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Stroke is the leading neurological cause of death and disability
all over the world, with few effective drugs. Nerve growth factor
(NGF) is well known for its multifaceted neuroprotective func-
tions post-ischemia. However, the lack of an efficient approach
to systemically deliver bioactive NGF into ischemic region hin-
ders its clinical application. In this study, we engineered the
exosomes with RVG peptide on the surface for neuron target-
ing and loaded NGF into exosomes simultaneously, with the
resultant exosomes denoted as NGF@Exo"'C. By systemic
administration of NGF@Exo® "¢, NGF was efficiently delivered
into ischemic cortex, with a burst release of encapsulated NGF
protein and de novo NGF protein translated from the delivered
mRNA. Moreover, NGF@Exo"" was found to be highly stable
for preservation and function efficiently for a long time in vivo.
Functional study revealed that the delivered NGF reduced
inflammation by reshaping microglia polarization, promoted
cell survival, and increased the population of doublecortin-pos-
itive cells, a marker of neuroblast. The results of our study sug-
gest the potential therapeutic effects of NGF@Exo®'® for
stroke. Moreover, the strategy proposed in our study may
shed light on the clinical application of other neurotrophic fac-
tors for central nervous system diseases.

INTRODUCTION

According to global burden of disease study, stroke is the leading
neurological cause of death and disability all over the world." The
only Food and Drug Administration-licensed pharmacological treat-
ment for acute ischemic stroke is recombinant tissue plasminogen
activator (rt-PA). However, due to the narrow therapeutic window
of 4.5 h, only a minority of patients can benefit from rt-PA therapy
for the restoration of cerebral blood flow.” There remains an unmet
need for comprehensive neuroprotective strategies to reduce ischemic

injury.

In the early 1950s, nerve growth factor (NGF) was discovered as the
first member of neurotrophin family, which promotes neural growth
and includes some other factors, such as brain-derived neurotropic
factor, neurotrophin-3, and neurotrophin-4.* Studies have proved
the crucial regulatory and neurotrophic function of NGF during neu-
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ral development, differentiation, and maturation. NGF also has a
broad spectrum of protective effects on various neurons, glial cells,
and vascular endothelial cells under different pathological circum-
stances.” Further experiments demonstrate that the administration
of NGF can reduce apoptotic cell death and infarct volume,”®
ameliorate delayed neuronal death,” steer microglia into neuroprotec-
tive phenotype,'* boost angiogenesis,'' and promote neural regener-
ation and functional recovery.'?

In the context of acute cerebral ischemia, the endogenous expression
of NGF decreased significantly in infarcted cortex, highlighting the
importance to deliver exogenous NGF."> To this end, recombinant
human NGF has been developed. There were a series of NGF clinical
applications for traumatic and hypoxic-ischemic brain injury."* '
However, the elimination half-life of NGF following intravenous in-
jection is 2.3 h and 4.5 h via subcutaneous injection.'” For years, all
these clinical attempts have shown that fast enzymatic degradation
and poor permeability of the blood-brain barrier (BBB) make it chal-
lenging to deliver NGF into the central nervous system (CNS).'® It is
thus of paramount importance to develop a novel strategy for the de-
livery of NGF into the brain efficiently and effectively.

Recently, increasing evidence has demonstrated that exosomes, 30- to
150-nm diameter extracellular vesicles, have emerged as promising
drug carriers."” Our previous work fused rabies virus glycoprotein
(RVG) with exosomal protein lysosome-associated membrane glyco-
protein 2b (Lamp2b). RVG-Lamp2b-modified exosomes can effi-
ciently deliver microRNA-124 into brain.* It is important to develop
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Figure 1. Construction and Characterization of NGF@Exo"V¢
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(A) Schematic diagram of plasmid recombination, co-transfection, exosome isolation, and identification. HEK293 cells were co-transfected with pcDNA3.1(—)-RVG-Lamp2b
and pCl-neo-NGF plasmids. The supernatant of cell culture was collected and went through ultracentrifugation to isolate NGF@Exo™VC. (B) Western blot of Lamp2b, CD63,
GM130, Alix, and Tsg101 in exosomes and parental cells transfected with pcDNA3.1(—) and pCl-neo plasmids (pcDNAS3.1+pCl-neo) or pcDNA3.1(—)-RVG-Lamp2b and
pCl-neo-NGF plasmids (RVG-Lamp2b+NGF). Note the increased expression of Lamp2b in modified cells and exosomes. (C) Representative electron microscopic images of
Ctrl Exo and NGF@Exo™"®. Scale bar, 100 nm or 200 nm, respectively. (D) Size distribution and concentration of Ctrl Exo and NGF@Exo™"® analyzed by Zetaview.

a strategy to encapsulate larger mRNA and protein with more potent
therapeutic effects via exosomes. In this study, we investigated
whether recombinant human NGF protein and its mRNA could be
loaded into RVG-Lamp2b-engineered exosomes, delivered into
ischemic region, and translated directly in the recipient cells to reduce
ischemic injury. We further examined the storage stability of modi-
fied exosomes and its therapeutic effects. Our study has established
a novel and facile neurotrophin delivery strategy, which sheds light
on the possible clinical application for stroke and some other CNS
diseases in the future.

RESULTS

Construction and Characterization of NGF@Exo"V®

To produce NGF@Exo?V®, two recombinant vectors, namely
pcDNA3.1(—)-RVG-Lamp2b and pCI-neo-NGF, were constructed.
Both vectors were co-transfected into human embryonic kidney
(HEK) 293 cells. The secreted exosomes from the transfected cells
were isolated by sequential ultracentrifugation (Figure 1A), with the
exosomes denoted as NGF@Exo"VC.

As expected, RVG-Lamp2b fusion protein was overexpressed in
cells transfected with RVG-Lamp2b and NGF vectors (RVG-
Lamp2b+NGF), compared with control cells transfected with empty
vectors pcDNA3.1(—) and pCI-neo (pcDNA3.1+pCI-neo). Consis-
tently, RVG-Lamp2b was found in NGF@Exo"", as shown by the
more abundant Lamp2b bands (Figure 1B). Exosomal markers

CD63, Alix, and Tsg101 were highly expressed in both control exo-
somes (Ctrl Exo) and NGF@Exo®VC, while Golgi marker GM130
was rarely detectable. The representative images of transmission elec-
tron microscopy (TEM) (Figure 1C) and nanoparticle tracking anal-
ysis (NTA) by Zetaview (Figure 1D) further showed that the modifi-
cation of exosomes did not influence morphology, size, and
production. Moreover, the production of exosomes was stable and
repeatable. The yield of Ctrl Exo and NGF@Exo®"® were (2.78 +
0.05) x 10" particles and (2.70 + 0.04) x 10'" particles per microliter
culture medium, respectively. It is important to note that the exo-
somes we claimed here should be “small extracellular vesicles” for ac-
curacy according to the nomenclature endorsed by the International
Society for Extracellular Vesicles.”!

Efficient Loading of NGF into NGF@Exo"V¢

In order to explore whether NGF mRNA was encapsulated into
the exosomes, a qRT-PCR assay was included. Exosomes were
washed three times and purified again by ultracentrifugation
before qQRT-PCR. The results showed significantly increased levels
of NGF mRNA in RVG-Lamp2b+NGF cells compared with
pcDNA3.1+pCl-neo cells and untransfected ones (Figure 2A). More-
over, QRT-PCR revealed that there was a remarkable encapsulation of
NGF mRNA into NGF@Exo"" (Figure 2B). Absolute gPCR revealed
that approximately 0.87% + 0.11% of total RNA in NGF@Exo®" was
NGF. A previous study has revealed that the mRNA in exosomes was
approximately 8% of the mRNA detected in the donor cells,””
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Figure 2. Efficient Loading of NGF into NGF@Exo"V®

(A) The level of NGF mRNA in untransfected HEK293 cells and cells transfected with pcDNAS.1+pCl-neo or RVG-Lamp2b+NGF. (B) The level of NGF mRNA in exosomes
derived from HEK293 cells treated as indicated. (C) The level of NGF protein in exosomes derived from HEK293 cells treated as indicated. Note the significant increase of NGF
mRNA and protein in NGF@Exo™€. Data are presented as mean + SEM of three different experiments. ****p < 0.0001.

suggesting that the observed NGF abundance was relatively high and
reasonable.

We further examined whether these exosomes could also carry NGF
protein. Exosomes were washed and resuspended in PBS twice to
wash away free NGF protein in cell culture supernatant. After wash
and another round of ultracentrifugation, exosomes were lysed in
RIPA and tested by using a human beta-NGF ELISA kit. The results
showed that there was abundant NGF protein in NGF@Exo®VC, while
only marginal levels of NGF could be seen in Ctrl Exo and exosomes
from untransfected cells (Figure 2C). Notably, there was about
31.37 + 2.41 ng NGF protein per 100 pg NGE@Exo™VC. In other
words, about 0.031% = 0.002% of the protein was NGF in
NGF@Exo®VC. The low abundance could be explained by the fact
that NGF is a molecule with low molecular weight while most of
the essential protein components of exosomes have large molecular
weights. As to the mechanism of how NGF protein was encapsulated
into the exosomes, we prefer the idea that the abundant expressed
NGF protein in the donor cell was passively loaded into the exosomes,
though potential active selection of NGF protein into the exosomes
could not be excluded. Anyway, all these data showed that NGF
mRNA and protein were encapsulated into NGF@Exo™"  efficiently.
NGF@ExoRV¢ Effectively Delivers NGF into Recipient Cells

Based on our findings that NGF@Exo"V“ could encapsulate abun-
dant NGF mRNA and protein, we explored whether NGF@Exo?V¢
could deliver NGF when exosomes were endocytosed by recipient
cells. To this end, HEK293 cells were incubated with 0 pg, 20 ug,
50 pg, 100 pg, 200 pg, or 300 pg NGF@Exo""® for 4 h (Figure 3A).
The amount of NGF mRNA increased most in 100 pg group. There
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was a relatively low level of NGF mRNA in recipient cells when incu-
bated with 200 pg or 300 ng NGF@Exo™" S, which might be explained
by the saturation of endocytosis ability and unexpected toxicity
caused by excessive exosomes (Figure 3B).

To investigate whether the delivered NGF mRNA could be trans-
lated into protein in recipient cells, we incubated HEK293 cells
with 100 pg NGF@Exo®VC. After 4 h incubation, the medium
was replaced with fresh growth medium and cultured for additional
2 h,4h,8h, 12 h, and 24 h. The NGF expression peaked at
271.46 + 21.47 pg per 1 mg cell lysate at 8 h, followed by a slow
drop from 12 to 24 h (Figure 3C), which might be due to the degra-
dation of delivered NGF protein. To further confirm the translation
of delivered NGF mRNA into protein, we pretreated HEK293 cells
with 10 pug/mL cycloheximide (CHX) for 2 h, a known translation
inhibitor. Compared with the group with no CHX pretreatment,
there was a significant decrease of NGF protein in HEK293 cells
treated with CHX (Figure S1). Thus, though the absolute level of
NGF mRNA in exosomes was low, it produced robust protein in
the recipient cells. Our findings were consistent with those of previ-
ous studies that exosomal mRNA is functional when delivered into
recipient cells.””** These results demonstrated that NGF@Exo®"®
could effectively deliver NGF mRNA and protein into recipient
cells.

NGF@ExoRV® Retains Stability after Longtime Storage

Aimed for future clinical application, the stability of NGF@Exo""®
after longtime storage is of crucial importance. After sequential
centrifugation, NGF@ExoRV¢ was stored at —80°C from 1 month
to 3 months. Compared with the exosomes derived from
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Figure 3. NGF@Exo"V¢ Effectively Delivers NGF into Recipient Cells
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(A) Schematic diagram of the treatment of HEK293 cells with NGF@Exo™VC. (B) The level of NGF mRNA in HEK293 cells treated with different dosages of NGF@Exo™€.
HEK293 cells were harvested at 4 h. Note the highest level of NGF mRNA in cells treated with 100 pg NGF@Exo™VC. (C) The level of NGF protein in HEK293 cells treated with
100 ug NGF@Exo™V®. HEK293 cells were harvested at 2 h, 4 h, 8 h, 12 h, and 24 h as indicated. Data are presented as mean + SEM of three different experiments. *p < 0.05;

**p < 0.01; ™p < 0.001; ***p < 0.0001. ns = no significance.

untransfected HEK293 cells, there was a significant increase of NGF
mRNA level in freshly harvested and 1-month- or 3-month-stored
NGF@Exo®"€. The level was not affected significantly by low temper-
ature storage between the latter three groups (Figure 4A), indicating
the stability of encapsulated mRNA in NGF@ExoRVC. Then, we incu-
bated 100 pg freshly harvested NGF@Exo" "%, 1-month- or 3-month-
stored NGF@Exo"'“ with HEK293 cells and examined the level of
NGF mRNA and protein in recipient cells. Similarly, the longtime
storage did not influence the delivery of NGF mRNA and the effi-
ciency of the following translation in acceptor cells (Figures 4B and
4C). All these results showed that NGF@Exo®" © retained stability af-
ter longtime storage at —80°C, endowing NGF@Exo""® with the po-
tential as an off-the-shelf therapeutic drug for clinical application.

NGF@Exo"V¢ Effectively Delivers NGF into Ischemic Region

To explore the efficacy of NGF@Exo®"® transporting NGF to the
ischemic region, we developed a photothrombotic ischemia model
as previously described.”® Exosomes were injected in the tail vein
24 h post-ischemia. Mice were sacrificed at 2 h for fluorescent exo-
some tracking, 4 h for qRT-PCR analysis, and 8 h for NGF ELISA
analysis (Figure 5A).

To visualize the in vivo distribution, 200-ug exosomes in 200 pL saline
were labeled with 1,1’-dioctadecyl-3,3,3’,3'- tetramethylindocarbocya-
nine perchlorate (Dil) dye. Few Dil signals could be observed in the
infarcted cortex in mice injected with Ctrl Exo. However, remarkable

RVG_ and

Dil-positive ischemic region could be detected in Exo
NGF@Exo""“-injected mice (Figure 5B). Similar with our previous
findings,”’ the diffuse Dil signals in the ischemic area overlapped
with the markers of neurons, microglia, and astrocytes, suggesting
that the exosomes could be uptaken by these cell types (Figure S2).
Consistent with the published study,”® robust Dil signals were
observed in reticuloendothelial system, such as liver, spleen, and
lung. Notably, slightly weaker fluorescent signals in these organs
could been seen in Exo®'® and NGF@Exo"'® groups (Figure 5B).
All these indicated that RVG-Lamp2b modification could steer

more exosomes into ischemic region.

In the following experiments, we explored whether NGF@Exo""“

could deliver NGF mRNA and protein into the ischemic region.
We compared the level of delivered NGF mRNA in the contralateral
and ipsilateral ischemic cortex in Ctrl Exo-, NGF@Exo™"-, and
NGF@EXORVG-injected mice. Treatment of NGF@Exo®VC remark-
ably increased the level of NGF mRNA in ipsilateral cortex. Notably,
NGF@Exo0“™ delivered NGF mRNA at a much lower level than that of
NGF@Exo"" group (Figure 5C; Figure S3A). Consistently, ELISA
assay at 8 h post-treatment showed the highest level of NGF protein
in NGF@Exo""-treated mice (Figure 5D; Figure S3B). Previous
study has reported that most exosomes that penetrated the mouse
brain are located in the parenchyma rather than in the circulation
at 24 h post-intravenous injection.”” To confirm that the detected
NGF mRNA and protein were intracellular rather than free exosomes,
we then examined the level of NGF mRNA and protein 24 h after in
tail-vein injection. Consistent with the data examined at earlier time
points (QRT-PCR at 4 h and ELISA at 8 h), there remained a signif-
icantly higher level of NGF mRNA and protein in ischemic region
in mice with NGF@Exo®"© treatment (Figure S4). Collectively, these
data demonstrated that NGF@Exo®'C could efficiently deliver NGF
into ischemic cortex.

NGF@Exo"® Reduces Ischemic Injury via Reducing
Inflammation and Cell Death

NGF has multifaceted neuroprotective functions in pathological pro-
cesses, such as promotion of cell survival and neurogenesis, anti-
apoptosis, and anti-inflammation. To investigate the effects of NGF
on cortical ischemia, we injected 200 pL saline, 200 pg Ctrl Exo,
Exo"VC or NGF@Exo""“ in 200 L saline only once at 1 day post-
ischemia (dpi). Mice were sacrificed at 7 dpi, and brain cryostat sec-
tions were made for immunostaining. Previous studies have high-
lighted the importance of microglia polarization in brain injury and
repair. Classically activated (M1) microglia release proinflammatory
factors and induces oxidative stress. By contrast, alternatively acti-
vated (M2) microglia promote restorative processes such as neuro-
genesis, axonal regeneration, and remyelination.”® Since NGF has
been proved its ability to steer microglia toward a neuroprotective
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phenotype,'” we examined the expression of microglia marker Ibal,
CD16 (M1 type), and CD206 (M2 type) in the ischemic region to
explore whether a single injection of NGF@Exo™" ©
glia polarization into protective M2 type. Non-specific control with
secondary antibody only was applied to ensure the specific staining
following identical procedures and microscope settings (Figure 6A).
In the saline, Ctrl Exo, and Exo""" groups, Ibal-positive microglia
exhibited ameboid shape with scarce dendrites, in contrast to the
ramified morphology with elongated dendrites in sham-operated
controls (Figure 6B). The double staining of CD16/Ibal and
CD206/Ibal demonstrated approximately 72.3%, 70.6%, and 68.7%
CD16" M1 microglia, 26.5%, 28.0%, and 27.5% CD206" M2 microglia
in saline, Ctrl Exo, and Exo""© groups, respectively (Figures 6C and
6D). Notably, the treatment of NGF@Exo""“ significantly reduced
the percentage of CD16" M1 microglia to 39.4%, while increasing
the proportion of CD206" M2 microglia to approximately 67.5% in
ischemic cortex. Interestingly, we did not observe significant decrease
of Ibal-positive cells (data not shown). These results verified that
NGF@Exo®V® could promote the polarization of neuroprotective
M2 phenotype after ischemia.

could bias micro-

It has been proved that NGF administration can ameliorate apoptotic
cell death after ischemia. TUNEL staining was performed to assay cell
death at 7 dpi (Figure 7A). Florescence images and cell quantification
in the ischemic region showed that TUNEL-positive cells were signif-
icantly reduced in NGF@Exo™"“-treated mice compared with the sa-
line, Ctrl Exo, and Exo®V® group (Figure 7B). These confirmed that
NGF@Exo®VC treatment could promote cell survival.

In view of the above data concerning the multiple protective effects of
NGF@Exo*V® on anti-inflammation and pro-survival, we asked
whether NGF@Exo""® could promote neurogenesis post-ischemia.
In saline, Ctrl Exo, and Exo®'¢ groups, few doublecortin (DCX)-
labeled cells scattered around the infarcted region. However, the
number of DCX-positive cells in NGF@Exo®" ©-treated mice approx-
imately tripled that in control ones (Figures 8A and 8B), suggesting
possible neurogenesis post ischemia.
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Figure 4. Stability of NGF@Exo"V®

(A) The level of NGF mRNA in exosomes from
ns the following samples: exosomes freshly harvested
from untransfected HEK293 cells, freshly harvested
NGF@Exo"¥®, and 1-month (1 m)- and 3-month (3 m)-
stored NGF@Exo™"®. (B) The level of NGF mRNA in
HEK293 cells treated with 100 pg freshly harvested
NGF@Exo"¥® and 1 m- and 3 m-stored NGF@Exo"VC.
HEK293 cells were harvested at 4 h. (C) Expression of
NGF protein in HEK293 cells treated with 100 pg freshly
harvested NGF@Exo™“ and 1 m- and 3 m-stored
NGF@ExoPVe. HEK293 cells were harvested at 8 h. The
bar was not visible in 0-pg group as the levels were below

293 cells
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DISCUSSION

In this study, we loaded RVG-Lamp2b exosomes with NGF to
generate NGF@Exo"" . One injection of NGF@Exo""C efficiently
delivered NGF into ischemic cortex and thus ameliorated inflamma-
tion, reduced cell death, and promoted DCX-positive cells. To our
knowledge, this is the first study that delivers NGF mRNA and pro-
tein via engineered exosomes into infarcted region with promising
therapeutic effects.

NGF is one of the most well-known neurotrophic factors with
remarkable potential in the treatment for CNS diseases. In CNS, neu-
rons, astrocytes, and microglia can produce NGF and also react to it.
NGF exhibits a variety of protective abilities including reducing
apoptosis, promoting cell survival, and neural regeneration in patho-
logical settings.” In our study, exosomal delivery of NGF significantly
modulates M2 microglial polarization, promotes cell resistance to
death, and possibly boosts neurogenesis in ischemic region, directly
confirming the potential of NGF@Exo""® therapy for cerebral
ischemia. And it is thus interesting to investigate whether NGF@Ex-
o®VE treatment can promote functional recovery by behavioral tests
in future study.

Delivery of therapeutic drugs bypassing BBB has long been a chal-
lenging question. Virus vector, NGF gene manipulated cells, nano
capsules, and hydrogels have already been used as NGF transporting
vehicles.>”>? However, these attempts have failed to deliver NGF to
targeted brain parenchyma via systemic administration. Short in vivo
half-life, poor pharmacokinetic profile, failure to cross the BBB, and
unwanted pleiotropic effects in peripheral tissues due to nonspecific
uptake hinder NGF from clinical application for brain disorders.”” >

Recently, studies report that exosomes are of great drug delivery
value due to their high physicochemical stability and biocompati-
bility with low toxicity and immunogenicity. Its ability to transfer
nucleic acids and proteins from parent cells to acceptor cells,
thereby triggering phenotypic changes in the latter, has generated
extensive interest in exosome-based therapy.’® The amenability of
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Figure 5. NGF@ExoRV¢ Effectively Delivers NGF into Ischemic Region

(A) Schematic diagram of experimental procedure. (B) In vivo tracking of 200 pg Dil-labeled Ctrl Exo, Exo™V®, and NGF@Exo™C. Brain, liver, spleen, heart, lung, and kidney
were harvested 2 h post in tail-vein injection of exosomes, and then frozen sections were made. Rare Dil labeling signals observed in ischemic region in Ctrl Exo group, in
contrast to the remarkable Dil labeling in Exo™'® and NGF@Exo"™® group. Scale bar, 50 um. (C and D) The level of NGF mRNA (C) and protein (D) in contralateral (Contra) and

ipsilateral (Ipsi) cortex in Ctrl Exo- and NGF@Exo™®

SEM of five mice. ****p < 0.0001. ns = no significance.

membrane modification and intrinsic ability of traversing the BBB
further facilitate the targeted drug transport to the brain.”” As for
neurotrophins, which need post-translational modification in cyto-
plasm and are secreted to exert their biological functions in a para-
crine manner, the delivery of mRNA may be a more efficient and
safer approach for protein substitution in targeted cells.”® Unlike
plasmid DNAs and viral vectors, mRNAs do not integrate with
the genome and therefore pose no risk of insertional mutagenesis.
However, the direct application of naked mRNAs has to face the ob-

-treated mice. Note the remarkable increase of NGF mRNA and protein in ischemic cortex. Data are presented as mean +

stacles such as the rapid extracellular degradation by ubiquitous
RNases, hampered passive diffusion by cell membrane, and limited
cell uptake capacity.” Exosome-mediated mRNA delivery provides
a novel strategy to overcoming these obstacles to supplement pro-
teins in the targeted region. Previous studies and our group’s
work have shown that RVG-modified exosomes can deliver small
interfering RNA (siRNA) and microRNA (miRNA) into the
brain.”*** In this study, NGF mRNA was loaded into RVG-modi-
fied exosomes, delivered into ischemic cortex, and translated into
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Figure 6. Effects of NGF@Exo"V® on Microglia Polarization in Ischemic Region

(A) Immunofluorescence images of secondary antibody negative control (NC) to confirm the specificity of the immunostaining. (B) Representative immunofluorescence
images of CD16, CD206, and Iba1 staining in the ischemic cortex of sham group and saline-, Ctrl Exo-, Exo"VC-, and NGF@Exo"™VC-treated groups at 7 dpi. Note the
significant decreased expression of CD16 and increased expression of CD206 in NGF@Exo"VC-treated mice compared with sham, saline-, Ctrl Exo-, and Exo"VC-treated
groups. (C and D) Cell quantification of the percentage of CD206/Iba1 (C) and CD16/Ibal (D) in the ischemic region. Scale bar, 50 um. Data are presented as mean + SEM of
five mice. **p < 0.001; ***p < 0.0001.
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Figure 7. Effects of NGF@Exo"V® on Cell Apoptosis in Ischemic Region

(A) Representative immunofluorescence images of TUNEL staining in the ischemic
cortex of saline-, Ctrl Exo-, Exo™V®-, and NGF@Exo"C-treated mice at 7 dpi. Note
the significant decreased expression of TUNEL in NGF@Exo™"®-treated mice. (B)
Cell quantification of the percentage of TUNEL-positive/DAPI-positive cells in the
ischemic region. Scale bar, 50 um. Data are presented as mean + SEM of five mice.
****p < 0.0001.

bioactive NGF protein in recipient cells. Our strategy significantly
increased the expression of NGF mRNA and NGF protein in
infarcted cortex, where endogenous NGF was barely detected at 1
dpi.® An amount of NGF protein was also encapsulated into
NGF@Exo®VC. This may provide a burst release of pioneering
NGF protein for immediate rescue, facilitating further NGF
mRNA translation in injured cells. In vivo Dil tracking showed
the steered distribution of NGF@Exo""
other main organs, suggesting that there will be less toxicity and

to ischemic cortex from

pleiotropic effects when applied systemically. Additionally, only a
single injection of 200 pg NGF@Exo"VC at 1 dpi was carried out
in our study, indicating high delivery efficiency and long-lasting
therapeutic effects. The proposed strategy thus might have some ad-
vantages over the repetitive injections of NGF protein intravenously
or subcutaneously in future clinical therapy, which would be worth
further study by direct comparison.

For the first time, we found that NGF@Exo®VC remain stable after
longtime storage. Several clinical studies have used exosomes stored
at —80°C.*" It would be interesting to test the stability of exosomes
stored at higher temperatures or in lyophilized and reconstituted con-
dition for easy storage and transportation. There also remain chal-
lenges for clinical application of exosome-mediated neurotrophin de-
livery. For example, optimization of mRNA loading, clinical-grade
purification, and large-scale production of exosomes with high yields
are needed for clinical use in the future.

Saline
DCX-positive cells per mm

Ctrl Exo

EXORVG

NGF@Exo®"¢

Figure 8. NGF@Exo"'® Promotes Neurogenesis Effectively in Ischemic
Region

(A) Representative immunofluorescence images of DCX staining in the ischemic
cortex of saline-, Ctrl Exo-, ExoRV®-, and NGF@Exo""C-treated mice at 7 dpi. Note
the significant increased expression of DCX in NGF@Exo™'C-treated mice. (B) Cell
quantification of the number of DCX-positive cells per mm? ischemic region. Scale
bar, 256 um. Data are presented as mean = SEM of five mice. ****p < 0.0001.

Conclusion

In conclusion, our findings highlight the potential therapeutic effects
of targeted exosome-delivered NGF in ischemic cortex. The strategy
proposed in our preclinical study shows great promise for future
stroke therapy.

MATERIALS AND METHODS

Animals and Photothrombosis Model

C56BL/6 mice (male, 8-9 weeks old, 22-23 g) were used. All animal
experiments were carried out under protocols approved by the Ani-
mal Care and Use Committee of the Beijing Institute of Biotech-
nology. Focal cortical ischemia was made as previously described.*’
In brief, after the tail-vein injection of rose bengal (Sigma-Aldrich,
St. Louis, MO, USA) at 25 mg/kg, the skull window ranging from
0.5 to 2.5 mm posterior to the bregma and 0.5 to 2.5 mm right to
the midline was illuminated for 8 min by an optic fiber connected
to a 532-nm light source. Sham-operated mice underwent the same
procedures, except for the light illumination. To investigate the effects
of exosomes in vivo, 200 pg Ctrl Exo, Exo®"%, NGF@Exo“", or
NGF@Exo""“ in 200 pL saline were injected into the tail vein only
once at 1 dpi.

Cell Culture
HEK293 cells, obtained from National Infrastructure of Cell Line
Resource (Beijing, China), were cultured in Dulbecco’s Modified
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Eagle’s Medium (DMEM; Gibco, Grand Island, NY, USA) supple-
mented with 10% fetal bovine serum (FBS; Gibco, Grand Island,
NY, USA) and 1% penicillin-streptomycin (Gibco, Grand Island,
NY, USA) at 37°C, 5% CO,.

Exosome Engineering

Lamp2b was cloned with ¢cDNA from mouse cortex and was in-
serted between Nhel and BamHI into a pcDNA3.1(—) vector as
previously described.”® Primers designed to encode RVG were
used to introduce the targeting ligand between Xhol and BspEl.
The gene of human beta-NGF with three amino acids removed
from the C terminus was synthesized and inserted between EcoRI
and Notl into a pCI-neo vector as previously described.’’ One
hour before transfection, the cell culture medium was changed
into DMEM, without FBS or antibiotics. To produce NGF@Exo®"C,
HEK293 cells were transfected with pcDNA3.1(—)-RVG-Lamp2b
and pCIl-neo-NGF plasmids by TurboFect transfection reagent
(Thermo Fisher Scientific, Waltham, MA, USA). Cells transfected
with pcDNA3.1(—) and pCI-neo plasmids were used to produce
Ctrl Exo. Cells transfected with pcDNA3.1(—)-RVG-Lamp2b and
pCl-neo plasmids were used to produce Exo®'S, and cells trans-
fected with pcDNA3.1(—) and pCI-neo-NGF plasmids were used
for production of NGF@Exo®"., Six hours after transfection, cell
culture medium was changed into DMEM with 10% exosome-
depleted FBS. To obtain exosome-free FBS, FBS was ultracentri-
fuged at 100,000 x g for 2 h at 4°C as previously described.** Trans-
fected cells were cultured for 48 h and prepared for exosome
isolation.

Exosome Isolation and Characterization

Exosomes were purified from cell culture supernatant of HEK293
cells. Prior to culture medium collection, HEK293 cells were washed
twice with PBS and were cultured in the medium supplemented with
10% exosome-depleted FBS. After incubation for 48 h, the superna-
tant was collected and went through sequential ultracentrifugation
at 2,000 x g for 30 min, 10,000 x g for 30 min, and 100,000 x g
for 2 h at 4°C. The exosomes were washed with PBS and resuspended
for further characterization.

For in vivo fluorescence labeling of exosomes, a 2-mg/mL solution of
Dil (Solarbio Science & Technology, China) was added to the PBS
(1:200) following the manufacturer’s instructions. After the isolation
by ultracentrifugation as mentioned above, Dil-labeled exosomes
(Dil-Exos) were resuspended in 0.9% saline and centrifuged at
12,000 x g for 1 h. This procedure was repeated for three times to
wash free Dil away. Then Dil-Exos were injected intravenously
through the tail vein into ischemic mice at 1 dpi.

For TEM, 20-pL purified exosomes in sterile-filtered PBS was added
onto a carbon-coated copper grid for 15 min. Afterward, the grid was
stained with 2% uranyl acetate (UA) for 1 min. The excess UA was
removed, and the grid was washed of distilled water. Then the grid
was dried for 15 min and imaged by transmission electron micro-
scope (JEM-2000EX, JEOL, Tokyo, Japan).

520 Molecular Therapy: Nucleic Acids Vol. 21 September 2020

Molecular Therapy: Nucleic Acids

For NTA, Zetaview (ParticleMetrix, Germany) was used to analyze
the size distribution and concentration of exosomes. Exosome sam-
ples were diluted at 1:1,000 for Zetaview analysis.

Western Blot

For cell and exosome western blot, samples were lysed by RIPA buffer
(Thermo Fisher Scientific, Waltham, MA, USA). The amount of pro-
tein was determined using a bicinchoninic acid protein assay kit
(Thermo Fisher Scientific, Waltham, MA, USA). After protein trans-
fer, the polyvinylidene fluoride (PVDF) membranes were blocked
with 5% Difco skim milk (BD Biosciences, San Diego, CA, USA)
in Tris-buffered saline containing 0.1% Tween-20 (TBST) for 1 h.
Blots were incubated with primary antibodies overnight at 4°C. The
primary antibodies used were as follows: rabbit anti-CD63 (1:1,000,
Abcam, cat. ab217345; Cambridge, MA, USA), rabbit anti-GM130
(1:1,000, Abcam, cat. ab52649; Cambridge, MA, USA), rabbit anti-
Lamp2b (1:2,000, Abcam, cat. ab199946; Cambridge, MA, USA),
mouse anti-Alix (1:1,000, Cell Signaling Technology, cat. 2171; Dan-
vers, MA, USA), mouse anti-Tsg101 (1:1,000, Abcam, cat. ab83; Cam-
bridge, MA, USA), rabbit anti-GAPDH (1:1,000, Cell Signaling Tech-
nology, cat. 2118; Danvers, MA, USA). Corresponding horseradish
peroxidase (HRP)-conjugated anti-mouse or anti-rabbit immuno-
globulin G (IgG) (1:10,000, Pierce, Rockford, IL, USA) secondary
antibodies were incubated for 1 h at room temperature. Bands were
detected using an enhanced chemiluminescence (ECL) kit (Pierce,
Rockford, IL, USA).

RNA Isolation and gRT-PCR

Total RNA was extracted from cells, exosomes, or ipsilateral/contra-
lateral cortex using RNAiso Plus (Takara, Tokyo, Japan) according to
the manufacturer’s instructions.

For analysis of mRNA levels, reverse transcription was performed
using PrimeScript RT master mix (Takara, Tokyo, Japan), and
cDNAs were used for QRT-PCR using TB green premix Ex Taq II
(Takara, Tokyo, Japan). Primers for human NGF were as follows:
forward, 5'-AGCGGCGATAGCTGCACGCGTGGCG-3'; reverse,
5'-CAGATCCTGAGTGTCTGCAGCTTCAC-3'. Primers for human
GAPDH were as follows: forward, 5'- GAAGGCTGGGGCTCATTT-
3/; reverse, 5-CAGGAGGCATTGCTGATGAT-3'. Primers for
mouse Gapdh were as follows: forward, 5'-GGTTGTCTCCTGC
GACTTCA-3'; reverse, 5-TGGTCCAGGGTTTCTTACTCC-3'. No
reverse transcriptase control and no template control were included
to confirm the quality of templates and primers, respectively. The
qRT-PCR was performed in an Applied Biosystems ViiA 7 real-
time PCR system, applying the following amplification parameters:
95°C for 30 s, followed by 40 cycles of 95°C for 5 s and 65°C for 34
s. All qRT-PCR reactions were run in triplicate, and mRNA expres-
sion relative to GAPDH was calculated using the 27**<" method.

Immunofluorescence and Image Analysis

Frozen serial sections of brain, liver, spleen, heart, lung, and kidney
of 14 um in thickness were prepared on cryostats. After incubation
with 3% bovine serum albumin (BSA) and 0.3% Triton X-100 in
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PBS for 1 h, the following primary antibodies were incubated over-
night at room temperature: rabbit anti-Ibal (1:1,000, cat. 019-19741,
Wako, Japan), rat anti-CD16 (1:200, cat. 553142, BD Biosciences,
San Jose, CA, USA), goat anti-CD206 (1:200, cat. AF2535, R&D Sys-
tems, Minneapolis, MN, USA), rabbit anti-DCX (1:500, cat.
ab18723, Abcam, Cambridge, MA, USA). Corresponding secondary
antibodies, namely Alexa Fluor 488 and Alexa Fluor 594 (donkey
anti-rabbit, anti-rat, or anti-goat IgG, 1:500; Thermo Fisher Scienti-
fic, Waltham, MA, USA), were incubated for 2 h at room tempera-
ture. Secondary antibody negative controls were performed. Cell
nuclei were stained by DAPIL. TUNEL staining was performed ac-
cording to the manual of DeadEND TUNEL system (Promega,
Madison, WI, USA). The ischemic region was defined by the area
enriched with nuclei in shrinkage and with disordered arrangement,
which was apparently different from the normal adjacent area. Cells
in the ischemic region were counted from every eighth slice. Five
mice were included for each group. The percentage of CD16" M1
microglia or CD206" M2 microglia was calculated by the number
of CD16" cells/Ibal™ cells or CD206" cells/Ibal™ cells. The percent-
age of TUNEL" cells was calculated against DAPI* nuclei. The per-
centage of DCX" cells was calculated against the infarct area, while
the infarct area was counted by Image] (National Institutes of
Health, Bethesda, MD, USA). The quantitative analysis was per-
formed in a design-blind way.

NGF ELISA

Human beta-NGF DuoSet ELISA (R&D Systems, Minneapolis, MN,
USA) was used to detect the expression of NGF. The samples were
lysed and measured with a standard curve established according to
manufacturer’s instructions.

Statistical Analysis

Data were presented as mean + SEM. Analyses were performed using
GraphPad Prism v8.0. The significance of the differences was assessed
by one-way analysis of variance (ANOVA) followed by Tukey’s mul-
tiple comparison tests. p <0.05 was considered as statistically
significant.
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