC from which they are
derived. This supports the potential for development of cell-free therapies for NEC that may
provide the benefits of SC therapy without the associated risks.
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Figure 1. Representative NanoSight image of purified exosomes
The exosomes shown were purified from AF-MSC. Similar results were seen with exosomes

purified from the other three types of SC. Scale bar = 100 nm.
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Figure 2. Representative plots of particle size in exosome suspensions
The multiple lines represent multiple analytic runs of a single sample solution, which were

then averaged. The exosomes analyzed were from: (A) AF-MSC; (B) BM-MSC; (C) AF-
NSC; (D) E-NSC.
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Figure 3. Representative images of histologic injury scores
H&E stained images demonstrating: (A) uninjured breast fed control intestine (grade 0); (B)

intestine from a pup exposed to experimental NEC with no therapy (grade 3 complete villus
destruction); and (C) intestine from a pup exposed to experimental NEC that received
4.0x108 BM-MSC-derived exosomes (grade 0).
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Figure 4. Exosome dose-response analysis

Pups received the indicated doses of SC-derived exosomes prior to exposure to experimental
NEC.
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Figure 5. Incidence and severity of NEC
Bars represent the total incidence of NEC in each group, with the different colors depicting

NEC severity. The numbers within the colored areas of the bars represent the incidence of
the corresponding grade of NEC, and the numbers above the bars represent the total
incidence of NEC. *p < 0.05 compared with control pups that received PBS only. (A) results
for pups treated with 8.0x107 exosomes/50 pL; (B) results for pups treated with 4.0x108

exosomes/50 pL.
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