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Retinal ischemia is a common clinical event leading to retinal
ganglion cell (RGC) death, resulting in irreversible vision loss.
In the retina, glia-neuron communication is crucial for multiple
functions and homeostasis. Extracellular vesicles, notably exo-
somes, play a critical role. The functions and mechanisms of
retinal astrocyte-secreted exosomes remain unclear. Here, we
isolated astrocyte-derived exosomes under hypoxia or nor-
moxia and explored their role in an in vivo retinal ischemia-re-
perfusion (RIR) model. We found that hypoxia triggered astro-
cytes to produce a significantly increased number of exosomes,
which could be internalized by RGCs in vivo or in vitro. Also, in
the RIR model, the hypoxia-induced exosomes ameliorated the
RIR injury and suppressed the RGC apoptosis. Furthermore,
microRNA sequencing of retinal astrocyte-secreted exosomes
revealed different patterns of exosomal miRNAs under hypoxia,
particularly enriched with miR-329-5p. We verified that miR-
329-5p was specifically bound to mitogen-activated protein
kinase 8 mRNA, and subsequent JNK-pathway molecules were
downregulated. We anticipated that the miR-329-5p/JNK
pathway is a key to suppressing RGC apoptosis and preventing
RIR injury. Such findings provided insights into the therapeutic
potential of hypoxia-induced astrocyte-secreted exosomes and
the miR-329-5p for treating retina ischemic diseases.

INTRODUCTION

Ischemic retinopathy is a common feature of many ocular diseases
including acute glaucoma, diabetic retinopathy (DR), retinal vein occlu-
sion, and retinopathy of prematurity (ROP).' * Interruption of retinal
blood flow is known to cause severe retinal ischemia-reperfusion
(RIR) injury and retinal ganglion cell (RGC) apoptosis.” However, effec-

6,7

tive therapeutic strategies for RGC-damaging diseases are lacking.

Astrocytes are among the most predominant glial cell types that,
along with the vascular endothelial cells and pericytes, migrate
from the brain to the retina and are mainly located in the nerve fiber
layer and ganglion cell layer.® The astrocyte protrusions are in contact
with the vessels of the superficial vascular plexus and the cytosol and

axons of the RGCs.”'? Apart from their importance in retinal vascular
development and maintenance of the blood-retina barrier, astrocytes
are critical in supporting various glial homeostatic functions, such as
removal of carbon dioxide, regulation of extracellular pH, intercel-
lular transmission of intracellular signals, and the control of ionic
and metabolic homeostasis in RGCs.>'"*'* Under pathological stim-
uli, astrocytes will polarize and are classified as Al (neurotoxic) or
A2 (neuropro‘tective).13 In models of neuroinflammation, reactive as-
trocytes show deleterious effects, whereas in models of ischemia, these
astrocytes tend to be beneficial.'"* However, in RIR injury, both
inflammation and ischemia are involved."> Studies conducted to
date have not yet determined whether activated astrocytes contribute
to the survival and axon regeneration of RGCs after ischemic
retinopathy.' >0

Extracellular vesicles (EVs) are secreted vesicles from cells and
include exosomes, microvesicles, and apoptotic bodies.”” Exosomes
are EVs of 40-160 nm in diameter generated by the endosomal
pathway and carry contents including nucleic acids such as mRNA
and microRNAs (miRNAs), proteins, and lipids.*"**
communication and functional modulation, secreted exosomes can
be endocytosed by recipient cells.”’

During cellular

In the past few decades, the roles of exosomes in the CNS have been
explored and verified in many studies.”>** Exosomes from stem cells,
microglia and neurons have diverse roles in neurological diseases
such as stroke, Parkinson’s disease (PD), and Alzheimer’s disease
(AD) under different conditions.”* Naive and stimulated astrocytes
shed EVs that contain neuroprotective compounds such as fibroblast
growth factor 2, heat shock proteins, and miRNAs.>” Interestingly, in
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certain pathological conditions like AD, PD, stroke, and other neuro-
inflammatory diseases, EV's released from activated astrocytes seemed
to mediate or exacerbate the pathobiological course.”” Given the key
roles of astrocytes in cellular communication with other cells in the
retina, retinal astrocyte-derived exosomes may be disease driving in
a variety of retinal disorders. Recently, exosomes from normal
mouse retinal astrocytes, rather than those from retinal pigment
epithelium, were found to contain multiple anti-angiogenic factors
that inhibit choroidal neovascularization (CNV) in a laser-induced
CNV model.”® Another study found that exosomes secreted by oxida-
tive stress-induced autophagic retinal astrocytes promoted endothe-
lial cell migration and tube formation, suggesting that these exosomes
may play a neovascularizing role in ischemic-related diseases such as
DR and ROP.” To date, the exact function, complex molecular mech-
anisms, and precise interaction between retinal astrocytes and RGC
survival remain to be explored.

In this study, we aimed to investigate the role and effect of astrocyte-
secreted exosomes stimulated in a hypoxic (hypox) or normoxic
(norm) condition using the RIR model and to search for a potential
therapeutic strategy for developing a treatment for ischemic
retinopathy.

RESULTS

Astrocyte-derived exosome secretion increased with hypox
stimulation

In the present study, we demonstrated that retinal astrocytes
secreted abundant exosomes after the RIR injury compared with
those under normal circumstances in vivo (Figures 1A-1D). We
then cultured primary astrocytes including human retinal astrocytes
(hACs) and mouse astrocytes (mACs) in vitro and extracted exo-
somes from cell supernatants secreted by hAC and mAC under hy-
pox and norm conditions by ultracentrifugation and then character-
ized the exosomes (Figure 1E). Transmission electron microscopy
(TEM) imaging revealed that exosomes secreted by hAC had a Tea-
tro-like structure of approximately 100 nm in diameter with a clear
membrane (Figure 1F). To authenticate whether the samples ex-
tracted are exosomes, exosomal contents in hAC from the norm
group were extracted and purified by ultracentrifugation to discard
cytoplasmic residues, and western blotting (WB) showed enriched
expression of exosomal markers Flotillin, CD63, and Alix (Fig-
ure 1G). Similarly, exosomes in mACs from norm and hypox cul-
tures analyzed with WB showed enriched expression of markers
CD63, CD81, and HGS (Figure 1H).

Nanoparticle tracking analysis (NTA) was used to analyze the size
and distribution of exosomes secreted from hACs and mACs. Exo-
somes were mostly of no more than 200 nm in diameter (Figures 11
and 1]). For hAC, the mean concentration of exosomes was approx-
imately 6.3 x 108/mL under the norm condition and 9.9 x 10*/mL in
the hypox culture. For mAC, the mean concentration of exosomes
was 4.6 x 10%/mL in the norm culture and 7.3 x 10%/mL in hypoxia
(Figures 11 and 1J). Our results showed a significant increase in exo-
some secretion from astrocytes in hypoxia as compared with the

2 Molecular Therapy: Nucleic Acids Vol. 35 June 2024

Molecular Therapy: Nucleic Acids

norm condition, suggesting that hypoxia may stimulate astrocytic
secretion of exosomes.

Astrocyte-derived exosomes were endocytosed by RGCs and
hypoxia-induced exosomes attenuated RGC apoptosis

To investigate the influence of astrocytic exosomes on the survival of
RGCs, fluorescent labeling of CD63 or PKH26 was used in in vitro
and in vivo experiments, respectively. It was found that the exosomes
secreted by mAC were endocytosed into RGCs (Figures 2A and 2B).

Given that RGCs endocytosed astrocyte-derived exosomes, we inves-
tigated how these exosomes would affect RGCs. Our results showed
that, on day 5 after RIR injury, more RGC deaths and thinner retinas
were found in the PBS group as compared with the normal control
group. First, hypoxia-induced astrocyte-derived exosomes (hypox-
exo) significantly decreased RGC death and retinal tissue injury
compared with the norm-exo group (Figures 2C and 2D). Next, the
proportion of apoptotic retinal cells was increased on day 5 of RIR
injury in the PBS and norm-exo groups as compared with the normal
control group, whereas the proportion of apoptotic retinal cells was
significantly lower in the hypox-exo group (Figures 2E and 2F).
Furthermore, the non-invasive pattern electroretinogram (PERG)
was used to assess the RGC function in vivo and PERG suggested a
neuro-protective role of hypox-exo (Figure S1). All these results sug-
gested that hypoxia-induced astrocyte-secreted exosomes exerted a
protective effect on retinal cell apoptosis from RIR injury.

miRNAs encapsulated in astrocyte exosomes induced by
hypoxia differed from those under norm condition

Functional molecules such as proteins, nucleic acids, and lipids were
trafficked by exosomes in cellular communication networks, and the
current study, for the first time, used miRNA sequencing to investi-
gate the exosomal miRNA content secreted by hAC. In hACs,
miRNA expression was similar between the hypox and norm
groups, with 12 upregulated and 17 downregulated miRNAs in
the hypoxia-treated hACs (Figures 3A and 3B). However, the exoso-
mal miRNA expressions secreted by hACs between the two groups
were significantly diverse: there were 67 upregulated miRNAs and
105 downregulated miRNAs in the hypox-exo (Figures 3C and
3D). The target genes of the upregulated differentially expressed
miRNAs from hypoxia-induced hAC exosomes were analyzed by
Gene Ontology (GO) functional and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway annotation. GO analysis showed
that the target genes were enriched in neuronal projection develop-
ment, cytosolic functions of neuronal cells, and synapses between
neurons (Figure 3E); KEGG analysis indicated that the target genes
were involved in herpes simplex virus type 1 infection, mitogen-acti-
vated protein kinase (MAPK) signaling pathway, and PI3K-Akt
signaling pathway (Figure 3F).

miR-329-5p enriched in hypoxia-induced exosomes decreased
RIR injury by suppressing the apoptotic MAPK pathway

Among the upregulated differentially expressed miRNAs with the
highest fold-changes in hypoxia-induced hACs (after 24 h hypoxia),
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Figure 1. Increased secretion of exosomes in astrocytes after ischemic retinopathy in vivo or hypox stimulation in vitro

(A) Retinal flat mounts from mice (1 day after RIR injury) were stained for GFAP (red), CD63 (green) and DAPI (blue) and examined by confocal microscopy. (n = 3 animals; scale
bar, 10 um.) (B) Quantitative analysis of the relative fluorescence area of exosome positive protein marker CD63. (C) Representative images of immunofluorescent retinal
sections of control eyes or eyes 3 or 5 days after RIR injury. (n = 3 animals; scale bar, 50 pm). (D) Quantitative analysis of the relative fluorescence area of exosome positive
protein marker Flotillin. (E) Diagram showing the procedure of isolating exosomes from primary astrocytes derived supernatant using differential centrifugation. (F) TEM
imaging of the morphology of exosomes secreted by hACs cultured under normoxia (Control) and 24-h hypoxia conditions (Hypoxia). (G) WB analysis of hAC cell lysates (Cell)
and exo isolated from the supernatant. (H) WB analysis of cell lysates of mouse retinal astrocytes (mACs) and exosomes isolated from supernatant under normoxia or 24-h
hypoxia conditions. (I and J) The distribution of particle size was analyzed through NTA (left) and statistical plots of particle concentrations (right) of hAC and mAC exosomes
from the control group and the hypoxia-cultured group. Data were expressed as mean + SD. Statistical analysis was performed using Student’s t test. Statistical significance
at **p < 0.01; **p < 0.001; ***p < 0.0001.
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Figure 2. Astrocyte-secreted exosomes internalized by RGCs and protected the retina from ischemia-reperfusion injury

(A) 3D-fluorescent imaging of in vitro CD63-GFP-labeled exosomes being taken up intracellularly by RGCs. The intersection showed a CD63-GFP-labeled exosome, and the
z stack side view of the x- and y axes were shown below and to the right (scale bar, 10 um). (B) Fluorescent imaging of mouse retina flat mounts showed in vivo delivery of
normoxia- and hypoxia-induced PKH26 labeled exosomes into retinal cells (n = 3 animals; scale bar, 10 um). (C) HE staining and (D) comparison of retinal thickness between
different treatments, at approximately 1 mm adjacent to the optic disc (n = 5 animals; scale bar, 50 um). (E) TUNEL staining and (F) quantitative analysis of TUNEL fluo-
rescence intensity showed apoptotic cells in retinal tissue 5 days after RIR injury (n = 5 animals; scale bar, 50 um). Data were presented as mean + SD. Control, normal control
group; PBS, intravitreal injection of PBS; norm-exo, intravitreal injection of mAC-secreted exosomes under norm culture condition; hypox-exo, intravitreal injection of mAC-
secreted exosomes under hypox culture condition; RNFL-GCL, retinal nerve fiber layer and ganglion cell layer complex; IPL, inner plexiform layer; INL, inner nuclear layer;
OPL, outer plexiform layer; ONL, outer nuclear layer. Statistical significance at *p < 0.05; **p < 0.001; ***p < 0.0001; ns, not statistically significant.

the top three were hsa-miR-3180-5p, hsa-miR-329-5p, and hsa-miR-
331-5p. However, when we conducted real-time qPCR to validate the
expression levels of the top 30 miRNAs (p < 10~°) identified in the
sequencing data, some miRNAs, including miR-3180-5p, were not
detectable in hypoxia-induced hAC-exo (Figure 3G). Our study
further investigated the expression level of the top four miRNAs in
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exosomes secreted by mACs and confirmed miR-329-5p as the
most abundant (Figure 3H). Furthermore, the expression of miR-
329-5p in the hypoxia-induced mAC-exo increased as the hypoxia
duration increased (Figure S2). To explore the effect of miR-329-5p
in RIR injury, we delivered miR-329-5p agomir to ischemic-treated
mice by intravitreal injection, and harvested eyes on days 0.5, 1, 3,
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Figure 3. miRNA sequencing and bioinformatic analysis on miRNAs
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(A) The volcano plot and (B) heatmap of differentially expressed miRNAs compared between hAC cultured under 24-h hypoxia (Hypoxia-hAC) and those cultured in normal
condition (Normoxia-hAC). (C) Volcano plot and (D) heatmap of differentially expressed exosomal miRNAs compared between exosomes secreted by hAC cultured under
24-h hypoxia (hypox-exo) and those cultured in normal condition (norm-exo). (E) Bubble plots of GO analysis and (F) KEGG pathway of candidate target genes for possible
functions and pathways. (G) Real-time gPCR analysis of various exosomal miRNAs secreted by hACs and (H) mACs cultured under 24 h of hypox condition (hypox-exo) or
normal condition (norm-exo). Data were presented as mean + SD. Statistical significance at *p < 0.05; *p < 0.01;***p < 0.001;ns, not statistically significant.

and 5 after reperfusion. The retinal cryosection sections revealed that
the miR-329-5p has been successfully taken up by RGCs 12 h after
RIR injury (Figure S3A). Moreover, the expression of miR-329-5p
was also upregulated in retina tissues of RIR mice (Figure 4A).
Furthermore, histological findings demonstrated a protective effect
of miR-329-5p on the ischemic retina (Figures 4B and 4C). The num-
ber of Rbpms* RGCs was restored with the treatment of miR-329-5p
5 days after RIR (Figures 4D and 4E). It markedly decreased the pro-
portion of apoptotic retinal cells, including the RGCs (Figures 4F

and 4G). In addition, our study also discovered that miR-329-5p
could alleviate the activation of microglia but not Miiller cells
(Figures S3B-S3D).

The mechanism by which miR-329-5p exerted a protective effect on
the retina from IR injury was investigated by searching for target
genes of hsa-miR-329-5p and mmu-miR-329-5p with databases
miRDB, miRWalk, and TargetScan, and MAPK8 was identified to
be a potential target (Figures 5A and 5B). MAPK8 encodes for
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Figure 4. Effects of intravitreally injected miR-329-5p on the retina in ischemic-reperfusion injury

(A) Detection for endocytosed miRNAs in the retina by real-time gPCR after intravitreal injections of PBS or a scramble sequence of miRNA (miR-NC) or miR-329-5p agomir.
(B) Retinal HE staining and (C) comparison of retinal thickness at approximately 1 mm adjacent to the optic disc among different intravitreal treatments (n = 5 animals). (D)
Immunofluorescent staining with Hoechst 33342 (blue) and RBPMS (green) and (E) comparison showing the numbers of RGCs on day 5 after RIR injury (n = 5 animals). (F)
TUNEL staining and (G) quantitative analysis of TUNEL fluorescence intensity to show apoptotic cells in retinal tissue on day 5 after RIR injury, with white arrows indicating
apoptosis in the ganglion cell layer (n = 5). Data are expressed as mean + SD. Data were analyzed using Student’s t test or one-way ANOVA. Statistical significance was
considered at *p < 0.05; *p < 0.01; **p < 0.001; **p < 0.0001. ns, not statistically significant. Scale bar, 50 pm. Control, normal control group (naive condition without any
treatment); PBS, intravitreal injection of PBS; RNFL-GCL, retinal nerve fiber layer and ganglion cell layer complex; IPL, inner plexiform layer; INL, inner nuclear layer; OPL,

outer plexiform layer; ONL, outer nuclear layer.

MAPKS, also known as c-Jun N-terminal kinase 1 (JNK1). MAPKS is
an important molecule in the JNK signaling, which is one route of the
MAPK cascade involved with cell proliferation, survival, cell death,
and differentiation.”® Quantification of MAPK8 mRNA and its pro-
tein expression as well as the immunohistochemistry (IHC) were per-
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formed on the eye tissues harvested 1-5 days after miR-329-5p treat-
ment in RIR mice, and they were significantly lower than those
without miR-329-5p treatment (Figures 5C-5F). Meanwhile, immu-
noblotting results indicated that miR-329-5p treatment downregu-
lated protein expression levels of p-MAPKS, c-JUN, Bax, and cleaved
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Figure 5. miR-329-5p protected the retina from ischemic-reperfusion injury by targeting the MAPK pathway

(A and B) Venn diagrams showing the intersection of predicted target genes of hsa-miR-329-5p and mmu-miR-329-5p, and MAPKS (Jnk1) is a potential gene targeted by
both miRNAs. (C) Real-time gPCR analysis of MAPK8 mRNA expression after intravitreal treatment of PBS, scrambled miRNA (miR-NC), and miR-329-5p (n = 5). (D and E)
WB and quantification of protein expressions of MAPK8-related pathway on retinal tissues after intravitreal treatments of PBS, miR-NC, and miR-329-5p (n = 5). (F) IHC of
MAPKS expression on retinal tissues after various intravitreal treatments (n = 5 animals; scale bar, 100 um). (G) Dual-luciferase reporter gene plasmid design and the predicted
target sites. (H) The dual luciferase reporter gene assay showed that miR-329-5p significantly inhibited the luciferase activity of the MAPK8-WT1 3'UTR reporter gene in 293T
cells. Data was presented as mean + SD, n = 3. Student’s t test was used for statistical analysis. Data were statistically analyzed by one-way ANOVA followed by Tukey’s post
hoc analysis. Statistical significance at *p < 0.05; “p < 0.01; **p < 0.001; **p < 0.0001. ns, not statistically significant.

caspase3 while enhancing the expression level of Bcl-2 (Figures 5D
and 5E), suggesting that miR-329-5p may inhibit apoptosis by sup-
pressing the MAPK signaling pathway. To verify whether miR-329-
5p specifically targeted MAPK8 mRNA, we designed wild-type and
mutant plasmids of MAPKS (Figure 5G) and co-transfected them
with miR-329-5p mimics in 293T cells and found that the miRNA
mimics significantly decreased the luminescence intensity of

MAPK8-WT1, suggesting that miR-329-5p specifically targeted the
binding site of MAPK8-WT1 (Figure 5H)

DISCUSSION

RIR injury is a recognized common pathological process in a wide
range of ocular diseases, such as glaucoma, DR, retinal vein occlusion,
retinal artery occlusion, and ROP.”” The injury can lead to RGC
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damage or loss, resulting in impaired visual function or even blind-
ness. The damage to the retina is irreversible. Currently, there are
no effective drugs to treat nerve cell injury. By using the acute high
intraocular pressure (IOP) model, a classic RIR model, we explored
and found the protective role of hypoxia-induced astrocyte (hAC)-
derived exosomes on retinal cells, and for the first time, we discovered
that miR-329-5p was enriched in exosomes under ischemic condi-
tions and protected retinal impairment by targeting the JNK signaling
pathway.

Exosomes are a subtype of EVs formed by an endosomal route and
are responsible for trafficking and endocytosis of cellular materials
during cell-cell communications involved in various biological
processes.30 In the CNS, the mechanisms of astrocytic exosome
biogenesis and secretion and their possible functional interactions
with target cells have been extensively studied.””** The effect of astro-
cyte-derived exosomes on the CNS varies depending on their astroglia
types (Al or A2) or contents. For instance, those astrocyte-derived
exosomes enriched in synapsin-1 or miR-26a are beneficial, whereas
those containing miR-125a-5p and miR-16-5p are detrimental.””>"
However, the role of astrocytic exosomes in RIR is not well explored.
The current study revealed that under the hypox condition in the RIR
model, activated astrocytes secreted exosomes could be endocytosed
by RGCs, and RGC apoptosis was decreased, thus protecting retinal
cells from ischemic damage.

Exosomes have several inherent characteristics, such as antigen-pre-
senting vesicles with a long half-life, which enables them to be well
tolerated by the human body. Moreover, the ability to load both pro-
teins and genetic materials makes them attractive and ideal for the
development of a drug-delivery system.””**>*> The various encapsu-
lated components (nucleotides, lipids and proteins) enable exosomes
to serve as potential versatile treatments for diseases. miRNAs are one
type of nucleotides that have the potential to regulate and alter protein
expression, signaling pathways, and molecular mechanisms. In the
RIR model, it has been shown that miRNAs are involved in regulating
the pathology of RIR injury.”* Li et al.”> demonstrated that co-delivery
of miRNA-124 and brinzolamide through bio-degradable nanopar-
ticles for glaucoma treatment could achieve synergistic therapeutic ef-
fects. Yet, exosomal miRNAs in retinal injury models were under-
studied. The specificity of miRNAs in exosomes is determined by a
certain RNA sorting mechanism and varies from different stim-
uli.’®*” In the present study, in response to RIR, stimulated miRNAs
were transmitted to RGCs by endocytic cargo as secreted exosomes
from astrocytes, suggesting the potential of exosomes to act as thera-
peutic vehicles for retinal ischemic diseases. By bioinformatic analysis
and screening, we found that miR-329-5p was enriched in hypoxia-
activated astrocyte-secreted exosomes, implying that this miRNA
may be an important player that contributed to the protection of
RGCs from ischemic damage.

It is of interest to study the underlying signaling pathway and mech-

anism by which miR-329-5p exerted inhibitory regulation on RGC
apoptosis. Further analysis of its potential binding sites revealed
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that miR-329-5p may target and suppress MAPKS8 expression, and
subsequently downregulating the JNK pathway. MAPKS, also known
as JNK1, is a JNK protein isoform broadly expressed in various cell
types and is involved in the JNK pathway of the MAPK cascade.
MAPKS is responsible for the regulation of cell proliferation, survival,
cell death, and differentiation.”® It has been found that JNK1 plays a
key role in intrinsic programmed RGC death after axonal injury.*® Its
downstream molecule, c-JUN, is also important in RGC degeneration
caused by high IOP.*® Yang et al.”’ constructed an optic nerve injury
model and demonstrated that degeneration of pathological axons in
RGCs was mediated by MAPK cascades. In our study, by intraocular
treatment of miR-329-5p, we found that the protein expression of
JNK1 and c-JUN was suppressed, and endogenous apoptosis in
retinal cells was decreased, thereby relieving RIR injury. These results
elucidated the mechanism of JNK-pathway inhibition targeted by
miR-329-5p. Therefore, miR-329-5p treatment may be a potential
therapeutic strategy in regulating gene expression and modulating
key apoptosis pathways to prevent RIR injury. The use of exosomes
to encapsulate miR-329-5p might have more distinct advantages in
therapeutic applications in RIR injury. Exosomes, as naturally
secreted cellular vesicles, exhibit high biocompatibility and perme-
ability and low immunogenicity.**** The direct exposure of miRNA
molecules to the tissue environment can lead to rapid degradation.
The encapsulation within exosomes not only enriches the therapeutic
components, but also significantly enhances their stability.*> This
enhancement facilitates prolonged and efficient transport from astro-
cytes to RGCs, potentially increasing the therapeutic efficacy of
miRNA-based neuroprotective treatments. Based on these advan-
tages, the potential for exosome engineering opens new avenues for
targeted therapy in RIR. By modifying the surface molecules of exo-
somes, it is possible to achieve a high degree of specificity in delivering
therapeutic agents to RGCs, minimizing off-target effects and maxi-
mizing therapeutic outcomes.*>** As research into the mechanisms
of RIR injury progresses, the capacity of exosomes to carry a diverse
array of therapeutic components for comprehensive treatment strate-
gies holds promise. Therefore, further studies on miR-329-5p-engi-
neered exosomes are needed in the future.

In conclusion, our study demonstrated that hypoxia-stimulated astro-
cytes secreted exosomes carrying miR-329-5p, which protected RGCs
from ischemia-related apoptosis by targeting MAPKS8 and inhibited
the JNK pathway. The discovery of this novel therapeutic exosomal
miRNA (miR-329-5p) offers promising clinical applications for tar-
geting the treatment of retinal ischemia-related ocular disorders
such as glaucoma, retinal vein occlusion, DR, and ROP.

MATERIALS AND METHODS

Primary astrocyte isolation, culture, and hypoxia treatment
Primary mACs were isolated and cultured following previous
methods.”” Briefly, cerebral cortices without meninges and blood ves-
sels were dissected from neonatal C57BL/6] mice (postnatal days 0-1)
in Dulbecco’s PBS (DPBS, Gibco, Thermo Fisher Scientific) and di-
gested with 0.125% trypsin for 15 min. Isolated cortical cells were sus-
pended in DMEM (Gibco) containing 10% fetal bovine serum (FBS,
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Gibco) and plated at a density of 6 x 10° cells/cm® on uncoated
25 cm? flasks. Astrocytes were harvested 11-12 days after purifying
by shaking the flask and were dissociated by trypsinization and
then reseeded on culture dishes. After cells reached 70%-80% conflu-
ence, the culture medium was changed to DMEM containing 10%
exosome-free FBS, which was prepared by ultracentrifugation at
100,000x g for 16 h at 4°C before use.*

For the hypox culture condition, astrocytes were incubated with 1%
oxygen in a Hypoxystation (HypoxyLab, Oxford Optronix); other-
wise, astrocytes were cultured at a normal level of oxygen in an incu-
bator (norm condition). The supernatant was collected 24 h after the
oxygen level change.

Cell culture: Primary RGCs and other cell lines

Primary RGCs were isolated from neonatal C57Bl/6] mice (postnatal
days 0-1) using the Papain Dissociation System (Worthington Bio-
chem) as previously described.”” After isolation, primary RGCs
were cultured in Neurobasal-A medium (Gibco) containing 2% B27
(Gibco) and 1% glutamine.

hACs were purchased from ScienCell Research Laboratories. hACs
were cultured with the standard protocol using Astrocyte Medium
(ScienCell, Cat. No.1801), supplemented with 2% exosome-free
FBS, 1% astrocyte growth supplement, and 1% penicillin/strepto-
mycin solution. The 293T cell line was purchased from the American
Type Culture Collection (ATCC) with DMEM containing 10% FBS.

Animal model of retinal ischemic injury

Adult male C57BL/6] mice were purchased from the Model Animal
Research Center at Nanjing University. The retinal ischemic injury
model was established as previously described.*® First, mice were
anesthetized with 100 mg/kg pentobarbital sodium intraperitoneally,
and 0.5% proparacaine (SomnoSuite; Kent Scientific) was applied
topically. Pupils were dilated using 1% tropicamide. Ischemia in the
retina was achieved by increasing IOP: insertion of a 30G needle
(BD) connecting to a normal saline reservoir in the anterior chamber
and cannulation was made to elevate and maintain at an average IOP
of 110 mm Hg for 60 min. The contralateral eye served as the sham
group without elevated IOP. Retinal ischemia was confirmed with
the absence of the red light reflex in the fundus, conjunctival edema,
and corneal haze, whereas the recovery of the red light reflex indicated
subsequent reperfusion. To prevent infection, the eyes were treated
with tobramycin ointment. This study excluded eyes with cannula-
tion-induced cataracts, iris injury and/or bleeding, or anterior cham-
ber leakage.

After the withdrawal of the needle from the anterior chamber, each
experimental eye was intravitreally injected with PBS, negative
control miRNA (miR-NC) (20 uM/2 pL), mmu-miR-329-5p agomiR
(miR-329-5p), the Cy5-labeled mmu-miR-329-5p agomiR (RiboBio),
or exosomes released either from normoxia (norm-exo) or hypoxia
(hypox-exo) treated astrocytes. The mice were sacrificed on days

0.5, 1, 2, 3, or 5 after intravitreal injection, and enucleated eyeballs
were harvested.

Exosome purification and analysis

Exosomes were isolated from the astrocyte-conditioned medium by
differential centrifugation following the previously described proto-
col.*” Briefly, the medium was collected, centrifuged at 300xg for
10 min and 2,000xg for 10 min to eliminate cell debris, and at
10,000x g for 30 min to eliminate large EVs, followed by filtration
through a 0.22-pm micro-filter. Exosomes were pelleted by ultracen-
trifugation at 100,000 x g for 70 min, and the pellet was washed with
PBS before final ultracentrifugation at 100,000xg for 70 min. All
centrifugation steps were conducted at 4°C.

TEM assay
A TEM assay was performed for the observation of the exosome
samples. The TEM assay was commissioned to OBiO Technology
Corp., Ltd.

NTA

The number and sizes of exosomes were tracked using the Nanosight
NS 300 system (NanoSight Technology). The exosome pellet isolated
from 90 mL supernatant was re-suspended in PBS. Samples were
manually injected into the sample chamber. Exosome sizes were
measured at a camera setting with an acquisition time of 40 s for 4
times per sample and a detection threshold of 5. The NTA analytical
software version 2.3 was used for capturing images and analyzing
the data.

Exosome tracing in vitro and in vivo

The CD63-GFP plasmid was extracted from the CD63 plasmid strain
(Addgene) and then transfected into mAC using the Lipofectamine
3000 transfection kit (Cat. No. L3000-15, Invitrogen). After 8 h of
transfection, cells were cultured for 24 h using DMEM containing
10% exosome-free FBS. CD63-GFP-labeled exosomes were collected
and added to the supernatant of primary RGCs. After 24-h incuba-
tion, cells were fixed with 4% paraformaldehyde for 30 min and
treated with 0.2% Triton X-100 (Sigma-Aldrich, St. Louis) at the
ambient temperature for 10 min. Cells were incubated with anti-
MAP2 primary body overnight followed by 1-h incubation with Alexa
Fluor 549 Conjugate (Invitrogen). Hoechst 33342 (5 pg/mL, Sigma-
Aldrich) was used for nuclear counterstaining.

For in vivo experiments, norm-exo and hypox-exo were collected
from primary astrocyte media and labeled with PKH26 (Sigma-
Aldrich). The PKH26-labeled exosomes were injected into the vitre-
ous cavity of mice and the eyeballs were collected after 24 h. Whole
retina flat mounts were prepared and co-stained with Tujl and
DAPI (Beyotime). Fluorescent images were captured with a Nikon
Al Spectral Confocal Microscope or Zeiss LSM 880 with Airyscan.

miRNA sequencing

miRNA sequencing was commissioned to RiboBio. miRNA
sequencing of exosomes (from hypoxia and normoxia cultured
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Table 1. Antibodies used in this study

Name Product catalog
Alexa Fluor 488 Conjugate Invitrogen
Alexa Fluor 549 Conjugate Invitrogen

Anti-Alix rabbit pAb

Novus, Cat#. NBP1-90201

Anti-Bax rabbit Ab

Cell signaling, Cat#. 2772s

Anti-Bcl-2 rabbit mAb

Cell signaling, Cat#. 2870s

Anti-Calnexin rabbit pAb

Abcam, Cat#. ab22595

Anti-CD63 rabbit mAb

Abcam, Cat#. ab217345

Anti-CD63 rabbit pAb

System Biosciences,
Cat#. EXOAB-CD63A-1

Anti-CD81 rabbit mAb

Cell Signaling, Cat#. 10037s

Anti-c-JUN rabbit mAb

Cell Signaling, Cat#. 9165s

Anti-cleaved-Caspase 3

Cell Signaling, Cat#. 9661s

Anti-Flotillin-1 rabbit mAb

Cell Signaling, Cat#. 18634s

Anti-GFAP mouse mAb

Cell Signaling, Cat#. 3670s

Anti-HGS rabbit pAb

Abcam, Cat#. 155539

Anti-HIF1o rabbit pAb

Abclonal, Cat#. A11945

Anti-Ibal rabbit mAb

Abcam, Cat#. ab178847

Anti-JNK1 rabbit pAb

Huabio, Cat#. R1309-1

Anti-MAP2 rabbit pAb

Invitrogen, Cat#. PA5-110744

Anti-p-JNK1 (Thr183/Tyr185)
rabbit pAb

Abcepta, Cat#. AP22143a

Anti-RBPMS rabbit pAb

Abcam, Cat#.152101

Anti-a-Tubulin antibody

Arigobio, Cat#. ARG65693

Anti-B-Actin rabbit mAb

Cell Signaling, Cat#. 4970s

Anti-B-III-Tubulin mouse mAb

Abcam, Cat#. Ab78078

Goat anti-Mouse IgG antibody (HRP)

Arigobio, Cat#. ARG65350

Goat anti-Rabbit IgG antibody (HRP)

Arigobio, Ca#. ARG65351

astrocyte media) and astrocytes was performed using the Illumina
HiSeqTM 2500. Relative sequencing data in this study can be found

at Gene Expression Omnibus: GSE266311.

Histological evaluation and IHC

Staining for hematoxylin and eosin (HE, Nanjing Jiancheng Technol-
ogy Ltd.) and IHC (Abcam, ab80436) was performed on 5-pm-thick
paraffined sections with finely adjusted standard protocols or manu-
facturer’s instructions. Briefly, sections were first deparaffinized and
rehydrated using a series of xylene and ethanol solutions. For HE
staining, the sections were stained with hematoxylin solution, fol-
lowed by rinsing with tap water, and then counterstained with eosin
solution. For IHC staining, the slices were treated with 3% hydrogen
peroxide for 15 min, followed by antigen retrieval by heating the sec-
tions in a citrate buffer solution for 20 min. The samples were then
incubated with primary antibodies in an antibody diluent agent
(DAKO, §3022) overnight at 4°C. After washing with PBS, chro-
mogen, 3,3/-diaminobenzidine was added to visualize the target anti-
gens and hematoxylin was counterstained to visualize the nucleus.
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The sections were then dehydrated using ethanol, cleared in xylene,
and mounted with coverslips. Images of the slices were captured using
an inverted microscope (Eclipse Ti-U).

Immunofluorescence staining and TUNEL

Immunofluorescence (IF) staining was performed in paraffined sec-
tions, retinal flat mounts, and cryosections in this study. Paraffined
sections were deparaffinized and rehydrated and went through the
antigen retrieval process as mentioned earlier. Flat-mounted retinae
and eyeball cryosections were prepared as previously described.”*’
The samples were incubated with the indicated primary antibodies
overnight and then the fluorescence-conjugated secondary antibodies
(Molecular Probes, Thermo Fisher Scientific) for 1 h. Then, the sam-
ples were washed using PBS and stained with Hoechst 33342 or DAPI
for 10 min. The film was sealed with a water-soluble sealing agent.

TUNEL was performed on paraffined sections based on the instruc-
tions. Briefly, the sections were deparaffinized, rehydrated, and
treated with proteinase K. Sections were then stained with a
TUNEL reaction mixture containing fluorescein-labeled dUTP
(TUNEL, In Situ Cell Death Detection Kit, Roche) followed by DAPIL.

All images were captured with the confocal microscope (Nikon Al
Spectral Confocal Microscope, or Zeiss LSM 880 with Airyscan). An-
tibodies for IHC and IF are listed in Table 1.

wB

Total protein lysates were extracted from cells, isolated exosomes, or
retina tissues and processed for assessing protein expression levels.
Extracted protein lysates were assessed with general WB protocol
for expression of Calnexin, Flotillin, CD63, CD81, Alix, HGS, a-tu-
bullin, caspase-3, cleaved caspase-3, Bax, Bcl-2, c-JUN, MAPKS,
and phosphorylated JNKI1. Selected antibodies are listed in Table 1.

RNA isolation and real-time gPCR

Exosomal RNA was extracted using a SeraMir Exosome RNA Ampli-
fication Kit (System Biosciences,). Total RNA from tissue was ex-
tracted with TRIzol reagent (Thermo Fisher Scientific) according to
the manufacturer’s standard procedure, followed by reverse tran-
scription and real-time qPCR.”" In this study, we followed the method
established by Schmittgen and Livak®” on relative gene expression
(classical AACt method). The primers of the target genes are listed
in Table 2 and Table 3.

Luciferase reporter assay

To determine the binding sites of miR-329-5p on MAPKS, a luciferase
reporter assay was performed. 293T cells were transfected with a dual-
Luciferase construct containing MAPKS of wild-type or with a muta-
tion at the binding site. The cells were co-transfected with miR-329-
5p and miR-NC using Lipofectamine 3000 (Invitrogen). After 6 h, the
medium was replaced, and after 24 h, the luciferase activities were
confirmed using a Dual-Luciferase kit (GeneCopoeia).
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Table 2. Reverse transcription sequences used in real-time qPCR test

miRNA name Reverse transcription sequence (5'-3')
h7sl CAGCACGGGAGTTTTGACCT
hsa-miR-326 CTCAACTGGTGTCGTGGAGTCGGCA
ATTCAGTTGAGCTGGAGGA
hsa-miR-329-5 CTCAACTGGTGTCGTGGAGTCGGCA
P ATTCAGTTGAGGAAACAGA
h R-331-5 CTCAACTGGTGTCGTGGAGTCGGCA
sa-mi P ATTCAGTTGAGGGATCCCT
hsa-miR-452-3 CTCAACTGGTGTCGTGGAGTCGGCAA
P TTCAGTTGAGTCAGTTTC
hsa-miR-486.3 CTCAACTGGTGTCGTGGAGTCGGCAA
sa-mit-Ase-p TTCAGTTGAGATCCTGTA

hsa-miR-542-3p CTCAACTGGTGTCGTGGAGTCGGCAA

TTCAGTTGAGTTTCAGTT
hsa-miR-668-3 CTCAACTGGTGTCGTGGAGTCGGCAA
P TTCAGTTGAGGTAGTGGG
U6 ACGCTTCACGAATTTGCGTGTC
mu-miR-329-5 CTCAACTGGTGTCGTGGAGTCGGCAA
. p TTCAGTTGAGAACAGAGA

CTCAACTGGTGTCGTGGAGTCGGCA
ATTCAGTTGAGGGATCCCT

CTCAACTGGTGTCGTGGAGTCGGCAA
TTCAGTTGAGATCCTGTA

mmu-miR-331-5p

mmu-miR-486-3p

PERG

The recording electrodes were made of thin silver wire (0.25 mm in
diameter) wound into semicircular rings with a radius of 2 mm.
The electrodes for the right and left eyes had a mirrored geometry,
with the vertical part of the electrode connected to the electrode hold-
er located on the temporal side of the eye so as not to interfere with
vision. Electrode positioning required minimal manipulation of the

eye. The reference electrode and ground electrode were small stainless
steel needles inserted into the skin near the eye and tail, respectively.
The anesthetized mice were fixed on the scaffolds and the corneal
electrodes were placed on the right or left eye, with the body temper-
ature maintained at 35°C. Artificial tears were administered every
30 min to keep the cornea and lens in good condition during the
recording period (approximately 1 h).

PERG was obtained by contrast inversion in response to patterned
visual stimuli (horizontal grating, vertical grating, checkerboard),
rather than uniform flashes. To maximize PERG amplitude, the
patterned visual stimulus was, therefore, a horizontal grating with
high contrast (98%), a spatial frequency of 0.05 cyc/deg with a
square wave profile, a spatial phase with a sudden frequency of
1 Hz (two contrast inversions/second) and 150 cd/m’ average
brightness. The stimulus was generated by a video card and dis-
played on a 21-inch TV monitor. To further maximize PERG ampli-
tude, a large stimulus area (84.8° x 80.0°) was obtained by present-
ing the patterned stimulus from a short distance (18 cm). The
stimulus display contained four complete stimulus cycles. The cen-
ter of the visual stimulus was aligned with the pupil projection. The
PERG responses were superimposed to check consistency and then
averaged (100 cycles).

Statistics

Data were presented as the mean * SD. One-way ANOVA followed
by Bonferroni multiple comparison tests was used to compare three
or more groups, and two-tailed unpaired t tests were used to compare
two groups. Statistical analysis was performed with GraphPad Prism
software (version 8.0, GraphPad Software, Inc., San Diego, CA, USA).
p values of less than 0.05 were considered to indicate statistical
significance.

Table 3. Primer sequences used in real-time qPCR test

Gene/miRNA name Forward primer sequence (5'-3')

Reverse primer sequence (5'-3')

h7sl ATCGGGTGTCCGCACTAAGTT

CAGCACGGGAGTTTTGACCT

hsa-miR-326

ACACTCCAGCTCAGCCTCTGGGCCCTTCCTC

CTCAACTGGTGTCGTGGAGTCGGCAATTCAG

hsa-miR-329-5p

ACACTCCAGCTCAGGAGGTTTTCTGGGTTTC

CTCAACTGGTGTCGTGGAGTCGGCAATTCAG

hsa-miR-331-5p

ACACTCCAGCTCAGCTAGGTATGGTCCCAGG

CTCAACTGGTGTCGTGGAGTCGGCAATTCAG

hsa-miR-452-3p

ACACTCCAGCTCAGAACTGTTTGCAGAGGAA

CTCAACTGGTGTCGTGGAGTCGGCAATTCAG

hsa-miR-486-3p

ACACTCCAGCTCAGCGGGGCAGCTCAGTACA

CTCAACTGGTGTCGTGGAGTCGGCAATTCAG

hsa-miR-542-3p

ACACTCCAGCTCAGTGTGACAGATTGATAAC

CTCAACTGGTGTCGTGGAGTCGGCAATTCAG

hsa-miR-668-3p

ACACTCCAGCTCAGTGTCACTCGGCTCGGCC

CTCAACTGGTGTCGTGGAGTCGGCAATTCAG

U6 CTCGCTTCGGCAGCACATATACT

ACGCTTCACGAATTTGCGTGTC

mmu-miR-329-5p

ACACTCCAGCTCAGAGAGGTTTTCTGGGTCT

CTCAACTGGTGTCGTGGAGTCGGCAATTCAG

mmu-miR-331-5p

ACACTCCAGCTCAGCTAGGTATGGTCCCAGG

CTCAACTGGTGTCGTGGAGTCGGCAATTCAG

mmu-miR-486a-3p

ACACTCCAGCTCAGCGGGGCAGCTCAGTACA

CTCAACTGGTGTCGTGGAGTCGGCAATTCAG

actb (mouse)

GGCTGTATTCCCCTCCATCG

CCAGTTGGTAACAATGCCATGT

mapk8/jnkl (mouse)

GTGGAATCAAGCACCTTCACT

TCCTCGCCAGTCCAAAATCAA
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The data that support the findings of this study are available from the
corresponding author upon reasonable request. Relative sequencing
data in this study can be found at Gene Expression Omnibus:
GSE266311.
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