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1
EXOSOMES FROM HUMAN
ADIPOSE-DERIVED STEM CELLS FOR THE
TREATMENT OF BRAIN INJURY

CROSS-REFERENCE TO RELATED
APPLICATION(S)

This application claims priority to U.S. Provisional Patent
Application No. 62/520,684, filed on Jun. 16, 2017, the
entire contents of which are fully incorporated herein by
reference.

STATEMENT REGARDING FEDERALLY
FUNDED RESEARCH

This invention was made with government support under
grant number 821-MR-EN-20606 awarded by the Depart-
ment of Veterans Affairs. The government has certain rights
in the invention.

INCORPORATION-BY-REFERENCE OF
MATERIAL SUBMITTED ELECTRONICALLY

Incorporated by reference in its entirety herein is a com-
puter-readable nucleotide/amino acid sequence listing sub-
mitted concurrently herewith and identified as follows: One
2,520 Bytes ASCII (Text) file named “17A043PRC-210112-
9058-US02_ST25.txt”, created on Jun. 18, 2018.

TECHNICAL FIELD

This invention relates to methods of treating brain injury.
Specifically, the invention describes methods of treating
brain injury using exosomes from human adipose-derived
stem cells (hASC). Exosomes from hASC may be used
alone or in combination with insulin for the treatment of
brain injury.

BACKGROUND

Brain injury may be caused by trauma or may occur in
stroke and neurodegenerative diseases. As the central ner-
vous system is unable to regenerate efficiently, there is
utmost interest in the development of methods to enhance
regeneration and survival of neurons following brain injury
in order to improve patient outcome.

SUMMARY OF INVENTION

The invention discloses a method of treating brain injury
in a subject, comprising administering to the subject a
composition comprising exosomes isolated from human
adipose-derived stem cells. The composition may be admin-
istered alone or in combination with insulin. The subject
may be a mammal, such as a human.

BRIEF DESCRIPTION OF THE DRAWINGS

This patent or application file contains at least one draw-
ing executed in color. Copies of this patent or patent
application publication with color drawing(s) will be pro-
vided by the Office upon request and payment of the
necessary fee.

FIGS. 1A-C show increased PKCOII and Bel2 expression
in HT22 cells following treatment with exosomes from
hASC.
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FIGS. 2A-C show that exosomes from hASC are taken up
by HT22 cells.

FIGS. 3A-B show that exosomes from hASC increase
proliferation and survival in HT22 cells.

FIGS. 4A-B show that exosomes from hASC contain the
IncRNA MALAT1.

FIGS. 5A-C show depletion of MALAT1 inhibits hASC
exosome-mediated increase of PKCJII expression.

FIGS. 6 A-D show MALAT1 promotes splicing of PKCdII
via SRSF2.

FIGS. 7A-D show hASC exosomes and insulin treatment
promotes neuronal proliferation and survival.

FIG. 8 shows insulin increases association of MALAT1
with SRSF2.

FIGS. 9A-C show that treatment with exosomes (TE)
significantly rescued the TBI-associated motor deficits rela-
tive to TBI-Veh (T) and controls (C). Graphs show motor
assessment using EBST (FIG. 9A), forelimb akinesia (FIG.
9B) and paw grasp test (FIG. 9C). Two-way ANOVA
showed significant effects as follows: EBST, Treatment
effects F(4)=27.04; Forelimb Akinesia Treatment effect
F(4)=30.3; Paw grasp treatment effect F(4)=42.2. Post-hoc
Bonferonni multiple comparisons are reported for differ-
ences versus TBI vehicle (T) #=p<0.01##=P<0.001. Treat-
ment with exosomes depleted of MALAT1 (TEdM) did not
improve motor performance on EBST and only improved
forelimb akinesia and paw grasp at Day 3. Treatment with
conditioned media depleted of exosomes (TdCM) also
showed no improvement on EBST and only improved scores
at Day 3 on the other 2 tasks. Groups: Sham N=11; TBI
vehicle N=16; TBI exosomes N=16; TBI exosomes depleted
of MALAT1 N=16; TBI conditioned media depleted of
exosomes N=7.

FIGS. 9D-G show lesion assessment in mice. Treatment
with exosomes derived from hASC’s significantly reduces
impact and peri-impact areas of rats after mild TBI. Nissl
staining as shown in (FIG. 9F) was performed on Day 11 to
assess damage to cortical region post TBI. Graphs (FIG. 9D)
and (FIG. 9E) quantify the data from images. The panel
shown in FIG. 9F demonstrates the methods for quantifying
the impact area and for choosing images for analysis of the
peri-impact area. Data for impact area (FIG. 9D) showed
significant reduction in cortical lesion area following treat-
ment with exosomes in the TE group and no rescue by of any
other treatment. Representative images of sections used for
quantifying impact area and peri-impact are shown in FIG.
9G. For the peri-impact area (FIG. 9E) there was a signifi-
cant rescue in the TE group, whereas TEdM group displayed
partial rescue of the peri-impact areas when compared with
vehicle (T) and sham controls (C). Data in the bar graphs
represent the mean+SEM values. Impact area F=14.78;
Peri-Impact area F=56.58. Data were analyzed by one way
ANOVA followed by Dunnet’s multiple comparison test. #
(p<0.1) ## (p<0.01).

FIGS. 10A-B show in vivo biodistribution of DiR labeled
exosomes after TBI. Imaging revealed exosomes migrated
robustly to the spleen and liver at 1 and 4 hours after
transplantation before gradually decreasing. Exosomes also
migrated to the impact site of the brain 4 hours after
transplantation and steadily increased through 72 hours
relative to sham controls. Graphs in FIG. 10C show radiant
efficiency is expressed as photons per second per square
centimeter per steridian divided by microwatts per square

centimeter(((p/s)/ [ cm)"2/sr)/(uW/[ cm)"2)). Data in bar
graphs represent the mean+SEM values N=3 per group.
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FIGS. 11A-B show ex vivo biodistribution of DiR labeled
exosomes after TBI. (FIG. 11A) Imaging revealed exosomes
migrating to the spleen, liver and lungs 1 hour after trans-
plantation and migrating to the impact site of the brain on
day 3 after TBI relative to sham controls. ex vivo analysis
shows the fluorescent signal intensity was highest in the
spleen and liver one hour after transplantation and gradually
declined through day 11, whereas the lungs slightly
increased after day 3 before declining through days 7 and 11.
The brain impact site showed no apparent signal when
compared to TBI-sham treatment animals one hour after
exosome transplantation, but increased by day 3 where the
signal remained through day 7 and only TEdM radiant
efficiency declined by day 11. (FIG. 11B) Radiant efficiency
is expressed as photons per second per square centimeter per
steridian divided by microwatts per square centimeter(((p/s)/

[ cm)"2/sr)/(WW/ [ cm)"2)). Data represent the mean+SEM
values N=3 per group.

FIGS. 12A-B show the hierarchical heat map of gene
expression of (FIG. 12A) coding genes or (FIG. 12B)
noncoding RNA from the RNAseq dataset. The gene clus-
tering from the spleen is on the top and brain is the lower
half of the dendrograms. For both (FIG. 12A) and (FIG.
12B) RPKM data from 19,058 detectable rat genes were
used in analysis by hierarchical clustering with Gene Cluster
3.0. RPKMs were log-2-transformed and adjusted by cen-
tering genes using the median. Clustering was performed on
genes and arrays using centered correlation as distance
measure and average linkage as method. Data shows clusters
of genes or noncoding RNA that are affected by TBI and
restored towards the no TBI pattern with exosomes treat-
ment.

FIG. 13 shows upstream nodal regulators for brain. This
panel illustrates several of the top predicted upstream nodal
regulators for brain from the IPA analysis of the genes for the
+1 pattern. On the left C vs T, the upstream regulators IL.1§,
IFNG, 1L27, CSF2, TLR2, CD40 and CTNNBI are illus-
trated along with the gene expression driving their predicted
upregulation. As you can see there is significant overlap in
the gene expression driving these upstream regulators. The
gene expression patterning is shown with cellular location,
thus you can see the relationship between the nuclear
transcription factors that are driving expression of targets
that impact inflammation and cellular proliferation. On the
right side of the panel, C vs TE, is an illustration of how gene
expression in these networks changes with exosome treat-
ment. All of the inflammation related regulators move from
a predicted activation depicted by the orange color on the
left panel to no change from control as indicated by the lack
of color in the right panel. A number of the genes driving
these changes such as MMP9, TIMP1, POMC, and PTX3
which show upregulation following TBI (red) show down-
regulation (green) following treatment with exosomes. This
shows a powerful modulation of many of the gene expres-
sion patterns following exosome treatment. Not shown is the
pattern for treatment with exosomes depleted of MALAT1
as this gene expression network is almost identical to that
observed on the left with TBI treatment alone. The legend
inserted on the top right describes the meaning of the various
color assignments.

FIG. 14 shows spleen Regulatory Networks. Gene net-
works altered by TBI in the spleen are depicted in this figure.
On the left C vs T, is the gene expression in these networks
when comparing control and TBI gene expression showing
activation of inflammatory pathways TGFB1, IL19, 1L.37.
BCL2 is activated, likely in response to the impact of the
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brain injury as a compensatory process in the spleen.
NUPRLI is a transcriptional cofactor involved in apoptosis
and is reciprocally inhibited by TBI. In the right panel C vs
TE, it is shown that exosome treatment returns NUPR1
expression back towards control levels. Also of interest is a
predicted regulation of these networks by beta-estradiol
activation following TBI, which is inhibited following exo-
some treatment. A number of genes related to this pathway
are the inflammatory changes and also mir-322 which is
responsive to hypoxia and oxidative stress. Beta estradiol is
known to play a role in splenic response to injury by
modulating macrophage and dendritic cell function.

FIGS. 15A-] show localization of exosomes and valida-
tion of MALAT1 and GFP levels. Localization of exosomes
and MALAT1 to brain and spleen. Confocal imaging of
exosome-positive expression of GFP in the brain and spleen
of TBI rats. Images reveal migration of exosomes to both the
contralateral and ipsilateral cortical region of the TBI-
impacted brains near the impact site (FIG. 15A, B, D, E) and
the spleen (FIG. 15C, F) of TE and TEdM rats as shown by
detecting GFP expression (green) in cells with DAPI posi-
tive staining (blue) 11 days after transplantation. White
arrows indicate cells with exosomes. There was higher
migration to the ipsilateral cortex near the impact site than
that observed in the contralateral cortex. Scale bar in F
equals 50 microns. (FIG. 15G) MALAT1 expression was
measured in hASC-isolated exosomes and isolated exo-
somes with MALAT1 knockdown. Relative to the MALAT1
level in hASC there is an increase in MALAT1 in the
secreted exosomes, and this was knocked down significantly
with the anti-sense oligonucleotide treatment. (FIG. 15H)
endogenous MALAT1 levels in rat brain and spleen decrease
with TBI: Following TBI and treatment with hASC exo-
somes, the levels of MALAT1 within the rat brain and spleen
were analyzed by PCR using rat specific primers. RNA was
extracted and samples were pooled from 4 rats each from the
no TBI, TBI treated with vehicle and TBI treated with
exosomes. Graph represents percent control with no TBI
group designated as 100 percent. The experiment was
repeated five times. The results were analyzed with two-
tailed Student’s t-test using PRISM4 statistical analysis
software (GraphPad, San Diego, Calif.). A level of p<0.05
was considered statistically significant. *** is p<0.0001
highly significant between control (no TBI) and TBI with
vehicle treatment and between TBI and TBI treated with
hASC exosomes for MALAT1. (FIG. 15]) Verification that
hASC exosomes were taken up by brain and spleen: SYBR
Green Real Time qPCR using human MALAT1 primers and
(FIG. 15J) GFP primers was performed for absolute quan-
tification. GAPDH served as control. For absolute quantifi-
cation, a standard curve was generated for each gene in
every assay. Absolute quantification of mRNA expression
levels for MALLAT1 and GFP was calculated by normalizing
the values to GAPDH. The experiments were repeated four
times with similar results. The results were analyzed with
two-tailed Student’s t-test using PRISM4 statistical analysis
software (GraphPad, San Diego, Calif.). A level of p<0.05
was considered statistically significant. *** is p<0.0001
highly significant between TBI treated with hASC exosomes
and TBI treated with MALAT 1-depleted (M1 aso) exosomes
for MALAT1. The levels of GFP did not change with
depletion of MALAT1.

FIGS. 16A-1 show validation of RNA Seq data using
gqPCR. Real time qPCR validation of representative genes
identified by RNA Seq data in cortex and spleen that are
affected by TBI and treatment with exosomes. All assays
were run in triplicate and data is expressed as the mean+/—
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SEM. Data for each gene was analyzed by One-Way
ANOVA followed by Dunnet’s multiple comparison test. ##
indicates that group was different from control p<0.01.
ANOVA for each graph are IL183 cortex (F(3, 8)=16008);
TNFa cortex (F(3, 8)=5989); IFNG cortex (F(3, 8)=1784);
TrkC cortex (F(3, 8)=814); IL10 cortex (F(3, 8)=2980);
RABLG6 spleen (F(3, 8)=4640); TNFa spleen (F(3, 8)=286);
E2F4 spleen (F(3, 8)=516); PLAg2 spleen (F(3, 8)=451).

FIG. 17 shows brain levels of human MALAT1 and GFP
(that was transfected into exosomes). Real time qPCR was
performed for absolute quantitation of RNA. Exosomes
were delivered intranasally 48 hours following injury.
Human MALAT1 and GFP were detected in the cortex 7
days later. This validates that the intransal delivery route was
successful in delivery of exosomes containing MALAT1
into the brain. No human MALAT1 or GFP were detected in
the brain of vehicle (phosphate buffered saline) treated mice.

FIG. 18A-F show that intranasal hAS exosomes at 48
hours post CCI rescues injury. Groups of 10 C57BL/6 mice
were subjected to CCI, a craniectomy with center point 2.0
ML, 2.0 AP from bregma was drilled 3.5 mm in diameter.
Contusion was achieved using a 3.0 mm tip attached to an
electromagnetic impactor (Leica). Impact parameters were:
depth 0.95 mm from dura, velocity 4.0 m/s, dwell time 300
ms. Control mice received a craniectomy but no impact.
Forty eight hours following CCI mice received either
vehicle or hASCexo (10 pg total dose, intranasal 4 pl per
nostril). There was a significant improvement in motor
behaviors by day 3 that continued up to 7 days, forelimb
akinesia recovery is seen by day 7 in the CCI group (FIGS.
18A-C). Cognitive assessment was done with the 6 arm
RAWM. As can be observed mice perform more errors
following CCI on blocks 3-5 and there is a rescue of this
deficit following hASCexo (FIG. 18D). At the end of testing
mice were euthanized and brains removed for histology or
biochemistry. Lesion volume was reduced by 50% in the
hASCexo treated mice (FIG. 18E). FIG. 18F demonstrates a
reduction in expression of MHC II expressing microglia
(thalamus), and GFAP expression (cortex) following intra-
nasal exosome treatment. All statistics were done using
two-way ANOVA, if ANOVA was significant this was
followed by post-hoc analysis of simple effects across test
days, ## indicates p<0.01.

FIGS. 19A-C shows merged confocal images of GFP
labelled hASC exosomes with either NeuN (FIG. 19A),
IBA1 (FIG. 19B) or GFAP (FIG. 19C) in the hippocampus
following CHI. Numerous exosomes are found co-localized
with neurons and microglia; however, few are observed in
astrocytes. White arrows indicate the GFP localization.

FIG. 20 shows the top upstream regulators that fit the
Pattern +1 and -1 for brain and spleen.

DETAILED DESCRIPTION

Adult stem cells have the potential for healing dermal
wounds, pressure sores, as well as promoting survival of
neurons after injury. Stem cells residing in the adipose tissue
have significant advantages due to ease of isolation, ability
to obtain large quantities, and potential of personalized
regenerative medicine. However, direct injection of hASC to
the site of injury may result in growth and integration of
stem cells into neurons, which may be detrimental to the
brain.

Human adipose-derived stem cells secrete factors in their
secretome that function in a paracrine manner to enhance
cell survival and proliferation. The secretome content is rich
in proteins and RNA, which are transported in vesicles and
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smaller exosomes to the recipient cells where they exert
their effects. The secretome contains micro-vesicles
amongst which exosomes are the smallest vesicles at 50-100
nM in diameter.

The present disclosure describes a method of treating
brain injury in a subject, comprising administering to the
subject a composition comprising exosomes isolated from
human adipose-derived stem cells.

1. Definitions

Unless otherwise defined, all technical and scientific
terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art. In case of
conflict, the present document, including definitions, will
control. Preferred methods and materials are described
below, although methods and materials similar or equivalent
to those described herein can be used in practice or testing
of the present invention. All publications, patent applica-
tions, patents and other references mentioned herein are
incorporated by reference in their entirety. The materials,
methods, and examples disclosed herein are illustrative only
and not intended to be limiting.

For the recitation of numeric ranges herein, each inter-
vening number there between with the same degree of
precision is explicitly contemplated. For example, for the
range of 6-9, the numbers 7 and 8 are contemplated in
addition to 6 and 9, and for the range 6.0-7.0, the number
6.0, 6.1, 6.2, 6.3, 6.4, 6.5, 6.6, 6.7, 6.8, 6.9, and 7.0 are
explicitly contemplated.

The use of the terms “a” and “an” and “the” and “at least
one” and similar referents in the context of describing the
invention (especially in the context of the following claims)
are to be construed to cover both the singular and the plural,
unless otherwise indicated herein or clearly contradicted by
context. The use of the term “at least one” followed by a list
of'one or more items (for example, “at least one of A and B”)
is to be construed to mean one item selected from the listed
items (A or B) or any combination of two or more of the
listed items (A and B), unless otherwise indicated herein or
clearly contradicted by context. The terms “comprising,”
“having,” “including,” and “containing” are to be construed
as open-ended terms (i.e., meaning “including, but not
limited to,”) unless otherwise noted. Recitation of ranges of
values herein are merely intended to serve as a shorthand
method of referring individually to each separate value
falling within the range, unless otherwise indicated herein,
and each separate value is incorporated into the specification
as if it were individually recited herein. All methods
described herein can be performed in any suitable order
unless otherwise indicated herein or otherwise clearly con-
tradicted by context. The use of any and all examples, or
exemplary language (e.g., “such as™) provided herein, is
intended merely to better illuminate the invention and does
not pose a limitation on the scope of the invention unless
otherwise claimed. No language in the specification should
be construed as indicating any non-claimed element as
essential to the practice of the invention.

The modifier “about” used in connection with a quantity
is inclusive of the stated value and has the meaning dictated
by the context (for example, it includes at least the degree of
error associated with the measurement of the particular
quantity). The modifier “about” should also be considered as
disclosing the range defined by the absolute values of the
two endpoints. For example, the expression “from about 2 to
about 4” also discloses the range “from 2 to 4.” The term
“about” may refer to plus or minus 10% of the indicated
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number. For example, “about 10%” may indicate a range of
9% to 11%, and “about 1” may mean from 0.9-1.1. Other
meanings of “about” may be apparent from the context, such
as rounding off, so, for example “about 1” may also mean
from 0.5 to 1.4.

The term “administration” or “administering” is used
throughout the specification to describe the process by
which the disclosed exosome compositions may be deliv-
ered to a subject. Administration will often depend upon the
amount of composition administered, the number of doses,
and duration of treatment. Multiple doses of the composition
may be administered. The frequency and duration of admin-
istration of the composition can vary, depending on any of
a variety of factors, including patient response, etc. The
exosome compositions may be administered to the subject
by any suitable route. For example, the compositions may be
administered orally, parenterally, (including intravenous,
subcutaneous, topical, transdermal, intradermal, transmu-
cosal, intraperitoneal, intramuscular, intracapsular, intraor-
bital, intracardiac, transtracheal, subcutaneous, subcuticular,
intraarticular, subcapsular, subarachnoid, intraspinal, and
epidural injection) by infusion, by electroporation, or co-
administered as a component of any medical device or
object to be inserted (temporarily or permanently) into a
subject. For example, the exosome compositions may be
administered intranasally.

The term “brain injury” as used herein refers to any injury
to the brain. The brain injury may be a traumatic brain injury,
caused by an external force to the head. For example, the
traumatic brain injury may be a diffuse axonal injury, a
concussion, a contusion, a coup-countrecoup injury, a recur-
rent traumatic brain injury (sometimes referred to as second
impact syndrome), an open head injury, a closed head injury,
a penetrating injury, Shaken Baby Syndrome, Locked in
Syndrome, and the like. The brain injury may be an anoxic
brain injury, caused by a complete interruption of the supply
of oxygen to the brain. The brain injury may be a hypoxic
brain injury, caused by inadequate supply of oxygen to the
brain. Examples of anoxic and hypoxic brain injuries
include, but are not limited to, hypoxic ischemic encepha-
lopathy, diffuse cerebral hypoxia, focal cerebral ischemia,
global cerebral ischemia, and cerebral infarction.

The terms “comprise(s),” “include(s),” “having,” “has,”
“can,” “contain(s),” and variants thereof, as used herein, are
intended to be open-ended transitional phrases, terms, or
words that do not preclude the possibility of additional acts
or structures. The singular forms “a,” “and,” and “the”
include plural references unless the context clearly dictates
otherwise. The present disclosure also contemplates other
embodiments “comprising,” “consisting of,” and “consisting
essentially of,” the embodiments or elements presented
herein, whether explicitly set forth or not.

The term “exosome” as used herein refers to a micro-
vesicle of 50-100 nM diameter. The exosomes of the present
invention are secreted from human adipose-derived stem
cells.

The terms “exosome composition”, “composition”, and
“pharmaceutical composition” are used interchangeably
herein to refer to a composition comprising exosomes iso-
lated from hASCs.

A “pharmaceutically acceptable excipient,” “pharmaceu-
tically acceptable diluent,” “pharmaceutically acceptable
carrier,” or “pharmaceutically acceptable adjuvant” as used
herein means an excipient, diluent, carrier, and/or adjuvant
that are useful in preparing a pharmaceutical composition
that are generally safe, non-toxic and neither biologically
nor otherwise undesirable, and include an excipient, diluent,
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carrier, and adjuvant that are acceptable for veterinary use
and/or human pharmaceutical use, such as those promul-
gated by the United States Food and Drug Administration.

The term “sample” as used herein refers to any physical
sample that includes a cell or a cell extract from a cell, a
tissue, or an organ including a biopsy sample. The sample
can be from a biological source such as a subject or animal,
or a portion thereof, or can be from a cell culture. Samples
from a biological source can be from a normal or an
abnormal organism, such as an organism known to be
suffering from a condition or a disease state such as a
neoplasm, or any portion thereof. Samples can also be from
any fluid, tissue or organ including normal and abnormal
(diseased or neoplastic) fluid, tissue or organ. Samples from
a subject or animal can be used in the present invention as
obtained by the subject or animal and processed or cultured
such that cells from the sample can be sustained in vitro as
a primary or continuous cell culture or cell line.

“Subject” and “patient” as used herein interchangeably
refers to any vertebrate, including, but not limited to, a
mammal (e.g., cow, pig, camel, llama, horse, goat, rabbit,
sheep, hamsters, guinea pig, cat, dog, rat, and mouse, a
non-human primate (for example, a monkey, such as a
cynomolgous or rhesus monkey, chimpanzee, etc.) and a
human). The subject may be a human or a non-human. The
subject or patient may be undergoing other forms of treat-
ment.

A “therapeutically effective amount,” or “effective dos-
age” or “effective amount” as used interchangeably herein
unless otherwise defined, means a dosage of a drug effective
for periods of time necessary, to achieve the desired thera-
peutic result.

In accordance with the present invention, a suitable single
dose size is a dose that is capable of preventing or alleviating
a symptom in a subject when administered one or more
times over a suitable time period. An effective dosage may
be determined by a person skilled in the art and may vary
according to factors such as the disease state, age, sex, and
weight of the individual, and the ability of the drug to elicit
a desired response in the individual. Therapeutically effec-
tive amounts for the disclosed exosome compositions can be
readily determined by those of ordinary skill in the art.

A therapeutically effective amount may be administered
in one or more administrations (e.g., the exosome compo-
sition may be given as a preventative treatment or therapeu-
tically at any stage of brain injury, before or after symptoms,
and the like), applications or dosages and is not intended to
be limited to a particular formulation, combination or
administration route. It is within the scope of the present
disclosure that the disclosed exosome compositions may be
administered at various times during the course of treatment
of'the subject. The times of administration and dosages used
will depend on several factors, such as the disease state, age,
sex, and weight of the individual, and the ability of the
composition to elicit a desired response in the individual.
Administration may be adjusted according to individual
need and professional judgment of a person administrating
or supervising the administration of the compounds used in
the present invention.

The term “treatment”, “treat”, “treating” or any gram-
matical variation thereof as used herein, includes but is not
limited to, ameliorating or alleviating a symptom of a
disease or condition, reducing, preventing, suppressing,
inhibiting, lessening, or affecting the progression and/or
severity of an undesired physiological change or a diseased
condition. For example, treatment may include promoting
regeneration of neurons following brain injury. Treatment
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may include enhancing survival of neurons following brain
injury. Treatment may include decreasing wound size after
a brain injury. Treatment may include complete elimination
of the wound following brain injury.

2. Exosome Compositions

The disclosure provides compositions comprising exo-
somes isolated from human adipose-derived stem cells. The
exosomes may be obtained or isolated from hASCs by any
suitable method known in the art. The exosome composition
may further comprise insulin.

The exosome composition may further comprise a phar-
maceutically acceptable carrier or excipient. Pharmaceuti-
cally acceptable carriers typically include at least one of
diluents, lubricants, binders, disintegrants, colorants, fla-
vors, sweeteners, antioxidants, preservatives, glidants, sol-
vents, suspending agents, wetting agents, surfactants, pH
adjusting additives, combinations thereof, and others. The
route by which the disclosed compounds are administered
and the form of the composition will dictate the type of
carrier to be used.

Such pharmaceutical carriers may be sterile liquids, such
as water and oils. For example, the carrier may be a
petroleum oil such as mineral oil; vegetable oil such as
peanut oil, soybean oil, or sesame oil; animal oil; or oil of
synthetic origin. Suitable carriers also include ethanol, dim-
ethyl sulfoxide, glycerol, silica, alumina, starch, sorbitol,
inosital, xylitol, D-xylose, mannitol, powdered cellulose,
microcrystalline cellulose, talc, colloidal silicon dioxide,
calcium carbonate, magnesium carbonate, calcium phos-
phate, calcium aluminium silicate, aluminium hydroxide,
sodium starch phosphate, lecithin, and equivalent carriers
and diluents. Saline solutions and aqueous dextrose and
glycerol solutions can also be employed as liquid carriers.
Suitable pharmaceutical excipients include starch, glucose,
lactose, sucrose, gelatin, malt, rice, flour, chalk, silica gel,
sodium stearate, glycerol monostearate, talc, sodium chlo-
ride, dried skim milk, glycerol, propylene, glycol, water,
ethanol, and the like. The exosome composition may contain
minor amounts of wetting or emulsifying agents. The exo-
some composition may contain pH buffering agents.

The exosome composition may be in a variety of forms.
For example, the exosome composition may be in solid
form, semi-solid form, or a liquid dosage forms. The exo-
some composition may be in the form of tablets, pills,
powders, liquid solutions or suspensions, suppositories, and
injectable or infusible solutions. The preferred form depends
on the intended mode of administration and therapeutic
application. For example, the exosome composition may be
in liquid form for intravenous administration. As another
example, the exosome composition may in a form suitable
for intranasal administration. For example, the exosome
composition may be formulated as an ointment, cream,
suspension, lotion, powder, solution, past, gel, spray, aero-
sol, or oil for intranasal administration.

3. Methods of Treating Brain Injury

The invention discloses a method of treating brain injury
in a subject. The method of treating brain injury in a subject
may comprise administering the exosome composition to the
subject.

The subject may be any vertebrate, including, but not
limited to, a mammal (e.g., cow, pig, camel, llama, horse,
goat, rabbit, sheep, hamsters, guinea pig, cat, dog, rat, and
mouse, a non-human primate (for example, a monkey, such
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as a cynomolgous or rhesus monkey, chimpanzee, etc.) and
a human). The subject may be a human or a non-human. The
subject or patient may be undergoing other forms of treat-
ment.

The subject may be diagnosed with brain injury. The brain
injury may be a traumatic brain injury, caused by an external
force to the head. For example, the traumatic brain injury
may be a diffuse axonal injury, a concussion, a contusion, a
coup-countrecoup injury, a recurrent traumatic brain injury
(sometimes referred to as second impact syndrome), an open
head injury, a closed head injury, a penetrating injury,
Shaken Baby Syndrome, Locked in Syndrome, and the like.
The brain injury may be an anoxic brain injury, caused by a
complete interruption of the supply of oxygen to the brain.
The brain injury may be a hypoxic brain injury, caused by
inadequate supply of oxygen to the brain. Examples of
anoxic and hypoxic brain injuries include, but are not limited
to, hypoxic ischemic encephalopathy, diffuse cerebral
hypoxia, focal cerebral ischemia, global cerebral ischemia,
and cerebral infarction.

The exosome composition may be administered to the
subject by any suitable route. The exosome composition
may be administered orally, parentally (including intrave-
nous, subcutaneous, topical, transdermal, intradermal, trans-
mucosal, intraperitoneal, intramuscular, intracapsular, intra-
orbital, intracardiac, transtracheal, subcutaneous,
subcuticular, intraarticular, subcapsular, subarachnoid,
intraspinal, and epidural injection) by infusion, by electropo-
ration, or co-administered as a component of any medical
device or object to be inserted (temporarily or permanently)
into a subject. For example, the exosome composition may
be administered intransally. As another example, the exo-
some composition may be administered intravenously.

The exosome composition may be administered indepen-
dently to the subject. The exosome composition may be
administered to the subject in combination with insulin. For
example, the composition administered to the subject may
comprise exosomes isolated from human adipose-derived
stem cells and insulin. The exosome composition and insulin
may be administered simultaneously to the subject. The
exosome composition and insulin may be administered
separately to the subject. For example, insulin may be
administered to the subject at a different site from the
exosome composition. As another example, insulin may be
administered to the subject by a different route than the
exosome composition. The exosome composition and the
insulin may be administered sequentially to the subject. For
example, insulin may be administered to the subject before
the exosome composition. Insulin may be administered to
the subject after the exosome composition. Sequential
administration may involve treatment with insulin on the
same day (within 24 hours) of treatment with the exosome
composition. Sequential administration may also involve
continued treatment with insulin on days that the exosome
composition is not administered.

The exosome composition may be administered in com-
bination with other therapies for the treatment of brain
injury. Other therapies may include emergency treatments,
such as removing clotted blood from the brain, repairing
skull fractures, and relieving pressure in the skull. Other
therapies may include medications to treat symptoms of the
brain injury. Other therapies may include medications to
reduce other risks associated with brain injury. For example,
the exosome composition may be administered in combina-
tion with anti-anxiety medications, anticoagulants, anticon-
vulsants, antidepressants, diuretics, muscle relaxants, stimu-
lants, and the like. Other therapies may include
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rehabilitation therapies, including physical therapy, occupa-
tional therapy, speech therapy, cognitive therapy, and the
like.

Administration of the exosome composition may be as a
single dose, or multiple doses over a period of time. The
exosome composition may be administered to the patient at
any frequency necessary to achieve the desired therapeutic
effect. For example, the exosome composition may be
administered once to several times every month, every two
weeks, every week, or every day. Administration of the
exosome composition may be repeated until the desired
therapeutic effect has been achieved. For example, the
exosome composition may be administered once to several
times over the course of 1 day, 3 days, 5 days, 1 week, 2
weeks, 3 weeks, 1 month, 2 months, 3 months, 4 months, 5
months, 6 months, 7 months, 8 months, 9 months, 10
months, 11 months, 12 months, or more.

The amount of the exosome composition to be adminis-
tered may depend on a variety of factors, such as the route
of administration and the seriousness of the condition, and
should be decided according to the judgment of the practi-
tioner and each patient’s circumstances. The exosome com-
position may be administered in any amount suitable for the
treatment of brain injury in a subject. An effective amount of
the exosome composition may cause a partial improvement
or a complete elimination of symptoms due to brain injury.
Treatment may include promoting renegeration of neurons
following brain injury. Treatment may include enhancing
survival of neurons following brain injury. Treatment may
include decreasing wound size after a brain injury. Treat-
ment may include complete elimination of the wound fol-
lowing brain injury.

Suitable dosage ranges of the exosome composition
include from about 0.001 pg exosome/kg body weight to
about 100 mg/kg, about 0.01 ng/kg to about 90 mg/kg, about
0.1 ng/kg to about 80 mg/kg, about 1 ng/kg about 70 mg/kg,
about 10 g/kg to about 60 mg/kg, about 0.1 mg/kg to about
50 mg/kg, about 0.5 mg/kg to about 25 mg/kg, about 1
mg/kg to about 10 mg/kg, or about 2.5 mg/kg to about 5
mg/kg. For example, suitable dosage ranges of the exosome
composition include about 0.001 pg/kg, about 0.01 pg/k,
about 0.1 pg/k, about 1 pg/k, about 10 pg/kg, about 0.1
mg/kg, about 0.5 mg/kg, about 1 mg/kg, about 2.5 mg/kg,
about 5 mg/kg, about 10 mg/kg, about 15 mg/kg, about 20
mg/kg, about 25 mg/kg, about 30 mg/kg, about 40 mg/kg,
about 50 mg/kg, about 60 mg/kg, about 70 mg/kg, about 80
mg/kg, about 90 mg/kg, or about 100 mg/kg.

Suitable dosage ranges of insulin include from about
0.001 pg insulin‘kg body weight to about 100 mg/kg, about
0.01 pg/kg to about 90 mg/kg, about 0.1 pg/kg to about 80
mg/kg, about 1 pg/kg about 70 mg/kg, about 10 g/kg to
about 60 mg/kg, about 0.1 mg/kg to about 50 mg/kg, about
0.5 mg/kg to about 25 mg/kg, about 1 mg/kg to about 10
mg/kg, or about 2.5 mg/kg to about 5 mg/kg. For example,
suitable dosage ranges of insulin include about 0.001 pg/kg,
about 0.01 pg/k, about 0.1 g/k, about 1 ng/k, about 10 g/kg,
about 0.1 mg/kg, about 0.5 mg/kg, about 1 mg/kg, about 2.5
mg/kg, about 5 mg/kg, about 10 mg/kg, about 15 mg/kg,
about 20 mg/kg, about 25 mg/kg, about 30 mg/kg, about 40
mg/kg, about 50 mg/kg, about 60 mg/kg, about 70 mg/kg,
about 80 mg/kg, about 90 mg/kg, or about 100 mg/kg.

In addition, in vitro assays may optionally be employed to
help identify optimal dosage ranges. Effective doses may be
extrapolated from dose-response curves derived from in
vitro or animal model test systems.

4. Mechanism of Action

Protein kinase C (PKC) is a family of serine/threonine
kinases with 11 isoforms. The PKC family is subdivided into
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three groups based upon their activation by calcium, phos-
phatidyl serine, diacyl glycerol or phorbol esters: classical or
conventional PKCs (a, BI, fII and y), novel PKCs (9, €, 1
and 0) and atypical PKCs (T, A/t). Activation of these
proteins in the brain is essential for learning, synaptogenesis,
and neuronal survival. In particular, PKC9, a novel PKC, has
been implicated in memory, neuronal proliferation and acti-
vation of survival pathways. PKC3J is alternatively spliced to
PKCOI (ubiquitous expression in human, mouse and rat),
PKCOIL, 1V, V, VI, VII (mouse-specific splice variants).
PKCOIII (rat specific splice variant) and PKCOVIII (human
specific splice variant). In mouse, PKCJII is generated via
alternative 5' splice site usage of exon 9 and functions as a
pro-survival kinase.

Exosomes isolated from hASC CM contain many non-
coding RNAs. Long noncoding RNAs (IncRNAs) have
varied functions including signaling, molecular decoys,
scaffolding and guiding ribonucleoprotein complexes. The
IncRNA metastasis associated lung adenocarcinoma tran-
script 1 (MALAT1), sometimes referred to as NEAT2, was
first reported in tumors and is shown to regulate alternative
splicing of genes and function as transcriptional regulator, as
well as plays a role in cell cycle and cellular mitosis.
MALAT1 regulates alternative splicing of several genes
including CAMK2B, CDK7, SAT1, HMG2L1, BMYB,
MGEAG6. In addition, MALAT1 associates with SRSF2
splicing domains in multiple mammalian species. The
IncRNA NEAT1 is also shown to regulate alternative splic-
ing of genes. NEAT1 is present in the conditioned media of
hASC; however it is not present within the exosomes. It may
be possible that NEAT1 is packaged in other vesicles. HT22
cells take up exosomes and that exosomes from hASC
increases neuronal survival and proliferation.

The present disclosure identifies exosomes as the impor-
tant component of the secretome that increases neuronal
survival following injury. An advantage to identifying exo-
somes as the important component of the secretome that
increases neuronal survival is that directly injecting hASC to
neuronal site of injury may result in growth and integration
of stem cells into neurons, which may be detrimental to the
brain. Without wishing to be bound by theory, the results
below indicate that MALATT1 is an important component of
hASC exosomes. These results promise the development of
therapeutic regiments targeted to specific areas of neuronal
injury and degeneration. However, the usage of MALAT1 in
a systemic manner would be discouraged in order to avoid
possible malignancy promoting effects of IncRNAs.

MALATT1 locates to the nuclear speckles where it inter-
acts with the pre-mRNA to regulate splicing. The data
presented herein using RIP assays shows that MALAT1
associates with SRSF2 in the nuclear fraction. MALAT1
sequesters SRSF2 and promotes its phosphorylation in the
RS domain. SRSF2 regulates PKC3II expression. The
results presented herein indicate that MALAT1 from hASC
exosomes recruits SRSF2 to regulate PKCOII alternative
splicing in HT22 neuronal cells. In addition, present disclo-
sure indicates that insulin treatment dramatically increases
association of SRSF2 with MALAT1. These studies dem-
onstrate that MALAT1 binds tightly to SRSF2 such that
kinases may efficiently phosphorylate SRSF2 to promote
alternative splicing of PKCOII in HT22 cells. The data
presented herein further indicates that hASC exosomes
improved neuronal survival and proliferation to a higher
extent than insulin alone; combination treatment of hASC
exosomes and insulin further enhanced the ability of hASC
to increase neuronal survival. These results show a promise
of'using hASC exosomes with insulin in models of traumatic
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brain injury or other neurodegenerative diseases. Without
wishing to be bound by theory, the present disclosure study
provides the potential mechanism of action of hASC and its
secretome in neuronal survival and identifies MALAT1 as a
central IncRNA in hASC exosomes and neuronal regenera-
tive medicine. It is also important to note that MALAT1 may
have additional targets that play a role in neuronal survival
and proliferation. Additionally, apart from MALAT1, other
components of the exosomes may contribute to increased
neuronal survival.

5. Kits

The invention further discloses a kit, which may be used
to treat brain injury in a subject. The kit comprises at least
the exosome composition. Instructions included in kits may
be affixed to packaging material or may be included as a
package insert. While the instructions are typically written
or printed materials they are not limited to such. Any
medium capable of storing such instructions and communi-
cating them to an end user is contemplated by this disclo-
sure. Such media include, but are not limited to, electronic
storage media (e.g., magnetic discs, tapes, cartridges, chips),
optical media (e.g., CD ROM), and the like. As used herein,
the term “instructions” may include the address of an
internet site that provides the instructions.

6. Examples

The disclosed compounds, compositions and methods
will be better understood by reference to the following
examples, which are intended as an illustration of and not a
limitation upon the scope of the invention. Where the term
comprising is used herein, it should be understood that the
disclosure also contemplates alternative embodiments con-
sisting of or consisting essentially of the recited features.

Example 1: Methods

The University of South Florida Institutional Animal Care
and Use Committee (IACUC) approved all experimental
procedures with animals. All rats were housed under normal
conditions (20° C., 50% relative humidity, and a 12 h
light/dark cycle). All studies were performed by personnel
blinded to the treatment condition.

Cell Culture:

The studies were carried out using immortalized clonal
mouse hippocampal cell line (HT22) obtained from Dr. D.
R. Schubert (Salk Institute). HT22 cells were cultured in 75
cm?2 flasks in DMEM supplemented with 10%-heat-inacti-
vated fetal bovine serum (FBS), 1% penicillin/streptomycin
(50 U/ml) and 2 mM glutamine. Cells were maintained at
37° C. in a humidified incubator containing 5% CO,. HT22
cells were sub-cultured into either 25 cm, flasks or 100 mm,
dishes and used for experiments at 60-80% confluence.

Western Blot Analysis:

Cell lysates (40 pg) were separated on 10% polyacrylam-
ide gel electrophoresis-SDS (PAGESDS). Proteins were
electrophoretically transferred to nitrocellulose membranes,
blocked with Tris buffered saline-0.1% Tween 20 containing
5% nonfat dried milk, washed, and incubated with a poly-
clonal antibody against either anti-Bcl2 (Cell Signaling) or
PKCblI-specific polyclonal antibody (Patel laboratory (4)).
Anti-GAPDH was purchased from Cell Signaling. Follow-
ing incubation with anti-rabbit 1gG-HRP, enhanced chemi-
luminesence (Pierce™) was used for detection. Images were
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digitally captured by ProteinSimple FluorChem™ and den-
sitometric analysis was performed using AlphaView™ Soft-
ware.

Transient Transfection of Plasmid DNA:

hASC were trypsinized and cell pellets were collected in
100 pL Nucleofector® solution (LLonza) and combined with
pMAX GFP (2 ng. The cell/DNA solution was transferred to
a cuvette and the program initiated (0.34 kV, 960 microfar-
ads). Medium (500 pl) was added immediately and cells
were gently transferred to 60 mm plates and allowed to grow
for 24 hours or more according to the experiment.

siRNA Transfection—Two siRNAs that target separate
areas were used to knockdown expression of SRSF2. SRSF2
siRNAs (IDs: 12628 and 12444) along with its scrambled
control were purchased from Ambion and transfected using
Ambion’s siRNA transfection kit. These were validated for
specificity to eliminate off-target gene effects. Ambion’s
PARIS kit (catalog 1921) was used to simultaneously isolate
proteins and RNA to verify knockdown by siRNA transfec-
tion.

Quantitative Real-Time qPCR:

Total RNA was isolated from cells using RNA-Bee™ (Tel
Test, Inc) as per manufacturer’s instructions. 2 pug of RNA
was used to synthesize first strand cDNA using random
hexamer primers and Omniscript™ kit (Qiagen). 1 ul of
cDNA was amplified by real-time quantitative PCR using
Maxima SYBR Green/Rox qPCR master mix (Thermo
Scientific) in an ABI ViiA7 sequence detection system (PE
Applied Biosystems) to quantify the relative levels of the
transcripts in the samples. The primers are: PKC3I sense
primer 5'-ACATCCTAGACAACAACGGGAC-3' (SEQ ID
NO: 1) and anti-sense 5-ACCACGTCCTTCTTCAGA-
CAC-3' (SEQ ID NO: 2); PKCAII sense primer 5'-CAC-
CATCTTCCAGAAAGAACG-3' (SEQ ID NO: 3) and anti-
sense 5'-TCGCAGGTCTCACTACTGCCTTTTCC-3' (SEQ
ID NO: 4); GAPDH sense primer 5'-TGACGTGCCGC-
CTGGAGAAAC-3' (SEQ ID NO: 5) and anti-sense
5'-CCGGCATCGAAGGTGGAAGAG-3' (SEQ ID NO: 6);
human MALAT1 sense: 5'-GAGTTCTAATTCTTTTTACT-
GCTCAATC-3' (SEQ ID NO: 7) and antisense 5'-TCAAGT-
GCCAGCAGACAGCA-3' (SEQ ID NO: 8); mouse
MALAT1 sense: 5-TGCAGTGTGCCAATGTTTCG-3'
(SEQ ID NO: 9) and antisense 5'-GGCCAGCTG-
CAAACATTCAA-3' (SEQ ID NO: 10); UlsnRNA sense:
5-TCCCAGGGCGAGGCTTATCCATT-3' (SEQ ID NO:
11) and antisense 5'-GAACGCAGTCCCCCACTACCA-
CAAAT-3' (SEQ ID NO: 12). Amplification was performed
on the ViiaA 7 (Applied Biosystems). Real-time PCR was
then performed in triplicate on samples and standards. The
plate setup included a standard series, no template control,
no RNA control, no reverse transcriptase control, and no
amplification control. After primer concentrations were opti-
mized to give the desired standard curve and a single melt
curve, relative quotient (RQ) was determined using the
AACT method with U6snRNA or GAPDH as the endog-
enous control and HT22 control samples as the calibrator
sample. Experiments were repeated four times.

Absolute Quantification:

A standard curve was generated for each gene in every
assay. To do so, 100 ng to 0.4 ng of RNA were reverse-
transcribed as described above. The resulting cDNA was
used to obtain a standard curve correlating the amounts with
the threshold cycle number (C, values). A linear relationship
(r>>0.96) was obtained for each gene. Real time PCR was
then performed on samples and standards in triplicates. The
plate setup also included a standard series, no template
control, no RNA control, no reverse transcriptase control



US 10,857,187 B2

15

and no amplification control. The dissociation curve was
analyzed for each sample. Absolute quantification of mRNA
expression levels for PKCAI and PKCJII was calculated by
normalizing the values to GAPDH.

Adipose-Derived Stem Cells:

White adipose tissue was obtained as discarded tissue
from surgeries performed at Tampa General Hospital by Dr.
Murr. Donors consented to their waste tissue to be used in
research. The lean adipose tissue samples were obtained
from subcutaneous depot of a female donor with BMI of
21.3 Subject was non-diabetic, non-smoker and did not have
any form of cancer. The de-identified samples were obtained
under an Institutional Review Board approved protocol
(University of South Florida IRB #20295) with a “not
human research activities determination” and was trans-
ported to the laboratory and processed within 24h of col-
lection. Adipose tissue was cut up into small pieces and
digested with 0.075% collagenase Type 1 (Worthington) in
modified PBS for 2 h at 37° C. The suspension was filtered
and centrifuged at 400 g at room temperature. The pellet
contains the stromal vascular fraction (SVF). The pellet was
resuspended in 1 mL of the erythrocyte lysis buffer (Stem
Cell Technologies) for 10 min and washed in 20 mL of PBS
with 2% P/S/A before centrifugation, 300-500 g, 5 min. The
supernatant was aspirated and the cell pellet resuspended in
a 3 mL stromal medium (a-MEM; Mediatech) with 20%
FBS, 1% 1-glutamine (Mediatech), 1% P/S/A. Following
three rinses in the stromal medium, SVF cells were plated
for initial cell culture at 37° C. with 5% CO2 in HASC
medium from ZenBio™ (Cat # PM-1). Subconfluent cells
were passaged by trypsinization. Conditioned media (CM)
was collected after 24-48 hours. Experiments were con-
ducted within passages 2-3.

Exosome Isolation:

Conditioned media (CM) derived from hASC was col-
lected after 48h and centrifuged at 3000 g for 15 min to
remove dead cells. ExoQuick™ (SBI) reagent was added to
the CM and incubated overnight at 4° C. Following cen-
trifugation at 1500 g for 30 min, the pellet was further
processed. ExoCap™ (JSR Life Sciences) composite
reagent containing magnetic beads for CD9, CD63 and
CD81 was used to purify exosomes. Exosomes were eluted
from beads using the manufacturer’s elution buffer and used
in experiments as described.

RNA-Immunoprecipitation (RIP) Assay:

The RIP kit was purchased from Sigma and protocol
followed as per manufacturer’s instruction. SRSF2 antibody
and SNRNP70 antibody were purchased from Millipore, and
IgG antibody was included in kit (Sigma). Cell lysate (10%)
was removed for input sample. Immunoprecipitation was
performed with 2 pg SRSF2 antibody, sanRNP70 antibody
(positive control) or IgG antibody (as negative control).
RNA was purified and treated with DNAse to remove
genomic DNA. SYBR Green Real-time qPCR was per-
formed as described above using MALAT1 primer sets and
primers for Ul RNA, the binding partner for the positive
control SNRNP70. The yield (% input) and specificity (fold
enrichment) was calculated using Excel™ template for RIP
from Sigma.

Cell Survival Assay:

WST-1 (Roche Molecular Biochemicals, IN) was added
to HT22 cells (in triplicate) in the presence of hASC
exosomes (10 pg) to a final concentration of 10% (vol/vol).
Cells were incubated for 2 hours at 37° C. The formazon dye
produced by viable cells is quantified using a spectropho-
tometer set at a wavelength of 440 nm and absorbance
recorded for each well (reference wavelength 690 nm).
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Cell Proliferation Assay:

HT22 cells were treated with hASC exosomes (10 ng).
The treatments were performed in triplicate in a 48-well
plate. The BrdU cell proliferation assay kit was purchased
from Millipore, Catalog #2750 and used as per manufactur-
er’s instructions to quantitatively evaluate the number of
actively proliferating cells. Briefly, 100 pl BrdU was added
per well of the 48 well plate and incubated overnight. BrdU
incorporation was detected using peroxidase conjugate. The
plate was read using spectrophotometer microplate reader
set at dual wavelength of 450 nm/550 nm. The results were
normalized against the blank and background readings.

Cell Migration Assay:

Scratch assay is an established method to measure cell
migration and wound healing in vitro. HT22 cells were
plated in 35 mm dishes. After 24 h, the cell monolayer was
scraped with a P100 pipette tip creating a scratch. Cell debris
was removed by washing with culture medium. Parallel
lines on the outside surface of the dish were made to mark
boundaries and create reference points. The cells were
treated with hASC exosomes (10 pg) or insulin (10 nM) as
indicated in the experiments. Nikon microscope was used to
capture phase contrast images at 24h at original magnifica-
tion x20. Five separate fields of 1 pm, were counted for each
plate for migration distances and averaged to determine
overall scratch width after 24h post treatments compared to
control. Experiments were repeated thrice.

Immunochemistry:

HT22 cells were plated in 8 well chamber plates and were
either treated with exosomes from hASC and with or with-
out 10 nM insulin treatment. After 24h, medium was
removed, cells washed three times with PBS and fixed with
4% paraformaldehyde for 30 min. Cells rinsed with PBS and
blocked with 1% BSA for 30 min. Primary antibodies for
either Ki-67 or doublecortin were incubated overnight at 4°
C. Cells were washed three times with PBS and were
incubated with secondary fluorescent antibody for 1 hour at
room temperature. To visualize nucleus, cells were stained
with DAPI for 15 minutes at room temperature.

Statistical Analysis:

The gels were densitometrically analyzed using
AlphaView™ software (ProteinSimple™). PRISM™ soft-
ware was used for statistical analysis. A level of p<0.05 was
considered statistically significant. The results are expressed
as mean+SEM or as percent exon inclusion.

Exosome Isolation and Collection from ASCs:

hASC (Zenbio, catalog # ASC-F) were trypsinized and
cell pellets were collected in 100 pl. Nucleofector® kit
(Lonza, catalog # VPE-1001) and combined with pMAX
GFP (2 pg). The cel/DNA solution was transferred to a
cuvette and the program initiated (0.34 kV, 960 microfar-
ads). Medium (500 pl) was added immediately and cells
were gently transferred to 100 mm plates and allowed to
grow for 48 hours. To deplete MALAT from hASC exo-
somes, MALATT1 antisense oligonucleotide ID: 39524 ASO
from lonis Pharmaceuticals was used, validated for speci-
ficity and designed for efficient uptake by cells. The ASOs
were added to hASC 48 hours. Exosomes were isolated from
conditioned media. The expression levels of MALAT1 were
determined in the exosomes using human MALAT1 primers
in gPCR. 100 ng of exosomes were injected into each rat for
treatment. Conditioned media (CM) derived from hASC was
collected after 48h and centrifuged at 3000 g for 15 min to
remove dead cells. Exosomes were isolated and verified that
exosomes contain GFP. ExoQuick™ (System Biosciences,
Catalog # EXOTC-50A-1) reagent was added to the CM and
incubated overnight at 4° C. along with XenoLight 1,1-
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dioctadecyl-3,3,3,3-tetramethylindotricbhocyanine  iodide
(DiR) (catalog #125964; Caliper Life Sciences). Following
centrifugation at 1500 g for 30 min, the pellet was further
processed. ExoCap™ (JSR Life Sciences, Catalog # EX-
COM) composite reagent containing magnetic beads for
CD9, CD63 and CD81 was used to purify exosomes. Exo-
somes were eluted from beads using 500 pl. of the manu-
facturer’s elution buffer. Buffer exchange by Ambicon col-
umns. Nanoparticle tracking analysis from NanoSight
(NTA3.1, Build 3.1.46 RRID SCR-014239) was used to
analyze peak diameter and concentration of exosomes
obtained from 106 hASC. Analysis showed exosomes size to
be 89+7 nm.

Animal Model and Surgical Procedures:

Atotal of 79 Fisher 344 male rats were subjected to either
mild TBI by controlled cortical impact injury model or no
TBI in the case for the sham surgery only control group. The
rats were randomly distributed into the following groups:
Surgery with no TBI (Sham control C, N=11), TBI with
unconditioned media as vehicle (T; N=20), TBI treated with
exosomes (TE, N=18), TBI treated with exosomes depleted
of MALAT1 (TEdM, N=20), TBI with injection of condi-
tioned media depleted of exosomes (TdCM; N=7). Deep
anesthesia was administered to all rats undergoing TBI
surgery using 1-2% isoflurane in nitrous oxide/oxygen
(69%/30%) and was maintained using a gas mask. TBI
induced animals were fixed in a stereotaxic frame (David
Kopf Instruments). The TBI procedure was performed as
follows: the skull was exposed by a midline incision, coor-
dinates of +0.2 mm anterior and +0.2 mm lateral to the
midline were found and craniotomy performed, the brain
was then impacted at the frontoparietal cortex with a veloc-
ity of 6.0 mV/s reaching a depth of 0.5 mm (mild TBI) below
the dura matter layer for 150 ms. Body temperature of the
animals was maintained within normal limits by a computer-
operated thermal pad and rectal thermometer. All animals
were closely monitored postoperatively and analgesic keto-
profen was administered prior to surgery and as needed
thereafter. Rats were maintained on regular rodent diet
throughout the experiment

Intravenous Administration of Exosomes and CM:

Three hours after TBI surgical procedures, rats were
anesthetized using 1-2% isoflurane in nitrous oxide/oxygen
(69%/30%) and was maintained using a gas mask. Intrave-
nous injections through the jugular vein were divided as
follows: TBI-Veh (T) received 500 pl unconditioned media,
TBI animals with exosomes depleted conditioned media
(TdCM) group received 500 pl conditioned media depleted
of exosomes, TBI animals with exosomes (TE) received
exosomes (100 pg in 500 pl of sterile saline), and TBI
animals with exosomes depleted of MALAT1 (TEdM)
received exosomes (100 pg in 500 pl of sterile saline). Sham
animals did not receive any injection, and animals receiving
unconditioned media were used as control groups. To evalu-
ate the migration of the transplanted exosomes, exosomes
were incubated with DiR during isolation as noted above.

XenoLight DiR for In Vivo and Ex Vivo Bio-Distribution
Imaging Procedures:

To visualize DiR fluorescence emitted from the injected
exosomes in vivo, animal’s abdomens were shaved to avoid
light scattering and anesthetized in a chamber with 3.0%
isoflurane. Animals were then transferred from the chamber
to the IVIS Spectrum 200 Imaging System (Xenogen), and
the isoflurane level was maintained at 1-2% throughout
image acquisition. The biodistribution of DiR-labeled exo-
somes were monitored in vivo at 1, 4, 12, 24, 48, 72 hours
and again at 11 days post-surgery and transplantation.
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Images were also obtained of ex-vivo organs including
brain, liver, lungs and spleen after 1, 3, 7, and 11 days
post-surgery and transplantation. Animals full body imaging
was performed ventrally at all time points, and a second set
of images were obtained for the head region using a higher
magnification. The parameters used throughout the experi-
ment were as follows: Exposure time=Auto; Lamp
voltage=High; F/stop=2; Binning=8; Excitation filter=745
nm; Emission filter=800 nm; Field of view=D (for whole
body), C (for ex vivo organs) or B (for head region). All
captured images were analyzed using Living Image Soft-
ware 4.0 (Xenogen RRID:SCR_014247). To analyze the
change in DiR fluorescence intensity, identical regions of
interest (ROIs) were placed on the abdomen and head area
for animals. The same ROI was also placed on the control
animal as the background reference. Background efficiency
was subtracted from each of the individual animal’s effi-
ciency and presented as an average radiant efficiency (pho-
tons per second per square centimeter per steridian divided
by microwatts per square centimeter).

Behavioral Testing:

Each rat was subjected to a series of behavioral tests to
reveal motor and neurological performance of animals, at
baseline before and after TBI at days 0, 3, and 7 days.

Elevated Body Swing Test (EBST): EBST is a measure of
asymmetrical motor behavior that does not require animal
training or drug injection. The rats were held, in the vertical
axis, 1 inch from the base of its tail and then elevated to an
inch above the surface on which it has been resting. The
frequency and direction of the swing behavior were recorded
for 20 tail elevations. A swing was counted when the head
ofthe rat moved 10° from the vertical axis to either side. The
total number of swings made to the biased side was added
per group and divided by the n, giving us the average
number of swings per treatment group.

Forelimb Akinesia: Before and after TBI surgery, rats
from all groups were evaluated for forelimb akinesia. Ipsi-
lateral and contralateral forepaw strength and motility were
scored by two experimentally blinded evaluators using the
following forelimb. Scores were tallied for each individual
animal, and then mean scores for treatment groups were
used for analyses.

Paw Grasp: Before and after TBI surgery, grip strength of
rats from all groups were evaluated. An abnormal grip is
indicative of impaired neuromuscular function. In this test,
rats were held by their bodies against a pole. Both ipsilateral
and contralateral paw grip strength were scored by two
experimentally masked evaluators using the following grip
strength scale. In a scale of 1 to 3, 1 is normal, 2 is impaired,
and 3 is severely impaired. Scores were tallied for each
individual animal, and then mean scores for treatment
groups were used for analyses.

Brain and Organ Harvesting, Fixation, and Sectioning:

Under deep anesthesia, rats were sacrificed on day 1, 3, 7
and 11 after TBI for protein analysis, RNA sequencing,
and/or immunohistochemical investigations. Briefly, ani-
mals were perfused through the ascending aorta with 200 ml
of cold PBS, followed by 200 ml of 4% paraformaldehyde
in phosphate buffer (PB). Brains, spleen, lungs, and liver
were removed and post-fixed in the same fixative for 24 h,
followed by 30% sucrose in PB until completely sunk. Six
series of coronal sections were cut at a thickness of 40 um
with a cryostat and stored at —=20° C. Six coronal sections
between the anterior edge and posterior edge of the impacted
area were collected and processed for GFP expression in
exosome injected animals.
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Measurement of Impact and Peri-Impact Area:

Nissl staining analysis: Serial sections corresponding to
the same group of animals were stained with Nissl (Thermo
Fisher Scientific Cat # N21483 RRID:AB_2572212) for
impact- and peri-impact calculations. Six coronal sections
between the anterior edge and posterior edge of the impacted
area were collected and processed for Nissl staining from
each brain perfused at day 11 after TBI. Sections were cut
at a thickness of 40 pm by a cryostat. Every sixth coronal
tissue section was randomly selected for measurement of
impact- and peri-impact area. Brain sections were examined
using a light microscope (Olympus) and Keyence micro-
scope. The impact and peri-impact areas of brain damage
was measured in each slice and quantified by a computer-
assisted image analysis system (NIH Image RRID:
SCR_003070). Impact and peri-impact arca was then
expressed as a percentage of the ipsilateral hemisphere
compared with the contralateral hemisphere.

RNA Sequencing:

RNA Quality Control: RNA was isolated from brains
(area near impact site) and spleens of rats at Day 7 following
TBI in the sham surgery-control (C), TBI with vehicle (T),
TBI treated with exosomes (TE) and TBI treated with
MALAT1-depleted exosomes (TEdM) groups. 4 rats of each
group were randomly chosen and pooled to maximize bio-
logical diversity and sent for RNASeq (Ocean Ridge Bio-
sciences). 8 total RNA samples (4 rat spleen tissue and 4 rat
brain tissue), were submitted to Ocean Ridge Biosciences
for RNA-Sequencing. RNA was quantified by O.D. mea-
surement, and assessed for quality on a 1% agarose-2%
formaldehyde RNA Quality Control (QC) gel. The RNA was
then digested with RNase free DNase I (Epicentre; Part #
D9905K) and re-purified on RNeasy MinElute columns
(Qiagen; Part #74204) using an alternative high ethanol
protocol to preserve low molecular weight (LMW) RNAs.
The newly purified RNA samples were then quantified by
0O.D. measurement.

Library Preparation: Ribosomal RNA was depleted from
1 microgram of DNA-free total RNA using the Ribo-Zero
Gold rRNA Removal Kit for Human/Mouse/Rat (Illumina,
part number MRZ(G126). Template DNA molecules suitable
for cluster generation were then prepared from the rRNA-
depleted samples using the ScriptSeq V2 RNA-Seq Library
Prep Kit (Illumina, part number SSV21124). The quality and
size distribution of the amplified libraries were determined
by chip-based capillary electrophoresis on an Agilent 2100
Bioanalyzer. Libraries were quantified using the KAPA
Library Quantification Kit (Kapa Biosystems, Boston,
Mass.).

Sequencing: The libraries were pooled at equimolar con-
centrations and diluted prior to loading onto the flow cell of
the Illumina cBot cluster station. The libraries were
extended and bridge amplified to create sequence clusters
using the Illumina HiSeq PE Cluster Kit v4 and sequenced
on an Illumina HiSeq Flow Cell v4 with 50-bp paired-end
reads plus index read using the Illumina HiSeq SBS Kit v4.
Real time image analysis and base calling were performed
on the instrument using the HiSeq Sequencing Control
Software version 2.2.58. All samples had a minimum of
43,303,826 passed-filter single-end reads. The sequences
aligned at an average of 72%+/-2% (SD) efficiency to the
reference genome.

Alignment to Genome: Sequence alignment was per-
formed using TopHat v1.4.1 (RRID SCR-013035) with the
following settings:
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tophat -p 2 -o [OUTPUT FOLDER]--library-type fr-second-
strand -r [Dx]-mate-std-dev [Ds] [rn5 BOWTIE GENOME
INDEX] [FASTQ 1] [FATSQ 2]

where Dx and Ds represent sample-specific values for the
mean and standard deviation, respectively, of the inner
distance between reads, as determined by non-gapped align-
ment to rat mRNA. m5 BOWTIE GENOME INDEX was
built from the soft-masked genome sequence. In practice
FASTQ files for each sample were split into multiple
FASTQs having 4 million reads each in order to accelerate
processing.

ncRNA Counting and Annotation: The number of reads
aligning to each ncRNA feature were counted using BED-
tools v2.16.2 (RRID SCR-006646) with the following set-
tings: bedtools multicov -bams
C80R4ANXX _s8illuminal2index_4_SI.134409.fastq_05.
bam -bed  macentral_active_v3_rat-mouse-human.gff
C80R4ANXX _s8illuminal2index_4_SI.134409.fastq_05/
counts.txt

In practice FASTQ files for each sample were split into
multiple FASTQs having 4 million reads each in order to
accelerate processing. For each sample, the resulting BAM
files were merged and the count files were also merged. For
all ncRNAs having at least one read aligned, annotations
were added using RNAcentral’s RESTful API. The RPKM
values were filtered to retain a list of ncRNAs with an
RPKM equivalent to 50 mapped reads in one or more
samples. The threshold of 50 mapped reads per ncRNA is
considered the Reliable Quantification Threshold, since the
RPKM values for a ncRNA represented by 50 reads should
be reproducible in technical replicates. To avoid reporting
large fold changes due to random variation of counts from
low abundance ncRNA, RPKM values equivalent to a count
of <=10 reads per ncRNA were replaced in the following
way. First, for each sample the RPKM value equivalent to 10
reads/ncRNA was calculated (assuming a median ncRNA
length of 0.122 kb). These RPKMs were then averaged
across all the samples in the experiment, and this average
value was used for replacement.

Fold Change Calculations: The filtered RPKM data for
19,058 detectable rat genes (RPKM values>Reliable Quan-
tification Threshold (RQT) in at least one sample) were used
for to calculate the fold changes TBI exosome/TBI vehicle,
TBI exosome MALAT1/TBI exosome, and TBI vehicle/no
TBI for independently for spleen and brain samples, fold
changes are expressed as the negative reciprocal in tables
and for additional analysis. The splicing index was calcu-
lated based on the formula: exon RPKM/gene RPKM.

Hierarchical Clustering: Similarly, the same RPKM data
for all 19,058 detectable rat genes were used for hierarchical
clustering analysis by Cluster 3.0 software4 (RRID SCR-
013505). Genes were log-2 transformed and median cen-
tered prior to hierarchical clustering. Hierarchical clustering
was conducted on genes and samples using centered corre-
lation as the similarity metric and average linkage as the
clustering method. Intensity scale shown is arbitrary.

Real Time qPCR Using SYBR Green:

Total RNA as described above for RNA seq was used for
validation. 1 pL, of cDNA was amplified by real-time quan-
titative PCR using Maxima SYBR Green/Rox qPCR master
mix (Thermo Scientific) in an ABI ViiA7 sequence detection
system (PE Applied Biosystems) to quantify the relative
levels of the transcripts in the samples. The primers are:
GAPDH sense primer 5'-TGACGTGCCGCCTGGA-
GAAAC-3' (SEQ ID NO: 5) and anti-sense 5'-CCGGCATC-
GAAGGTGGAAGAG-3' (SEQ ID NO: 6); human
MALAT1 sense: 5-GAGTTCTAATTCTTTTTACTGCT-
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CAATC-3' (SEQ ID NO: 7) and antisense 5'-TCAAGTGC-
CAGCAGACAGCA-3' (SEQ ID NO: 8); mouse MALATI
sense: 5'-TGCAGTGTGCCAATGTTTCG-3' (SEQ ID NO:
9) and antisense 5'-GGCCAGCTGCAAACATTCAA-3'
(SEQ ID NO: 10); UlsnRNA sense: 5'-TCCCAGGGCGAG-
GCTTATCCATT-3' (SEQ ID NO: 11) and antisense
5'-GAACGCAGTCCCCCACTACCACAAAT-3" (SEQ ID
NO: 12). Real-time PCR was then performed in triplicate on
samples. The plate setup included a no template control, no
RNA control, no reverse transcriptase control, and no ampli-
fication control. After primer concentrations were optimized
to give the desired standard curve and a single melt curve,
relative quotient (RQ) was determined using the AACT
method with U6snRNA or GAPDH as the endogenous
control and No TBI sample as the calibrator sample. Experi-
ments were repeated four times.

Example 2: Exosomes Secreted by hASC Increase
Expression of PKCAII in HT22 Cells

The immortalized mouse hippocampal cell line HT22 is
widely used to study neuronal survival and is established as
an in vitro model for mechanistic studies for neuronal
diseases. PKCd is alternatively spliced to PKC8I and
PKCOII in mouse HT22 cells. PKC3I is pro-apoptotic while
PKCOII promotes survival. PKCSII increases neuronal sur-
vival via Bel2 in HT22 cells. The effect of hASC secretome
(collected as conditioned media—CM) on PKC9) alternative
splicing was examined in HT22 cells. hASC cells were
grown to confluency and CM collected after 48h. Exosomes
were isolated from CM (methods). HT22 cells were treated
with 10 g hASC exosomes for 24h. Whole cell lysates were
collected and western blot analysis performed with antibod-
ies as indicated in FIG. 1A. The gels represent three experi-
ments performed separately with similar results. FIG. 1B
shows percent densitometric units normalized to GAPDH
for each antibody and represents three separate experiments.
The results were analyzed with two-tailed Student’s t-test
using PRISM4 statistical analysis software (GraphPad, San
Diego, Calif.). A level of p<0.05 was considered statistically
significant. *** is p<0.0001 highly significant between
control and hASC exosome treated cells for PKCSII and
Bel2. FIG. 1C shows SYBR Green Real Time qPCR using
PKC0I and PKCAII primers. GAPDH served as control. For
absolute quantification, a standard curve was generated for
each gene in every assay. Absolute quantification of mRNA
expression levels for PKCAI and PKCJII was calculated by
normalizing the values to GAPDH.

Experiments repeated four times with similar results. The
results were analyzed with two-tailed Student’s T-test using
PRISM4 statistical analysis software (GraphPad, San Diego,
Calif.). A level of p<0.05 was considered statistically sig-
nificant. *** is p<0.0001 highly significant between control
and hASC exosome treated cells for PKC3II.

Example 3: Exosomes from hASC are Taken Up
by HT22 Cells

To verify that exosomes from hASC are taken up by HT22
cells, hASC were transiently transfected with pmax-GFP
using nucleofection. The cells were allowed to recover for
48 hours and fresh dye-free media was added to the hASC.
After 48h, the conditioned media was collected and exo-
somes were isolated (GFP-hASC Ex). 10 pg GFP-hASC Ex
were added to HT22 cells for 24h. Cells were harvested and
pPCR was performed to assess GFP levels in recipient HT22
cells (FIG. 2A). Results are quantified in FIG. 2B, which

10

15

20

25

30

35

40

45

50

55

60

65

22

shows increased GFP expression in HT22 cells treated with
GFP-hASC Ex and no GFP expression in untreated control
cells. FIG. 2C shows western blot analysis for the presence
of human exosome cell-surface markers CD9, CD63 and
CD81 in HT22 cells treated with GFP-hASC Ex. Blots
represent three experiments performed separately with simi-
lar results. Taken together, these results demonstrate suc-
cessful uptake of exosomes in HT22 cells treated with
GFP-hASC Ex.

Example 4: Exosomes from hASC Enhance
Neuronal Survival and Proliferation

The ability of hASC exosomes to increase survival and
proliferation in HT22 cells was assessed. BrdU-coupled
enzyme-linked immunosorbent assay was performed in
HT22 cells treated with 10 ug hASC exosomes for 24h. The
incorporation of 5-bromo-2'-deoxyuridine (BrdU) into rep-
licating DNA was used to label proliferating cells. BrdU is
incorporated into S-phase cells and serves as a proliferation
marker and can be quantitatively assayed to determine cell
proliferation. BrdU is detected immunochemically allowing
for the assessment of neuronal cells synthesizing DNA. As
shown in FIG. 3A, treatment with hASC increased the
amount of BrdU concentration in HT22 cells.

Next, to verify that hASC exosomes increases cell sur-
vival and proliferation, a cell proliferation assay based on
WST1 (a tetrazolium salt) cleavage to formazan by mito-
chondrial dehydrogenases was performed. Increased prolif-
eration of cells results in increased activity of the mitochon-
drial dehydrogenases in the sample which can be measured
quantitatively by increases in formazan dye production. As
shown in FIG. 3B, hASC exosomes increased HT22 cell
survival and proliferation. The measurements were made in
triplicate in three separate experiments. The results were
analyzed with two-tailed Student’s t-test using PRISM4
statistical analysis software (GraphPad, San Diego, Calif).
A level of p<0.05 was considered statistically significant.
% {5 p<0.0001.

Example 5: hASC Exosomes Contain Long
Noncoding RNA MALAT1

Long noncoding RNAs (IncRNAs) are emerging as
important modulators of gene expression. Exosomes
secreted from subcutaneous hASC are significantly enriched
in the IncRNAs MALATI1, GAS5 and lincRNA-VLDLR.
MALAT1 predominantly regulates alternative splicing of
genes by modulating the activity of splice factors. MALAT1
has been extensively studied in several cancers where it is
shown to regulate gene expression either by promoting
alternative splicing or by regulating assembly of complexes
mediating gene expression.

To delineate the amount of MALAT1 taken up from
exosomes as compared to endogenous MALAT1 in HT22
cells, HT22 cells were treated with 10 pug of exosomes from
hASC (hASC Ex). RNA was isolated and primers specific
for either mouse or human MALAT1 were used in SYBR
Green qPCR. As shown in FIG. 4A, human MALAT1 levels
are increased in HT22 cells treated with hASC exosomes.
Experiments were repeated five times with similar results.
The results were analyzed with two-tailed Student’s t-test
using PRISM4 statistical analysis software (GraphPad, San
Diego, Calif.). A level of p<0.05 was considered statistically
significant. *** is p<0.0001 highly significant between
hASC exosomes and control for MALATI.
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hASC secretome contains a milieu of protein and RNA
factors. The RNA component is encapsulated in vesicles
such as exosomes to prevent its degradation. To determine if
an RNA component of the exosome increases PKCAII
expression, 10 pg hASC exosomes were incubated with a
cocktail of ribonucleases (1 pl. RiboShredder RNase Blend
Epicenter, cat # RS12100) at 37° C. for 1h. Total RNA was
isolated from hASC-Ex ribonuclease and absolute SYBR
Green real time qPCR was performed using human
MALATT1 primers. As shown in FIG. 4B, hASC exosomes
treated with the ribonuclease cocktail were depleted of
MALAT1. HT22 cells were then either treated with 10 pg of
hASC exosomes or 10 pg of ribonuclease cocktail treated
exosomes (which are depleted in MALAT1). Total RNA was
isolated from HT22 cells and SYBR Green real time qPCR
was performed for PKCA8I and PKCSII. As shown in FIG.
4C, qPCR results indicated that ribonuclease cocktail treated
hASC exosomes did not increase PKCJII expression in
HT22 cells. Experiments repeated three times with similar
results. The results were analyzed with two-tailed Student’s
t-test using PRISM4 statistical analysis software (GraphPad,
San Diego, Calif.). A level of p<0.05 was considered sta-
tistically significant. *** is p<0.0001 highly significant
between HT22 control and hASC exosomes treated cells for
MALATI.

Example 6: Depletion of MALAT1 Impacts hASC
Mediated PKCSII Splicing

Given that hASC exosomes had significantly higher lev-
els of MALATI and that PKCAII levels were increased in
HT22 following treatment with hASC exosomes, whether
depletion of MALAT1 in hASC exosomes affected PKCAII
levels in HT22 cells was investigated. Two antisense oligo-
nucleotides (ASOs) to human MALAT1 were evaluated
(IDs: 395254 and 395240) along with the scrambled anti-
sense oligonucleotides (control) (ASOs from lonis Pharma-
ceuticals (formerly known as ISIS Pharm), validated for
specificity and designed for efficient uptake by cells). hASC
were treated with 50 nM ASOs 395254 and 395240 or
scrambled ASO control (ASOscr) for 48 h. Exosomes were
isolated from the conditioned media (abbreviated as
MIASO-254 Ex or M1ASO-240 Ex or ScrASO Ex).
ScrASO Ex, M1ASO-254 Ex or MIASO-240 Ex (10 pg
each) were added to HT22 cells for 24h. Total RNA was
isolated from HT22 cells and real time absolute qPCR was
performed to determine levels of MALAT1 and PKCH
splicing variants.

Results indicated 80% decline in human MALAT1 RNA
(h MALAT1) in the M1ASO-254 Ex or M1ASO-240 Ex
samples. MALAT1 levels remained constant in ScrASO Ex
(FIG. 5A) As shown in FIG. 5B, M1ASO-254 exosomes or
M1ASO-240 exosomes did not increase PKCHII splicing in
HT22 cells. The scrambled ASO exosomes increased
PKCOII splicing mimicking control hASC exosomes treated
HT22 cells. PKCAI splicing was not affected significantly
with hASC exosomes or MI1ASO-254 exosomes or
M1ASO-240 exosomes. As a control, levels of endogenous
MALATT1 levels in HT22 cells using mouse MALAT1
primers were measured in qPCR. As shown in FIG. 5C,
addition of hASC-exosomes did not significantly alter
mouse MALAT1 levels (m MALAT1) in HT22 cells.

Experiments were repeated five times with similar results.
The results for all experiments were analyzed with two-
tailed Student’s t-test using PRISM4 statistical analysis
software (GraphPad, San Diego, Calif.). A level of p<0.05
was considered statistically significant. *** is p<0.0001
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highly significant between HT22 control and Scr o, Ex
treated cells for PKCSII. *** is p<0.0001 highly significant
between Scr, s, Ex and M1 ,.,.254 Ex or M1 ;240 Ex
treated cells for PKCOIIL.

Example 7: MALAT1 Promotes PKCJII
Alternatively Splicing Via SRSF2

MALATT interacts with several pre-mRNA splice factors
and modulates alternative splicing. In HT22 cells, PKCAII
alternative splicing is regulated by the serine-arginine rich
splice factor 2 (SRSF2) also known as SC35. Whether
MALATT1 in hASC exosomes could promote PKCJII splic-
ing in the absence of SRSF2 was evaluated. SRSF2 siRNA
(50 nM for 48h; SRSF2 siRNA from Ambion 12444) was
transfected into HT22 cells for 48h to deplete SRSF2. Fresh
medium was replaced and HT22 cells were treated with 10
ng hASC exosomes for 24h. RNA was isolated for qPCR
analysis. Absolute SYBR Green qPCR was performed with
GAPDH as internal control.

As shown in FIG. 6A, HT22 cells treated with MALAT1
containing hASC exosomes increased PKCOII while the
SRSF2 depleted HT22 cells did not show an increase in
PKCAII with hASC exosome treatment. A standard curve
was generated for each gene. Absolute quantification of
mRNA expression levels for PKC3I and PKCOAII was cal-
culated by normalizing the values to GAPDH. The experi-
ments were repeated four times with similar results. *** is
p<0.0001 highly significant.

SRSF2 regulates PKCOII alternative splicing. As such,
whether MALAT1 influenced the binding of SRSF2 to
PKC) pre-mRNA was evaluated. HT22 cells were treated
with 10 ng hASC exosomes containing MALAT1. RNA
coimmunoprecipitation (RIP) assay was performed using
primers to PKCd pre-mRNA. Immunoprecipitated RNA was
analyzed by qPCR for PKCJ using primers flanking the
SRSF2 binding site on PKCS pre-mRNA. As shown in FIG.
6B, SRSF2 binds to PKC9 pre-mRNA. HT22 cells treated
with hASC exosomes showed an enrichment of SRSF2 on
PKCd pre-mRNA. Graph is plotted as fold enrichment of
SRSF2 using gPCR in the RIP assay with SRSF2 IP; fold
enrichment of Ul RNA using SNRP70 IP (positive control).
Results show SRSF2 binding to PKCd pre-mRNA. Inset
show immunoblot of SRSF2 IP and IgG IP (negative con-
trol) using antibody against SRSF2. Experiments were
repeated four times with similar results.

Separately, HT22 cells were transfected with 2 ng of
PKC9 heterologous splicing minigene and treated with or
without hASC exosomes (10 pg) for 24h. PKCJ splicing
minigene was developed by cloning mouse exon 9 of PKCH
along with its flanking 3' and 5' introns were into the pSPL3
splicing vector. Utilization of 5' splice site I results in PKC31
while utilization of 5' splice site II results in PKCSII. Total
RNA was isolated, reverse transcribed and 2 pl cDNA was
used in PCR. The primers used were on SD and SA exon of
pSPL3 splicing vector as indicated in the schematic of the
PKC9 splicing minigene. 5% of the products were separated
by PAGE and silver stained for visualization. As shown in
FIG. 6C, treatment with hASC exosomes increased utiliza-
tion of 5' splice site 11 in the pSPL3-PKCd minigene. Graphs
represent percent exon inclusion calculated as SS II/(SS
II+SSI)x100 in the samples and are representative of four
experiments performed separately.

Cells utilize IncRNAs to maximize the ability of splice
factors to regulate splicing. The results described above
suggest that MALAT1 recruits SRSF2 and stabilizes its
association with PKCO premRNA to promote PKCSII splic-
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ing. SRSF2 regulates PKCAII alternative splicing. To evalu-
ate whether MALAT1 bound to SRSF2 in HT22 cells, RNA
co-immunoprecipitation (RIP) assay was performed.
MALATT1 is shown to co-localize in the nuclear speckles
with SRSF2. Hence, whether MALAT1 and SRSF2 associ-
ated in the nucleus of HT22 cells was evaluated. HT22 cells
were treated with hASC exosomes (10 g) containing
MALAT1 for 24h. The nuclear and cytoplasmic RNA from
HT22 cells were separated and isolated (RNA subcellular
isolation kit-ActiveMotif). RNA coimmunoprecipitation
(RIP) assay was performed using SRSF2 antibody and
primers in RTqPCR specific for human MALAT1. As shown
in FIG. 6C, human MALAT1 from the hASC exosomes
bound to SRSF2 in HT22 cells with a 2-fold higher affinity
when compared to binding of the positive control snRNP70
and U1 RNA in the nuclear fraction while no association was
observed in the cytoplasmic fraction. is plotted as fold
enrichment of MALAT1 using qPCR in the RIP assay with
SRSF2 IP; fold enrichment of Ul RNA using SNRP70 IP
(positive control). Inset show immunoblot of SRSF2 1P and
IgG IP (negative control) using antibody against SRSF2.
Experiments were repeated four times with similar results.

Example 8: Insulin Enhances hASC Secretome’s
Ability to Increase Neuronal Proliferation and
Survival

The effect of combining insulin treatment with hASC
exosomes treatment in enhancing neuronal proliferation and
survival was evaluated. To determine if hASC exosomes and
insulin may be neuroprotective, oxidative stress with hydro-
gen peroxide was induced. Oxidative stress induced cell
damage is common in etiology of several neurobiological
disorders including traumatic brain injury (TBI). HT22 cells
were administered 100 pM H202 for 24h. The cells were
then treated with either 10 pg hASC exosomes, 10 ug
MALATT1 depleted exosomes (M1ASO-254 exosomes) or
insulin (10 nM) alone or in combination with exosomes
treatment. Immunochemistry was performed with either
Ki67 (for proliferating cells) or DAPI (for nuclei). As shown
in FIG. 7, H202 treatment significantly decreased the num-
ber of proliferating HT22 cells. FIG. 7A shows merged
images demonstrating the amount of proliferating cells
compared to total HT22 cells. Treatment of H202 treated
HT22 cells with hASC exosomes significantly increased
HT22 proliferation while MALAT1 depleted exosomes
(M1ASO-254 exosomes) had lower ability to increase HT22
proliferation post-H202 treatment. Additionally, the results
demonstrate that addition of insulin post-H202 treatment
along with hASC exosomes in HT22 cells significantly
increased proliferation in HT22 cells. White bar in images is
50 um. Inset below shows HT22 cells stained with dou-
blecortin confirming neuronal cells. Experiments were per-
formed five times with similar results. Images were captured
on Nikon microscope.

Next, an in vitro scratch assay was used to study injury to
the neurons and its wound healing in response to treatment
with exosomes. HT22 cells were plated in a 35 mm plate and
cells were scratched using a pipette tip to mimic injury. The
boundary of scratch on each side was marked on the outside
bottom of the plate. 10 ng hASC exosomes, 10 ug MALAT1
depleted exosomes (M1ASO-254 exosomes) insulin (10
nM), or a combination thereof were added to the HT22 cells
for 24 hours. Using a Nikon microscope, cell images were
captured for five different fields of 1 pm?2 area and wound
width was measured 24h later post treatments. As shown in
FIG. 7B and FIG. 7C, hASC exosomes and insulin treatment
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either separately or in combination enhances wound healing
as measured by decrease in wound width compared to the
control wound width. MALAT1 depleted exosomes
increased wound healing but to a smaller extent compared to
hASC exosomes.

The above proliferation and migration assay were
designed to verify that the increase in neuronal proliferation
and survival due to hASC exosomes and insulin treatment
was due to increased splicing of PKCOII. In the above
experiments, separately total RNA was isolated and SYBR
Green Real Time gPCR was performed using PKCSI and
PKCOII primers for absolute quantification. GAPDH served
as control. As shown in FIG. 7D, SYBR Green qPCR results
show PKCOII alternative splicing was increased by hASC
exosomes and hASC exosomes with insulin treatment,
whereas PKCdI levels were not significantly affected. These
results demonstrate that insulin enhances hASC and its
secretome’s ability to increase neuronal survival via
PKCOII. For absolute quantification, a standard curve was
generated for each gene in every assay. Absolute quantifi-
cation of mRNA expression levels for PKC3I and PKCJII
was calculated by normalizing the values to GAPDH.
Experiments repeated four times with similar results. The
results were analyzed with two-tailed Student’s t-test using
PRISM4 statistical analysis software (GraphPad, San Diego,
Calif.). A level of p<0.05 was considered statistically sig-
nificant. *** is p<0.0001 highly significant between hASC
exosomes treated with or without insulin.

Example 9: Insulin Increases Association of
MALAT1 with SRSF2

The results above demonstrate that MALAT1 sequesters
SRSF2 in HT22 cells. As such, the effect of insulin treatment
on association of MALAT1 and SRSF2 in HT22 cells was
investigated. HT22 cells were treated with or without 10 nM
insulin for 24h. RIP assay was performed on HT22 cells
treated with or without 10 nM insulin. Immunoprecipitated
RNA was analyzed with primers for MALAT1 flanking
SRSF2 putative binding site. As shown in FIG. 8, insulin
dramatically increased the association of MALAT1 and
SRSF2 in HT22 cells in the RIP assay compared to HT22
cells without insulin treatment. These results suggest that
MALAT1 sequesters SRSF2 to enhance the ability of
kinases (such as AKT2) to phosphorylate SRSF2 which is
essential for the function of SRSF2 to promote alternative
splicing of PKCAII. Graph is plotted as fold enrichment of
MALAT1 using gPCR in the RIP assay with SRSF2 IP; fold
enrichment of Ul RNA using SNRP70 IP (positive control).
Experiments were repeated four times with similar results.

Example 10: Exosome Treatment Improves Motor
Impairment and Reduces Lesion Volume in a
MALAT1 Dependent Manner

Fisher 344 male rats were subjected to either TBI by
controlled cortical impact (CCI) injury model or no TBI
(sham surgery only, control group) and treated with hASC
exosomes after 3 hours of surgery. The rats were randomly
distributed into the following groups: Surgery with no TBI
(Sham control C, N=11), TBI with unconditioned media as
vehicle (T; N=20), TBI treated with exosomes (TE, N=18),
TBI treated with exosomes depleted of MALAT1 (TEdM,
N=20). To delineate the effect of exosomes from other
vesicles of the secretome, a group of rats where the condi-
tioned media (CM) was depleted of exosomes was included:
TBI with injection of conditioned media depleted of exo-



US 10,857,187 B2

27
somes (TdCM; N=7). Each rat was subjected to a series of
behavioral tests to reveal motor and neurological perfor-
mance of animals, before and after TBI and after exosome
transplantation. The tests included the elevated body swing
test (EBST), forelimb akinesia, and paw-grasp test before
injury and after TBI at days O, 1, 3, and 7.

The EBST records the number of lateral swings to one
side or the other and defines a swing bias to one side as a
motor defect. A score of 10 equals no bias and higher scores
indicate asymmetry. EBST revealed that rats subjected to
TBI exhibited heightened swing bias and therefore signifi-
cant asymmetry in motor activity after injury. TBI (T)
animals displayed no recovery when tested on Days 3 and 7,
whereas significant recovery of motor symmetry was
detected in TBIl-exosome treated rats (TE) (Two way
ANOVA followed by Tukey’s post-hoc, p<0.01 versus TBI-
Veh; FIG. 9A) Treatment with either conditioned media
depleted of exosomes (TdCM) or exosomes depleted of
MALAT1 (TEdM) did not affect recovery of the animals,
and scores from these groups were not significantly different
from the TBI-vehicle (T) group.

The forelimb akinesia test indicated an apparent loss of
motor strength in TBI rats after injury when compared with
sham controls. TBI-Veh (T) animals retained impairment
through day 7 and did not display any significant amelio-
ration of forelimb akinesia. The TBI animals treated with
exosomes (TE) animals recovered by day 3 (FIG. 9B),
whereas TBI animals treated with conditioned media
depleted of exosomes (TdCM) had only modest recovery
after day 3, but not day 7.

Assessment of paw grasp function is indicative of TBI-
associated loss of strength and was apparent in all animals
subjected to injury. After day 3 post TBI, TBI exosomes
treated (TE) animals scored significantly better on the paw
grasp test compared to TBI-vehicle treated (T) animals. The
animals in the conditioned media depleted of exosomes and
the exosomes depleted of MALAT1 groups again showed a
modest improvement at Day 3 that was not maintained at
day 7 (FIG. 9C). Results show only cohort treated with
exosomes maintained this significant treatment effect on the
paw grasp assessment demonstrating continued recovery of
strength for the exosome treated group compared to TBI
sham treatment cohort (Two way ANOVA followed by
Tukey’s post-hoc, p<0.001), and this was not observed for
rats treated with either conditioned media depleted of exo-
somes (TdCM) or exosomes depleted of MALAT1 (TEdM).

Nissl staining was performed to quantify the lesion vol-
umes and surrounding damage after TBI in the per-impact
area. Administration of exosomes was found to significantly
reduce both the impact (FIG. 9D) and peri-impact (FIG. 9E)
area of TBI-associated injury in the ipsilateral hemisphere.
Exosomes depleted of MALAT1 (TEdM) had moderate
improvement in peri-impact measures, but not impact area
(FIG. 9D,E) Treatment with conditioned media depleted of
exosomes did not show recovery in either the impact or
peri-impact area after TBI injury. Examples of images used
for analysis are shown in FIG. 9G, also shown are examples
of images used to quantify the neurons in the peri-impact
area.

Example 11: Imaging of Exosomes In Vivo Show
Distribution Primarily to Abdomen and Head
Regions

The biodistribution of exosomes was determined in vivo
in rats with CCI treated with exosomes. Exosomes were
labeled with XenoLight DiR and administered through the
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jugular vein of TBI-animals 3 hours after injury and their
biodistribution was tracked at time points 1, 4, 12, 24, 48, 72
hours and 11 days after surgery (FIGS. 10A-C). Minimal
DiR signal was detected in both the head FIG. 10A) and
body regions (FIG. 10B) of the sham control animals as
expected which provided a reference value throughout the
analysis. Within the first hour of transplantation, no notice-
able signal was observed in the head region of either
treatment groups, whereas a high level of fluorescent signal
was present in the abdomen of both TBI groups treated with
either exosomes (TE) or exosomes deleted of MALAT1
(TEdM) animals. Fluorescent signal slightly increased after
4 hours for both groups and in both the head and abdomen
regions of the animals. At the 12-hour time point, the signal
in the head region had increased from the previous time
points and continued to increase at 24 hours where it seemed
to plateau through 48 and 72 hours until decreasing on day
11 after transplantation. The abdomen region instead dis-
played the opposite trend and showed a gradually decreasing
DiR signal after 4 hours that continued to decline at the 12,
24, 48, and 72 hour time points as well as a lower radiant
efficiency on day 11 compared to previous radiant efficien-
cies at the earlier time points. Quantitative analysis con-
firmed these observations, as shown in FIG. 10C. Through-
out all the data points, the group treated with exosomes
depleted of MALAT1 showed a slightly higher average
radiant efficiency while following the same trend as exo-
some treated animals, but this did not achieve significance.

Example 12: Imaging of Exosomes Ex Vivo in
Organs Show Localization Primarily to Spleen and
Brain

Next, the biodistribution of exosomes was determined ex
vivo in organs of rats with CCI treated with exosomes.
Exosomes were labeled with XenoLight DiR and adminis-
tered as described above for in vivo imaging. A separate
cohort was examined and organs imaged ex vivo at 1 hr, and
3, 7, and 11 days following TBI (FIGS. 11A-B) One hour
after administration, the highest signal was observed in the
spleen whereas the liver and the lungs showed lower signal
intensity and there was no signal observed in the brain.
Interestingly, there was higher signal for the exosomes
depleted of MALAT1 (TEdM) in the liver at 1 hour sug-
gesting a higher clearance. At day 3, a reduction in signal
was observed in the spleen and liver and this continued over
time. The brain however, increased in signal on day 3 and
continued to increase through day 7.

Example 13: RNA Sequencing Transcriptome
Analysis Identifies Cellular Processes Crucial to
Recovery that are Specifically Mediated by
MALAT1

To gain insight into genomic changes following CCI and
its treatment with hASC exosomes, RNA Sequencing was
performed. Transcriptome analysis provides valuable
knowledge of genomic changes following brain injury and
the response to treatment with exosomes. RNA was isolated
from brains (area near impact site) and spleens of rats at Day
7 following TBI in the sham surgery-control (C), TBI with
vehicle (T), TBI treated with exosomes (TE) and TBI treated
with MALAT1-depleted exosomes (TEdM) groups. 4 rats of
each group were randomly chosen and pooled to maximize
biological diversity and sent for RNA Seq (Ocean Ridge
Biosciences). The percent of mapped reads to total genome
over total read across all sequencing was 96+0.7%.
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Hierarchical clustering of the entire RNA-Seq transcrip-
tome data was performed in order to evaluate the relation-
ship between gene expression profiles in brain or spleen with
respect to the different treatments i.e. No TBI sham surgery
control (C), TBI treated with vehicle (T), TBI treated with
exosomes (TE) and TBI treated with exosomes depleted of
MALAT1 (TEdM). The same RPKM data for all 19,058
detectable genes were used for hierarchical clustering analy-
sis by Cluster 3.0 software. Genes were log-2 transformed
and median centered prior to hierarchical clustering. Hier-
archical clustering (FIG. 12A) was conducted on genes and
samples using centered correlation as the similarity metric
and average linkage as the clustering method. FIG. 12B
shows the hierarchical clustering conducted for ncRNAs as
described above for gene expression. Each color-bar unit in
both hierarchical clustering represents a difference of one
log 2 unit in RPKM value. Zero (0) is the median RPKM
value across all samples. Heat maps with row dendograms
are shown to visualize the result of the hierarchical cluster-
ing calculation. This depicts the distance or similarity
between rows and which nodes each row belongs to, as a
result of clustering. In either brain or spleen, the results of
the clustering heat map show groups of genes or ncRNAs
whose expression is affected by TBI and the exosome
treatments. Principal component analysis showed similar
distinction between groups (data not shown).

Example 14: RNA Seq of Brain and Spleen
Transcriptome Identifies Genes Affected by TBI
and Treatment with Exosomes

The highly enriched genes for spleen and brain were
further analyzed. The results (above FIG. 12A-B) indicated
specific sets of genes that were affected by TBI that were
distinct between the spleen and brain sets as expected based
on cell type and cell-specific markers. Based on fold
changes, the top genes affected by TBI and treatment with
exosomes in the spleen, were enzymes such as pancreatic
a-amylase, pancreatic ci-amylase precursor, phospholipase
A2, caroxypeptidase B precursor, bile salt-activated lipase
precursor, chymotrypsinogen B precursor, carboxypeptidase
A2 precursor and anionic trypsin 1 which were elevated
after TBI and reduced with exosome treatment. Further in
the spleen, genes that were upregulated following TBI were
related to GO categories of enzyme inhibitor activity,
defense response, platelet alpha granule lumen and protein-
DNA complexes. In the brain, RNASeq data revealed pre-
viously undescribed transcripts ENSRNOG00000047520,
ENSRNOG00000049727, ENSRNOG00000050024,
ENSRNOGO00000046742 whose levels changed with TBI
and exosomes treatment. Additionally, genes in the brain
that were upregulated following TBI were related to immune
responses, cellular response to stress, aging and DNA dam-
age. The splicing index of genes in spleen that were pre-
dominantly changed with TBI and exosomes treatment were
Tbed, Chmpla, Cnst, Lphnl, Zfp560, Mrpl23, Emc4,
Z1p329. The splicing index of genes in brain that were
predominantly changed with TBI and exosomes treatment
were Rps6ka3, Nrtk3, Naplll, Eifdgl, Fsdl, Trim44, Dst,
Rpsl15, Fkbp2, Rabgapll.

Example 15: Gene Expression Patterns Following
Treatment with hASC Exosomes

Gene changes that fit the pattern observed with both the
behavior and lesion area are of high interest. This expression
pattern changes with TBI and responds in the opposite
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direction with exosomes treatment and reverts to the direc-
tion of TBI alone with exosomes depleted of MALAT1. The
genes that fit this pattern of gene expression responses were
labeled (+1; up with TBI (T), down with TBI+exosomes
(TE) and up with TBI+MALAT-depleted exosomes
(TEdM)) or the opposite pattern (-1; down with TBI (T), up
with TBI+exosomes (TE) and down with TBI+MALAT-
depleted exosomes (TEdM)) the data was further filtered for
a minimum of 2 fold gene expression change compared with
TBI and analyzed using Ingenuity Pathway Analysis (IPA)
for both the brain and the spleen separately. The IPA
bioinformatics package identifies regulatory nodes (up-
stream regulators) based upon the fold change values of
dataset to predict a relationship of these nodes to drive the
detected changes in gene expression. In this manner the top
upstream regulators that fit this Pattern +1 and -1 are listed
for brain and spleen in FIG. 20 Only values with a significant
-log (p Value) were included in the tables and if the Z score
indicates a predicted significant up or down regulation
within each pattern that is also noted in the table. Canonical
pathways identified as significant are listed in Table 1.

Brain mRNA Changes:

For the pattern +1 the several of the predominant pre-
dicted upstream nodal regulators from the IPA analysis are
related to inflammatory pathways, IL1, IFNG, etc. which is
in agreement with the literature on TBI alone. To illustrate
this graphically, FIG. 13 shows top upstream regulatory
networks in the C vs T comparison. There is a strong
predicted upstream activation of inflammatory regulators
such as IL1p, IFNG, TLR2, IL.27 and CD40 (indicated in
orange). Also illustrated in this figure are the actual gene
expression changes driving the predictions, which show
significant overlap in the nodal networks depicted. Further-
more, CTF1 was also predicted to be an upstream regulator
by this analysis, which is consistent with its role in other
brain injury models and inflammation. In addition, there
were changes in CTNNBI1: the gene for beta catenin which
is a regulator for the WNT pathway. WNT is known to be
involved in neural repair pathways and neurogenesis, and is
also related to SOX15 which is discussed further below. This
pathway is downregulated with TBI and the extent of down
regulation is lessened following treatment with exosomes as
reflected in the color of the regulator moving from a darker
orange to a lighter color. The right side of the figure
illustrates the overlay of the pattern of gene expression and
predictions for the nodal regulation in the TBI treated with
exosomes group. All of the inflammatory nodes such as
IL1p, IFNG, CD40 and 11.27 show no predicted upregula-
tion from controlled which is indicated by lack of color,
demonstrating that the exosomes significantly lower the
pro-inflammatory gene expression patterns observed with
injury. This is driven by decreased gene expression of
pro-inflammatory genes PTX3, MMP9, POMC, and CD80
in this dataset which is shown by the green color. Not shown
in this figure is the network of these upstream regulators for
the third aspect of this pattern which is C vs. TdM com-
parison, when exosomes depleted in MALAT1 are given
after TBI the network of gene expression and predicted
upstream regulators is an almost identical pattern to the C vs.
T network shown here. This is in agreement with the pattern
of behavioral and histological changes presented above.

The predicted upstream regulators for the pattern —1 with
gene expression going down with TBI are related to tran-
scription regulators such as SOX15, RFX3, TCF7L1 as well
as ubiquitin and HSP70 (FIG. 20 different functional groups
depicted by colors). This suggests that there is a decline in
transcriptional activation in regenerative pathways as illus-
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trated by changes in SOX15 expression, which is part of the
WNT/p-catenin pathway involved in cellular proliferation
and stem cell proliferation.

For canonical pathways identified, the +1 pattern shows
the highest p value of overlap with no significant canonical
pathways identified in the brain for the -1 pattern. Canonical
pathways that are increased with TBI and responsive to the
exosome treatment also include inflammatory pathways.
Cell cycle and cancer related pathways are further noted,
most likely changing due to cell death and injury caused by
CCI (Table 1).

Spleen mRNA Expression:

Gene expression in the spleen was also examined, as the
data shows predominant localization of exosomes to spleen.
The data shows the presence of exosomes in the spleen at an
early time point following injection, prior to the exosomes
being observed in the brain. FIG. 20 shows the top ranking
predicted upstream regulators based upon p-value of over-
lap, and if there was a significant Z score for predicted
activation or inhibition. For the +1 pattern of expression that
increases with TBI, there was a predicted inhibition of
CDKNI1A suggesting a decrease in cellular proliferation.
This is supported by changes in other proliferation related
pathways like CCND1 which is a cell cycle regulator related
to both AMPK and PTEN bioenergetics pathways as well as
inflammation pathways like IL.8 and ILK. Many of the
predicted upstream regulators are nuclear transcription fac-
tors influencing many aspects of cellular function including
cellular proliferation, cell cycle control and well as DNA
damage. This again is likely a reflection of the response to
the brain injury effecting other organ systems.

To explore the regulatory networks of genes affected in
the spleen in response to the +1 pattern of expression, two
of the top networks identified in IPA were merged and this
is illustrated in FIG. 14. The left panel shows these network
changes along with predicted nodes in addition to relation-
ships with canonical pathways. Again, as in the brain, a
number of inflammation-related pathways including TGFp
and INFG are altered with TBI. Also shown are a number of
the changes to pathways related to the transcriptional regu-
lators MYC and NUPPRI1. The predicted inhibition of
NUPPR1 with TBI is mitigated with the exosome treatment
as shown in the right panel and might be related to an
increase in POLE2 in the exosome treated group. Also of
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interest is a predicted regulation of these networks by
beta-estradiol activation following TBI which is inhibited
following exosome treatment (FIG. 14). A number of genes
related to this pathway are involved in inflammatory
responses and cellular stress, such as mir-322 which is
responsive to hypoxia and oxidative stress. Beta estradiol is
known to play a role in splenic response to injury by
modulating macrophage and dendritic cell function, thus are
consistent with effects of estradiol in other injury models. It
is important to note that this does not necessarily mean that
estradiol is driving this alteration in the dataset, it simply
means that estradiol alters splenic inflammatory markers in
the same way as what is observed in the dataset. Several
investigations have suggested that estradiol reduces
MALAT1, thus a predicted inhibition of estradiol by exo-
some treatment may reflect increased action of MALATI.
Further studies are needed to elucidate an interaction of
exosome treatment with estradiol.

The expression of genes in the -1 pattern demonstrated
inhibition of several aspects of splenic function including
the ephrins A2, 3, 4, and 5, which regulate interaction with
hematopoiesis. While these processes are more related to
ephrin Al, for this study ephrin A2 is of particular interest
as it plays a role in monocyte adhesion and transendothelial
migration via integrins. Increase in ephrin A2 has been
reported to stimulate monocyte infiltration and sequestration
into the red pulp of the spleen via an interaction with integrin
and additional undetermined molecular pathways. The
release of monocytes from the red pulp of the spleen is a
known consequence of injury. Therefore, inhibition of eph-
rin A2 would be consistent with release of monocytes from
the splenic red pulp into the bloodstream. As presented, this
predicted loss of the inhibition of ephrins is seen following
treatment with exosomes, but treatment with exosomes
depleted of MALAT1 showed similar results to those
observed with rats that received TBI with no treatment. This
is a potentially interesting finding, and although at this point
a direct correlation between this predicted change in ephrin
A2 regulation following TBI and treatment with exosomes
cannot be made, it is consistent with the observed behavioral
and histological improvement with the exosome treatment.
As previously discussed, one possible role of the spleen in
TBI and other brain insults is the release of monocytes into
circulation then participate in the secondary insult at the site
of injury.

TABLE 1

Canonical Pathways

Brain Pattern 1

Pancreatic Adenocarcinoma Signaling

Role of CHK Proteins in Cell Cycle Checkpoint Control

T Helper Cell Differentiation
Cyclins and Cell Cycle Regulation
Thl Pathway
Bladder Cancer Signaling
Inhibition of Angiogenesis by TSP1
Dopamine Receptor Signaling
ILK Signaling
B Cell Development

Cell Cycle Regulation by BTG Family Proteins

Inhibition of Matrix Metalloproteases
Thyroid Cancer Signaling
HIFla Signaling

Crosstalk between Dendritic Cells and Natural Killer Cells

Thl and Th2 Activation Pathway



US 10,857,187 B2

33
TABLE 1-continued
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Canonical Pathways

Role of JAK family kinases in IL-6-type Cytokine Signaling
Role of JAKI and JAK3 in yc Cytokine Signaling
Role of Oct. 4 in Mammalian Embryonic Stem Cell Pluripotency

Autoimmune Thyroid Disease Signaling

Spleen

Pattern 1

Pattern -1

Heme Biosynthesis II
Mitotic Roles of Polo-Like Kinase
Heme Biosynthesis from Uroporphyrinogen-IIT I
Tetrapyrrole Biosynthesis 1T

Estrogen-mediated S-phase Entry
GADDA45 Signaling
Cell Cycle: G2/M DNA Damage Checkpoint Regulation
Cyeclins and Cell Cycle Regulation
dTMP De Novo Biosynthesis
Cell Cycle Control of Chromosomal Replication
DNA damage-induced 14-3-30 Signaling
Rapoport-Luebering Glycolytic Shunt
Pyrimidine Deoxyribonucleotides De Novo Biosynthesis I
ATM Signaling
Antiproliferative Role of TOB in T Cell Signaling
Role of CHK Proteins in Cell Cycle Checkpoint Control
Cell Cycle: G1/S Checkpoint Regulation
Cell Cycle Regulation by BTG Family Proteins
Asparagine Biosynthesis I
y-glutamyl Cycle

cAMP-mediated signaling
G-Protein Coupled Receptor Signaling
Serine Biosynthesis
Superpathway of Serine and Glycine

Biosynthesis I

LPS/IL-1 Mediated Inhibition of RXR Function
Protein Kinase A Signaling
Cardiac Hypertrophy Signaling
Fatty Acid Activation
nNOS Signaling in Skeletal Muscle Cells
Corticotropin Releasing Hormone Signaling

Example 16: Validation of RNA Seq Results of
Gene Expression

Confocal microscopy confirmed positive localization of
GFP labelled exosomes within both the contralateral and
ipsilateral brain regions as well as in the spleen (FIGS.
15A-F). The GFP signal was more robust in the ipsilateral
hemisphere compared to the contralateral, and it was located
mainly in close proximity to the impacted area. This may be
the result of a breakdown of the blood brain barrier at the site
of injury. It was next valided that exosomes were taken by
the brain and spleen. RNA isolated from either brain or
spleen was reverse transcribed to cDNA and used in quan-
titative SYBR Green real time qPCR using primers for rat
and human MALAT1. Results show that endogenous rat
MALATT is depleted in spleen and the cortex near the injury
site following injury and increased with exosomes treat-
ment. Further, exosomes not depleted of MALAT1 were
shown to deliver human MALAT1 to the brain and spleen
(FIG. 15G-H). These results show that exosomes are effi-
ciently taken by the brain and spleen.

To validate results from RNA Seq, real-time qPCR was
used to determine levels of the top genes from altered in
spleen and brain following TBI and TBI with exosomes
treatment. FIGS. 16 A-I show validation of spleen expression
of PLAg2, TNFa, E2F4 and RABL6 and brain cortex
expression of IL1B, TNFa, IFNG and IL.10. These genes
showed significant fold changes in RNA Seq data and are
components of the predicted networks. Although the pattern
of expression for IL10 is not consistent with the overall
predicted changes in inflammatory networks, it does repli-
cate the data in the RNA Seq dataset. The qPCR results show
expression of these genes that are in agreement with the
RNA Seq data.
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Example 17: Noncoding RNA Levels Change with
Injury and Exosome Treatment in a MALAT1
Dependent Manner

Long noncoding RN As promote epigenetic modifications
and regulate gene expression by direct interaction with
pre-mRNA of genes or by acting as scaffolding to tether a
complex of micro RNAs to promote transcription of genes.
There is an emerging appreciation for its ability to not only
interact with other noncoding RNAs but also promote tran-
scription of these noncoding RNAs. Amongst the noncoding
RNAs (ncRNAs) detected in the brain and spleen, a large
number are associated with tRNA, rRNA and small nuclear
RNAs (snRNAs) whose function is constitutive in transcrip-
tion and translation processes. This study points to two
primary classes of ncRNAs that are directly affected by the
IncRNA exosomes containing MALAT1: The microRNAs
(miR) and the small nucleolar RNAs (snoRNAs).

miRNAs regulate gene expression by directly binding to
their target mRNA. The RNA-seq data presented herein
identified miR-200b, miR-200a, miR-183, miR-182, miR-
96, and miR-451a as being significantly upregulated 4-8 fold
in the brain with TBI (Table 2). These miRNAs were
previously shown to regulate apoptosis in various diseases.
Significantly, treatment with exosomes downregulated their
expression; MALAT1 depleted exosomes did not have a
significant change in the expression of these miRNAs. When
the RNA Seq data of brain is sorted and analyzed by pattern
(+1) described above, miR-96-5p, miR-182, miR-183-5p,
miR-200b-5p, miR-429, mir-6216, miR-1193-3p and miR-
218a-2-3p increase following TBI, decreased by exosome
treatment and the reversal is not seen with MALAT1 defi-
cient exosomes. miR200b-3p and miR-182-5p are increased
following TBI in the brain, the latter of which is directly
modulated by MALAT1. Both of these miRNA’s also show
a reduction following treatment with exosomes, but not
exosomes depleted of MALAT1, opening the possibility that
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MALATT1 in exosomes may be responsible for the shift in
pattern. A second set of miRNAs include miR-487b-3p,
miR-672-3p, miR-10a-5p, miR-770-5p, miR-666-5p, miR-
29¢-3p, miR-139-3p, miR-668, miR-344a-3p, miR1843a-3p
that follow the -1 pattern such that they decrease following
TBI, increased by exosome treatment and the reversal is not
seen with MALAT1 deficient exosomes. Of the miRNAs
whose expression changes in the with injury and exosome
treatment, miR 10a-5p follows -1 pattern in the brain and the
spleen. miR10a-5p is extensively studied for its role in
development and regulation of TOP mRNAs. miR10a-5p
promotes expression of ribosomal proteins, elongation fac-
tors and other proteins associated with translation apparatus
thereby influencing global protein synthesis. miR10a-5p
expression is increased in stem cells and in the disclosed
experiments, it is possible that miR10a-5p is part of the
exosomal cargo which is transferred both to the brain and
spleen and has a predominant role in enhancing the response
to injury and aiding the recovery upon treatment with
exosomes.
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SnoRNAs function as sequence specific guides to direct
site-specific nucleoside modifications for other noncoding
RNAs such as rRNA and snRNA. A select few snoRNAs are
shown to interact with mRNA and regulate its splicing.
Recent breakthroughs have predicted the interaction of
IncRNAs with snoRNAs; however their association are not
shown in vivo. SnoRNAs are transcribed as nuclease prod-
ucts from genes. The data shows, for the first time, that a
long noncoding RNA MALAT1 regulates the expression of
snoRNAs in the brain. Notably, SNORA31, SNORD33,
SNORDG64, SNORA18, SNORA17, SNORD44, SNORDA47,
SNORD?28, SNORD113, SNORD62, SNORA29, SNORD2
were upregulated 2-4 fold with exosome treatment following
TBI; MALAT1 depleted exosomes did not increase the
levels of these snoRNAs (Table 2). Brain specific snoRNAs
in mice MBI48 and MBI52 were shown to promote memory
and learning. While IncRNAs are known to have a role in
pre-mRNA splicing, mRNA editing, mRNA stability con-
trol, this is the first evidence showing that IncRNA MALAT1
regulating the expression and transcription of brain snoR-
NAs.

TABLE 2

Changes in noncoding RNA miRNA

Cvs Cvs Cvs Cvs
CvsT TE TEdM CvsT TE TEdM

Brain +1 Spleen +1
rno-miR-429 346.52 26.50 208.76 rno-miR-451-3p 3.70 -1.15 4.82
rno-miR-200b-5p 99.01 7.42 127.07 rno-miR-1949 1.78 -1.05 1.45
mo-miR-183-5p 59.14 6.56 122.37 rmo-miR-6216 1.38 -1.22 1.30
rno-miR-182 56.38 1.00 43.57 rno-miR-17-5p 1.51 -1.13 1.52
rno-miR-96-5p 48.13 1.00 61.72 rno-miR-144-5p 3.85 2.01 4.19
mo-miR-6216 2.67 -1.04 2.82 rno-miR-484 1.52 -1.10 1.88
rno-miR-1193-3p 1.34 1.03 1.20 rno-miR-132-3p 2.07 1.01 1.83
rno-miR-218a-2-3p 1.24 1.07 1.30 rno-miR-702-3p 4.89 2.44 3.59
mo-miR-409a-5p 1.85 1.04 1.84
rno-miR-92a-3p 1.33 -1.08 1.29
rno-miR-339-5p 1.39 -1.07 1.30
rno-miR-93-5p 1.53 1.07 1.74
rmo-miR-361-5p 1.30 -1.01 1.50
rno-miR-31a-5p 1.18 -1.13 1.30
rno-miR-21-3p 1.29 -1.07 131
rno-miR-423-5p 1.19 -1.10 1.26
rno-miR-210-p 1.35 1.11 1.45
rno-miR-532-3p 1.25 1.11 1.26
rno-miR-103-3p 1.18 -1.01 1.24
rmo-miR-6319 1.39 1.12 1.27
mo-miR-378a-5p 1.10 1.05 1.17
rno-miR-342-3p 1.06 -1.05 1.09

Brain -1 Spleen -1
mo-miR-154-5p -1.48 -1.17 -1.32 rno-miR-708-3p -10.9 1.69 -1.39
rno-miR-7b -1.65 -1.04 -1.80 rno-miR-6329 -3.33 -1.07 -1.57
rno-miR-665 -2.57 -1.11 -1.69 mo-miR-148b-5p -1.22 1.14 -1.10
rno-miR-487b-3p -1.38 1.32 -1.54 rno-miR-212-5p -1.44 -1.09 -2.17
mo-miR-672-3p -1.77 1.09 -1.41 rno-miR-181a-1-3p -1.55 1.23 -1.16
rno-miR-10a-5p -1.47 1.29 -1.29 rno-miR-1843b-5p -1.79 1.07 -1.37
mo-miR-770-5p -1.53 1.12 -1.60 rno-miR-10a-5p -1.49 1.16 -1.22
mo-miR-666-5p -1.29 1.24 -1.32 rno-miR-379-5p -1.92 -1.01 -1.32
rno-miR-29¢-3p -1.52 1.07 -1.22 mo-miR-411-5p -1.66 -1.12 -2.09
rno-miR-3594-3p -1.61 -1.04 -1.37 rno-miR-192-5p -1.72 1.01 -1.80
mo-miR-485-3p -1.41 -1.13 -1.32 rno-let-7f-5p -1.58 1.12 -1.20
mo-miR-139-3p -1.45 1.02 -1.27 rmo-miR-1 b -1.53 1.14 -1.37
mo-miR-139-5p -1.54 -1.09 -1.41 mo-miR-148a-3p -1.40 -1.10 -1.20
rno-miR-668 -1.19 1.12 -1.20 mo-miR-126a-5p -1.46 1.09 -1.47
mo-miR-342-5p -1.15 1.10 -1.11 rno-miR-28-5p -1.39 1.08 -1.30
rno-miR-344a-3p -1.18 1.01 -1.21 rno-miR-204-5p -1.47 1.00 -1.20
mo-miR-330-3p -1.30 -1.05 -1.19 mo-miR-181c-3p -1.67 -1.14 -1.42
rno-miR-1843a-3p -1.13 1.01 -1.16 mo-miR-3068-3p -1.58 -1.08 -1.24
rno-miR-328a-3p -1.18 -1.08 -1.18 rno-miR-30c-5p -141 1.03 -1.15
rno-miR-27a-3p -1.16 1.06 -1.21
rno-miR-139-5p -1.33 -1.07 -1.24
rno-miR-140-5p -1.30 1.06 -1.25
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TABLE 2-continued
Changes in noncoding RNA miRNA
rmo-miR-337-5p -1.42 -1.05 -1.34
rno-miR-30a-5p -1.16 1.03 -1.08
rno-miR-150-5p -1.29 -1.10 -1.16
rno-miR-147 -1.12 1.04 -1.09
rno-miR-30e-5p -1.24 -1.08 -1.14
ncRNA including snoRNA, snRNA
Cvs Cvs Cvs Cvs
CvsT TE TEdM CvsT TE TEdM
Brain +1 Brain -1
snRNA U6 1.57 1.00 1.37 snoRNA  SNORD42 -1.90 -1.24 -1.82
snoRNA SNORD24 1.28 1.11 1.38 IncRNA  PVT1 3 -1.98 -1.34 -2.18
snoRNA SNORD60 1.25 1.00 1.22 snoRNA  SNORA28 -1.29 -1.07 -1.97
snRNA U6 1.09 1.00 1.06 rRNA Rnr2 -1.25 -1.07 -1.23
snoRNA ACEA U3 1.64 1.05 1.59 rRNA Rnr2 -1.09 -1.10 -1.29
snoRNA SNORAG62 1.51 -1.04 1.27 IncRNA  RMST 2 -1.19 -1.06 -1.13
snoRNA SNORA73 1.39 -1.24 1.30
snoRNA SNORD62 1.76 -1.21 1.32
snoRNA SNORD15 3.17 -1.38 3.12
snoRNA SNORA38 1.06 1.00 1.06
Spleen +1 Spleen -1
snoRNA SNORD74 1.85 -1.39 1.52 snoRNA  SNORA41 -3.84 -1.14 -1.85
snRNA U6 1.67 -1.27 1.67 snoRNA  SNORD33 -3.68 -1.64 -3.91
snoRNA SNORD75 1.68 -1.03 1.50 snoRNA SNORA54 -3.49 1.06 -1.98
scRNA 1.32 -1.23 1.14 snoRNA  SNORD21 -3.48 -1.48 -3.88
IncRNA LOC100909539 1.37 -1.06 1.48 snoRNA  SNORAT71 -2.94 -1.55 -3.67
misc_RNA 1.31 1.10 142 vault RNA  Vault -2.93 -1.49 -5.34
IncRNA Bel 1.15 1.04 1.25 snoRNA SNORAI1 -2.71 -1.08 -2.24

Example 18: Discussion

In summary, exosomes secreted from hASC’s have a
beneficial role in modulating pathology following mild TBI,
particularly those containing MALA1. The results presented
herein show an attenuation in TBI-induced motor deficits as
well as decreased cortical damage at both the impact and
peri-impact level after administration of exosome treatment,
which is dependent on MALAT1. MALAT1 has a role in
neuroprotection in vitro, and hASC exosomes increase neu-
ronal survival and proliferation in vitro after several models
of injury and this activity is lost when the exosomes are
depleted of MALAT 1. These results suggest that intravenous
administration of exosomes generated from hASC’s may
represent a novel therapeutic approach for treatment of TBI.
To distinguish the actions of subcomponents of conditioned
media, rats were treated with CM that did not contain
exosomes. This treatment had a reduced effect on most
measures when compared to exosome treatment. However,
there was still some effect seen from CM depleted of
exosomes. The difference between the exosome treatment
compared to the CM depleted of the exosomes suggests the
importance of the cargo found in the exosomes for providing
significant neuroprotection and regeneration after injury;
and secondly, the effect provided by the CM depleted of the
exosomes, though not significantly different from vehicle
treatment, still suggests the possibility that the CM depleted
of exosomes maintains valuable secreted factors.

Exosomes are known to hold a plethora of biological
molecules in its complex cargo including proteins, lipids,
mRNAs and miRNAs capable of interacting with surround-
ing cells in order to modify the host environment. Exosomes
generated from MSCs have been shown to significantly
increase brain angiogenesis and neurogenesis as well as
reduce neuroinflammation, however, the specific molecular
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constituents driving regeneration were not identified in most
studies. It is thought that RNA cargo plays a role in the
cell-to-cell communication driving neuroprotection making
it a key component promoting the recovery seen following
injury. This study demonstrates that IncRNA MALATI is a
critical component of the hASC exosomes and drives the
recovery process. Many single molecular pathway
approaches have shown little or no promise in clinical trials,
and this emphasizes a need for combination therapies to
tackle the complexity of secondary neurological injury post
TBI. Treatment with exosomes is considered to be a multi-
targeted approach, as they are able to seek and modulate
multiple targets and enforce a neuroprotective environment,
providing further promise for their use as a therapeutic
approach.

In this study, it is demonstrated for the first time the in
vivo and ex vivo biodistribution of intravenous DIR-labeled
exosomes derived from hASCs. It is well known that when
administering cell therapy intravenously, the cells migrate to
multiple organs and here exosomes are shown to migrate to
the same organ sites, with some differences in time course
and degree of migration. The exosomes are observed in the
spleen and liver area when observed both in vivo and ex vivo
within one hour of IV treatment followed by a decrease in
radiance efficiencies over time. Though migration to the
liver probably serves as a filtering and elimination tech-
nique, the migration of the exosomes to the spleen impli-
cates a probable immune interaction. It has been shown that
injury induces the release of immune cells from the spleen
with consequent infiltration into the brain and that this is a
significant aspect of the secondary insult following TBI. It
has been shown that blocking entry of inflammatory mono-
cytes into the brain can significantly reduce the observed
damage and offers recovery of cognitive function. The
spleen is one source of peripheral macrophages and mono-
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cytes, and it is possible that the exosome treatment inhibits
the release of these immune cells into circulation. This in
turn lessens the infiltration into the brain through the dis-
rupted BBB and prevents the contribution of peripheral
immune cells to the secondary injury. This was supported by
the observed inhibition of ephrin family gene expression
following TBI as a predicted upstream regulator in the
spleen following injury. This inhibition was modulated by
exosome treatment but not by treatment with exosomes
depleted of MALAT1. Ephrins are regulators of transend-
othelial migration of monocyte/macrophages and have been
shown to play a role in monocyte adhesion in the red pulp
of the spleen. Thus a decrease with TBI could be reflective
of a migration of monocytes into the circulation. Therefore,
the observed migration of the exosomes to the spleen
immediately after administration could be an aspect of the
mechanism of action that elicits the improvement in both
cellular and functional recovery as seen here post TBIL
Future studies can look deeper into this potential mechanism
of action and the role of MALAT1 in this action at the level
of the spleen.

Exosomes were also observed in the brain, albeit with a
much lower degree of signal and with a different time course
than that observed for the spleen. Exosomes were primarily
observed around the site of injury. The blood-brain barrier is
known to be disrupted by the injury, peaking at 4-6 hours
and 2-3 days after TBI injury, and therefore this may explain
one factor for the observed delayed localization of exo-
somes. Alternatively, it is also possible that there is expres-
sion of chemokine or signaling molecules that would attract
the exosomes to the area of injury. Furthermore, at this time
it is not known if the primary site for the therapeutic effect
of the exosomes is the level of the spleen or the brain, it is
likely that both play some role. It has been shown that
hASC-derived exosomes as those studied here have direct
neuroprotective effect on neuronal cells and this is another
area of future investigation.

RNASeq is a robust method to evaluate the effect of TBI
at the genomic level. This study identifies genes and path-
ways that are affected by TBI as well as the genomic
influences of exosome treatment. Taken together, it is dem-
onstrated that treatment with exosomes post TBI signifi-
cantly improves the outcome by modulating gene networks.
The knowledge of specific genes and pathways as well as the
influence of noncoding RNA in exosome treatment post-TBI
is crucial to develop an understanding of the multitude of
events that occur simultaneously to promote healing. The
data indicates that not only genes involved in survival are
affected but also those genes that are involved in the
inflammatory and immune response to injury. The cargo
carried by the exosomes is pivotal in cell-cell communica-
tion and influences the response to injury and recovery.
Exosomes from hASC contain not only IncRNA MALAT1
but also additional IncRNAs and proteins. This study spe-
cifically focused on the role of MALATI1, however, as
shown in the data, other ncRNAs or proteins carried in the
exosomes may also aid in the recovery process.

The above results demonstrate that the IncRNA MALAT1
regulates expression of mRNA and ncRNA involved in the
inflammatory response, apoptosis and cell survival, signal
transduction by MAPK pathways and transcription of genes.
There is also an emerging appreciation for its ability to not
only interact with other ncRNAs but also promote transcrip-
tion of these ncRNAs. This disclosure demonstrates for the
first time that a IncRNA promotes expression of snoRNAs.
The data presented herein contains a tremendous amount of
information on novel and known genes in the brain and
spleen that were not previously recognized. This RNASeq
data provides a valuable tool to elucidate additional genes
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and ncRNAs in the brain and spleen and provides a robust
biological system to validate its findings.

Taken together, the data demonstrate that hASC-derived
exosomes containing MALAT1 have a beneficial effect on
function and pathology following a CCI injury. It is shown
that the IncRNA MALAT1 affects not only mRNA expres-
sion by also expression of noncoding RNA. Thus, the action
of the exosomes is multifold and impacts a number of cell
survival, inflammatory, and regulatory pathways in both the
spleen and the brain. As exosomes show tremendous prom-
ise as therapeutics, understanding the importance of the
cargo of the exosomes is critical for understanding their
mechanism of action as well as determining how to identify
the exosomes with the most potential for benefit.

Example 19: Intranasal Delivery of Exosomes
Post-TBI

Mild controlled cortical impact (CCI) was repeated in
C57Bl/6 mice (n=12) and hASC exosomes were adminis-
tered intranasally. The hASC cells were transfected with
GFP (Nucleofector 4D, Lonza) and conditioned media was
collected after 48h. Exosomes were isolated and character-
ized as described above. GFP was incorporated into the
exosomes as verified by imaging and quantification on
Nexcelom’s K2. 10 ng of GFP-labeled hASC exosomes
were administered intranasally (4 ul/nostril alternating) 24
hours post injury. 7 days later, RNA was collected from the
cortex and real time SYBR Green qPCR was used to verify
the presence of human MALAT1 and GFP (delivered by the
exosomes) in the brain (FIG. 17)

Intranasal hASC exosomes at 48 hours post injury pro-
duce a functional recovery in mice. Intranasal delivery of
exosomes is an ideal route of administration to deliver
exosomes to the CNS. hASC exosomes were delivered
intranasally at 48 hours following CCI in C57Bl/6 mice of
3 months of age. Motor function tests were performed, and
showed an impact of the CCI at 24 hours (prior to exosome
treatment) that was improved following the delivery of
exosomes (FIG. 18A-C). The 6 arm radial arm water maze
was also performed at 4 weeks after CCI and shows sig-
nificant improvement by the training block 3 (FIG. 18D).
With 6 arms, the CCI mice eventually learn the placement of
the hidden platform.

Where exosomes go after intranasal delivery was exam-
ined. At 48 hours after TBI, the location of the GFP label was
determined to locate exosomes. Exosomes show migration
to the site of injury. They are observed inside neurons and
microglia, but not astrocytes (FIG. 19A-C).

For reasons of completeness, various aspects of the inven-
tion are set out in the following numbered clauses:

Clause 1: A method of treating brain injury in a subject,
the method comprising administering to the subject a com-
position comprising exosomes isolated from human adi-
pose-derived stem cells (hASC).

Clause 2: The method of clause 1, wherein the composi-
tion further comprises insulin.

Clause 3: The method of clause 1, wherein the method
further comprises administering insulin to the subject.

Clause 4: The method of clause 3, wherein the insulin is
administered to the subject separately from the composition
comprising exosomes isolated from hASC.

Clause 5: The method of clause 1, where in the subject is
a mammal.

Clause 6: The method of clause 5, wherein the subject is
a human.
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 12

<210> SEQ ID NO 1

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic

<400> SEQUENCE: 1

acatcctaga caacaacggg ac 22

<210> SEQ ID NO 2

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic

<400> SEQUENCE: 2

accacgtcct tcttcagaca ¢ 21

<210> SEQ ID NO 3

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic

<400> SEQUENCE: 3

caccatcttc cagaaagaac g 21

<210> SEQ ID NO 4

<211> LENGTH: 26

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic

<400> SEQUENCE: 4

tcgcaggtet cactactgec ttttee 26

<210> SEQ ID NO 5

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic

<400> SEQUENCE: 5

tgacgtgcecg cctggagaaa ¢ 21

<210> SEQ ID NO 6

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic

<400> SEQUENCE: 6
ccggcatcga aggtggaaga g 21
<210> SEQ ID NO 7
<211> LENGTH: 28

<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
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<220> FEATURE:
<223> OTHER INFORMATION: Synthetic

<400> SEQUENCE: 7

gagttctaat tctttttact gctcaatc

<210> SEQ ID NO 8

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic

<400> SEQUENCE: 8

tcaagtgcca gcagacagca

<210> SEQ ID NO 9

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic

<400> SEQUENCE: 9

tgcagtgtge caatgttteg

<210> SEQ ID NO 10

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic

<400> SEQUENCE: 10

ggccagetge aaacattcaa

<210> SEQ ID NO 11

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic

<400> SEQUENCE: 11

tcccagggeyg aggcttatce att

<210> SEQ ID NO 12

<211> LENGTH: 26

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic

<400> SEQUENCE: 12

gaacgcagte ccccactacc acaaat

28

20

20

20

23

26
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What is claimed is:

1. A method of treating a traumatic brain injury in a
subject, the method comprising intranasally or intravenously
administering to the subject a composition comprising exo-
somes isolated from human adipose-derived stem cells
(hASCs), wherein the isolated exosomes comprise metasta-
sis associated lung adenocarcinoma transcript 1/nuclear-
enriched abundant transcript 2 (MALAT1/NEAT2) long
noncoding RNA, and wherein the method of treating a
traumatic brain injury results in increased neuronal func-
tioning.

2. The method of claim 1, wherein the composition further
comprises insulin.

3. The method of claim 1, wherein the method further
comprises administering insulin to the subject.

4. The method of claim 3, wherein the insulin is admin-
istered to the subject separately from the composition com-
prising isolated exosomes.

5. The method of claim 1, wherein the subject is a
mammal.
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6. The method of claim 1, wherein the subject is a human.

7. The method of claim 1, wherein administering to the
subject comprises intravenous administration.

8. The method of claim 1, wherein administering to the
subject comprises intranasal administration.

9. The method of claim 1, wherein the traumatic brain
injury comprises a diffuse axonal injury, a concussion, a
contusion, a coup-countrecoup injury, a recurrent traumatic
brain injury, combinations thereof.

10. The method of claim 1, wherein the treating of a
traumatic brain injury results in increased proliferation and
survival of neurons.

11. The method of claim 1, wherein the treating of a
traumatic brain injury results in increased motor function.

12. The method of claim 1, wherein the treating of a
traumatic brain injury results in decreased cortical lesion
volume.
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