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ABSTRACT

Mesenchymal stem cells from corneal stromal stem cells (CSSC) prevent fibrotic scarring and
stimulate regeneration of transparent stromal tissue after corneal wounding in mice. These
effects rely on the ability of CSSC to block neutrophil infiltration into the damaged cornea. The
current study investigated the hypothesis that tissue regeneration by CSSC is mediated by
secreted extracellular vesicles (EVs). CSSC produced EVs 130–150 nm in diameter with surface
proteins that include CD63, CD81, and CD9. EVs from CSSC reduced visual scarring in murine cor-
neal wounds as effectively as did live cells, but EVs from human embryonic kidney (HEK)293T
cells had no regenerative properties. CSSC EV treatment of wounds decreased expression of
fibrotic genes Col3a1 and Acta2, blocked neutrophil infiltration, and restored normal tissue mor-
phology. CSSC EVs labeled with carboxyfluorescein succinimidyl ester dye, rapidly fused with cor-
neal epithelial and stromal cells in culture, transferring microRNA (miRNA) to the target cells.
Knockdown of mRNA for Alix, a component of the endosomal sorting complex required for
transport, using siRNA, resulted in an 85% reduction of miRNA in the secreted EVs. The EVs with
reduced miRNA were ineffective at blocking corneal scarring. Furthermore, CSSC with reduced
Alix expression also lost their regenerative function, suggesting EVs as an obligate component in
the delivery of miRNA. The results of these studies support an essential role for extracellular ves-
icles in the process by which CSSC cells block scarring and initiate regeneration of transparent
corneal tissue after wounding. EVs appear to serve as a delivery vehicle for miRNA, which affects
the regenerative action. STEM CELLS TRANSLATIONAL MEDICINE 2019;8:1192–1201

SIGNIFICANCE STATEMENT

Recent advances in stem cell therapy have demonstrated the potential to restore vision to indi-
viduals suffering from corneal scarring. This study demonstrates that the regenerative potential
of stem cells from human cornea can be duplicated by delivery of microRNA to ocular tissues by
extracellular vesicles. The results open an important avenue for elucidation of the molecular
mechanism governing the regenerative process. This information can potentially lead to rapid
and inexpensive means of treating corneal blindness for millions of individuals who have no fur-
ther options for treatment.

INTRODUCTION

Mesenchymal stem cells (MSCs) are the subject

of intense research due to their high regenera-
tive potential and broad spectrum of applicabil-

ity in experimental and clinical settings [1]. MSCs
can be isolated from multiple tissues, including

adipose tissue and bone marrow. Our previous

work has shown that human corneal stroma
contains a population of cells (human corneal

stem cells, CSSC), which exhibit properties of

MSCs and differentiate to corneal keratocytes
[2–9]. These cells also block deposition of
opaque scar tissue in a corneal wound healing
model and elicit regeneration of normal, trans-
parent stromal extracellular matrix [7, 8, 10–12].
An important aspect of tissue regeneration
effected by MSCs depends on their modification
of tissue immune response by secretion of solu-
ble factors to their environment [13–16]. We
found that CSSC suppressed early neutrophil
infiltration in response to corneal trauma and
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that the presence of neutrophils was essential to the develop-
ment of opaque scar tissue [7]. This immunomodulatory effect is
consistent with that demonstrated by MSCs from other sources
[17, 18]; however, the mechanism by which immunomodulatory
factors are delivered to neutrophils, and the possibility that CSSC
elicit additional effects on cells of the host tissue needs to be
better elucidated.

CSSC-induced corneal regeneration does not require direct
interaction between stem cells and the host cells [10], an effect
that is consistent with the paracrine action of MSCs from other
sources in eliciting regenerative responses [14]. A number of
soluble factors have been identified in the secretome of MSCs
as active in the regenerative process [19]; however, recent
reports have demonstrated that MSCs can communicate with
target cells via secretion of extracellular vesicles (EVs) released
by the MSCs. EVs fuse with remote cells delivering a cargo of
protein and RNA that can modify the phenotype of the target
cells [14, 20–22]. Involvement of EVs has been implicated in
regenerative effects of MSCs in a wide variety of tissues includ-
ing skin, muscle, neural tissues, lung, vascular tissue, bone, and
cartilage [21, 23–29]. MicroRNA (miRNA) has been frequently
cited as an important mediator of the biological effects of MSC-
secreted EVs [1, 23, 24, 30, 31].

The current study examined a potential role for EVs in the
regeneration of damaged cornea by CSSC. We find that CSSC
produce EVs, which effectively deliver regenerative phenotype
to the tissue in an miRNA-dependent manner.

MATERIALS AND METHODS

Isolation of CSSC

Human corneo-scleral rims, approved for research purposes,
from de-identified donors younger than 60 years, were obtained
from the Center for Organ Recovery and Education, Pittsburgh,
PA (www.core.org). Tissue was used within 5 days of enucle-
ation. Research followed the tenets of the Declaration of
Helsinki and was approved by the University of Pittsburgh Insti-
tutional Review Board and Committee for Oversight of Research
and Clinical Training Involving Decedents, Protocol #161. CSSCs
were obtained from dissected limbal tissue using collagenase
digestion as previously described [10]. Cells were seeded into a
25 cm2 tissue culture flask in stem cell growth medium (JMH)
with 2% (vol/vol) pooled human serum (JMH) as previously
described [10]. Culture medium was changed at 3-day intervals
and cells were passaged by brief digestion with recombinant
trypsin (TrypLE Express, Thermo Fisher Scientific, MA) when 80%
confluent into a 175-cm2 T-flask and cryopreserved at passage
1. Cells, unless otherwise noted, were used from a single donor
(line HC461). They were demonstrated to be a homogeneous
population using flow cytometry with cell surface markers con-
ventionally used to identify bone marrow MSC, CD90, CD73, and
CD105 (Supporting Information Fig. S1). Cells were used at pas-
sage 3.

Mouse Corneal Wound Model

This study was carried out in accordance with the recommen-
dations in the Guide for the Care and Use of Laboratory Ani-
mals of the National Institutes of Health and The Association
for Research in Vision and Ophthalmology Statement for the
Use of Animals in Ophthalmic and Vision Research. It was

approved by the Institutional Animal Care and Use Committee
of the University of Pittsburgh, Protocol #15025426. Proce-
dures were adapted to minimize pain and suffering in the ani-
mal subjects. Female C57/Bl6 mice, 7–8 weeks of age, were
obtained from Charles River Laboratories International, Inc.,
housed in an AALAC-approved ABSL2 facility, and provided an
unrestricted standard diet. Groups of six mice were anesthe-
tized by intraperitoneal injection of ketamine (50 mg/kg) and
xylazine (5 mg/kg). Our previous study and power analysis
determined that at least six eyes were required for statistical
significance in visible scar analysis and that 2 weeks provided
an appropriate time point for analysis of gene expression and
fibrosis [10, 32]. One drop of proparacaine hydrochloride (0.5%)
was added to each eye before debridement for topical anesthe-
sia. Debridement procedures were done as previously described
[10]. Corneal epithelial debridement was performed by passing
an AlgerBrush II (The Alger Company, TX) over the central 2 mm
of the mouse cornea. Once the epithelium was removed, a sec-
ond application of the AlgerBrush II was used, this time applying
more pressure to remove the basement membrane and
10–15 μm of anterior stromal tissue. Immediately after the proce-
dure, mice received ketoprofen (3 mg/kg) for analgesia. Both eyes
received the same wounding and treatment. CSSC, 106 cells per
milliliter in phosphate-buffered saline (PBS), or purified EVs
(1010 particles per milliliter, 0.5 mg/ml protein) were mixed 1:1
with human fibrinogen (Sigma Chemical, St. Louis, MO), 75 mg/ml
in PBS and maintained on ice. After wounding, 0.5 μl of thrombin
(100 U/ml, Sigma) was added to the wound bed, followed imme-
diately by 1 μl of fibrinogen (with or without CSSC or EV). Fibrin
gelled within 1 minute, and a second round of thrombin and
fibrinogen was applied. The wound was treated with a drop of
gentamicin ophthalmic solution (0.3%). The corneal epithelium
reformed over the wound within 24 hours.

Assessment of Scarring

Two weeks after corneal debridement, all eyes were collected
and the whole globes were imaged using a dissecting micro-
scope with indirect illumination [11]. Scar area was deter-
mined by two independent observers from these images, with
identity of the samples masked, using the Fiji open-source
image analysis software package (https://fiji.sc/). Statistical
analyses of results were performed with Prism 7 (GraphPad
Prism, CA) using t tests or Dunn’s test as noted in the text. In
some experiments, scar intensity was scored by three indepen-
dent observers masked as to treatment of the eyes using a
standard five point scoring system as follows: score: 0 = no
opacity, completely transparent cornea; 1 = slight haze, iris
and lens are clearly visible; 2 = moderate opacity, iris and lens
still well defined; 3 = severe opacity, details of iris and lens are
obscured; 4 = complete opacity, iris and lens are not distin-
guishable. Average scores were determined and statistical ana-
lyses were performed as describe above.

Corneal gene expression was carried out as previously
described [7, 10, 11]. Six corneas per group were dissected and
pooled in 700 μl RLT extraction reagent (Qiagen, Germantown,
MD) then disrupted with MagNA Lyser green beads using
six cycles at 6,000 RPM with intermittent cooling in a MagNA
Lyser Instrument (Roche, Indianapolis, IN). The extracts were fur-
ther processed using Qia-shredder (Qiagen), and RNA was iso-
lated by Qiagen RNeasy Minikit. Five hundred nanograms total
RNA was transcribed to cDNA using SuperScript III (Thermo
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Fisher Scientific, MA) as previously described [10]. cDNA and tar-
get primers were combined with SYBR Green Real-Time Master
Mix (Thermo Fisher Scientific, MA) and real-time polymerase
chain reaction (PCR) run and data analyzed using the
StepOnePlus Real-Time PCR System (Thermo Fisher Scientific,
MA) [10]. Relative mRNA abundance was compared by delta–
delta Ct method using 18S RNA as an endogenous control [10].

siRNA Knockdown of Alix Expression

CSSC (106 cells) cultured overnight in a 100 mm dish were
transfected with Alix(PDCD6IP) siRNA (Silencer Select,
Thermo Fisher Scientific, MA) or a scrambled control siRNA,
42 nM in 9 ml JMH medium using Viromer Blue transfection
agent (OriGene Technologies, MD) according to the manufac-
turer’s instructions. Cells were cultured at 37�C for 72 hours
in JMH medium and EVs were prepared as described below.
CSSC were lysed in 1× SDS sample buffer and subjected to
immunoblotting using antibody to Alix protein (Clone 3A9,
Thermo Fisher Scientific, MA) using methodology described
previously [7].

Neutrophil Myeloperoxidase Assay

Assessment of neutrophil infiltration was estimated as previ-
ously described by measurement of myeloperoxidase in
corneas 24 hours after wounding [33]. Mouse corneas were
excised and dissected 24 hours after wounding, removing all
residual iris and scleral tissues, and each cornea was incised
radially. Individual corneas were placed in 0.3 ml tissue extrac-
tion buffer (Thermo Fisher Scientific, MA) containing 1:100
protease inhibitor cocktail (Sigma–Aldrich, P8340) and
disrupted by sonication in 4× 30-second bursts, with cooling
on ice between bursts. The homogenate was centrifuged for
15 minutes at 14,000g at 4�C. Myeloperoxidase (MPO) activity
was determined in 1:20 dilution of the homogenate using a
fluorometric immunoassay (R&D Systems, DY3667, MN)
according to the manufacturer. Each sample was analyzed in
triplicate and MPO was calculated from a standard curve.

EV Isolation and Analysis

Human CSSC at passage 3 were cultured in JMH medium as
previously described [7]. Isolation of the EVs followed guide-
lines presented in the 2018 MISEV [34]. At confluence, cells
were rinsed and cell growth medium was replaced with the
same medium containing 2% human serum, which had been
cleared of particulate material by 18 hours centrifugation at
100,000g. After 72 hours, conditioned media were collected,
passed through 0.22 μm filters and concentrated 20× by centri-
fugation at 4,000g in Amicon Ultra 100k cutoff ultrafilters. EVs
were precipitated by polymer exclusion using Total Exosome
Purification Reagent (Invitrogen, 4478359) and the pellet was
resuspended overnight in PBS with gentle shaking at 4�C. Sam-
ples were centrifuged at 4�C for 1 hour at 10,000g and then
EVs were recovered from the supernatant by centrifugation at
100,000g for 3 hours. The pellet was rinsed and resuspended
by shaking in PBS overnight, EVs were pelleted by a second
cycle at 3 hours at 100,000g, and the final solution in PBS was
filtered through 0.22 μm filters. Protein concentration was esti-
mated by UV absorbance at 260 nm and 280 nm. Particle size
and concentration were determined by Tunable Resistive Pulse
Sensing (TRPS) using a qNano Gold Instrument (Izon Science,
MA). Calnexin and CD63 were examined by immunoblotting

using Anti-CD63 (ThermoFisher #10628D) and anti-calnexin
(Clone AF18, Thermo Fisher Scientific, MA).

Transmission Electron Microscopy

Conditioned culture medium, after 0.22 μm filtration was cen-
trifuged using a Beckman-Coulter Airfuge at 100,000g for
45 minutes. Pellet material was transferred to a copper grid
coated with 0.125% Formvar in chloroform. The grids were
stained with 1% vol/vol uranyl acetate in ddH2O and the sam-
ples were examined immediately, using a JEOL 1011 transmis-
sion electron microscope.

Flow Cytometric Analysis of EVs

Anti-CD63 magnetic beads (Dynabeads 10606D, Thermo Fisher
Scientific; 15 μl containing 1.5 × 105 beads) were incubated
with samples containing 107–108 EV particles in a volume of
50 μl bovine serum albumin (BSA), 1 mg/ml in PBS (BSA-PBS)
overnight at 4�C with gentle shaking. Preliminary experiments
indicated that these conditions captured >85% of EV particles
measured by TRPS or fluorescent-labeled EVs (data not shown).
The samples were rinsed 3× in PBS by magnetic capture and
then incubated in a volume of 50 μl PBS-BSA containing fluo-
rescent antibodies to one or combinations of the following
markers: CD81, CD9, CD29, CD13, CD90, CD36, HLAG, HLA-DR,
CD34, CD146, CD107a, CD274, CD166, CD44, CD74, or CD59
(BioLegend, CA) for 2 hours at room temperature. After 3×
rinsing in PBS the beads were analyzed by flow cytometry using
a BD FACS Aria III instrument. A majority of beads with mean
fluorescence greater than that of the isotype control antibody
was considered indication of presence of the targeted protein
(Supporting Information Fig. S1). Triplicate analyses were car-
ried out for all samples.

Carboxyfluorescein Succinimidyl Ester Labeling and
Loading of EVs with miRNA

Filtered conditioned media from CSSC concentrated 20×
(as described above) was incubated with carboxyfluorescein
succinimidyl ester (CFSE, Thermo Fisher Scientific, V12883)
20 μM, 2 hours at 37�C. EVs were purified from this medium as
described above. CFSE-labeled EVs (47 μg protein in 100 μl) were
loaded with nonmammalian miR159a (12 μg RNA) by incubation
in PBS with 0.1 M CaCl2 on ice for 30 minutes followed by 42�C
for 5 minutes and returned to 4�C as previously described [35].
EVs were recovered by pelleting as above.

Transfer of EVs to Cultured Corneal Cells

Immortalized human corneal epithelial cells (HCLEs; provided
by Dr. Ilene Gipson), and human corneal stromal fibroblasts
were cultured as previously described using 8-well coverglass
chamber slides (Fisher Scientific, #155409). Cells were incu-
bated with 15 μl (7 μg protein) CFSE-labeled EVs in 0.2 ml
serum-free medium for 4 or 16 hours at 37�C. Cells were fixed
in 3% paraformaldehyde in PBS for 20 minutes and imaged
using an Olympus DP80 fluorescence microscope. For transfer
of miRNA, HCLE in 24-well plates were incubated with 8 μg
(protein) EVs loaded with miR159a in 20 μl for 10 minutes,
then incubation was continued in 0.2 ml Keratinocyte Serum-
Free Growth Medium, Thermo Fisher medium for 2, 4, 8, 16,
and 24 hours time points. After incubation, cells were released
with recombinant trypsin + EDTA (TrypLe) and rinsed by centri-
fugation in PBS to remove surface-attached EVs. RNA was
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isolated and miR159a was detected in cellular RNA by TaqMan
qPCR as described below using miR221-3p and miR191-3p as
internal controls.

miRNA Isolation and Analysis

CSSC cells or purified EVs were lysed with RLT buffer, and total
RNA, including small RNAs, was isolated using the Qiagen
miRNeasy kit according to manufacturer’s directions. miRNA
was quantified in samples with Taqman RealTime PCR assays
designed for specific miRNAs (Thermo Fisher Scientific, MA).
Linearity of the assay was confirmed using dilutions of stan-
dard miRNA. Abundance was determined relative to total RNA
in the sample as technical triplicates assayed in RNA from
three pooled samples. As a control for amplification or losses
during the assay process, a nonmammalian miRNA “spike-in”
(ath-miR159a) was added to a known concentration to the
RNA samples before reverse transcription. miRNA content of
CSSC-derived EVs was determined for 800 human miRNA
species by screening RNA isolated from EVs produced by CSSC
isolated from eight different donors, from human corneal
fibroblasts, and from HEK293T cells using a Nanostring Array
(Nanostring, Inc., CSO-MIR3-12). Relative abundance was
determined using nSolver software. Statistical differences
between abundance of miRNA from EVs from three CSSC lines
of known regenerative potential from HEK293T EVs was deter-
mined using one-sample t test.

RNA sequence analysis. A strand-specific small RNA library
was produced from EV RNA using the QIAseq miRNA library kit
(Qiagen) following the manufacturer’s instructions. Postlibrary
concentrations were quantified using Qubit Fluorometric
Quantification apparatus (Thermo Fisher Scientific, MA). Librar-
ies (2 nM per sample) were sequenced to generate single-end
50 bp reads on a HiSeq 3000 system (Illumina, San Diego, CA).
Exosomal small RNA library preparation and sequencing were
performed by the UCLA Technology Center for Genomics and
Bioinformatics Core. Data were analyzed for human small RNA
using the miRBase database [36].

RESULTS

EVs from Corneal MSCs

High-speed centrifugation of media conditioned by CSSC pro-
duced pellets consisting largely of membrane-enclosed vesicles
with apparent diameters of 16–180 nm when examined by
negative-stained transmission electron microscopy (Fig. 1A).
When these EV particles were purified from conditioned media
by repeated sedimentation they showed a size distribution of
120–200 nm (Fig. 1B) using TRPS as described in “Materials
and Methods.” Flow cytometric analysis demonstrated several
surface proteins previously reported on EVs from stem cells
including CD9, CD81, CD29, CD13, CD90 (Fig. 1C, Supporting
Information Fig. S2). A number of other proteins previously
identified in EVs from cultured cells, however, were not detected

Figure 1. CSSC cells secrete extracellular vesicles (EVs). (A): Negative staining transmission electron microscopy of a high-speed pellet
from conditioned media of cultured CSSC cells shows abundant vesicles with a range of diameters from 16 to 180 nm having a median of
28 nm. (B): Size distribution of extracellular vesicles isolated from CSSC conditioned media was examined using resistive pulse sensing as
described in the “Materials and Methods” section. (C): CD63-bead cytometry was used to identify surface antigens present on the EVs
isolated from CSSC. (D): Western blotting of 10 μg protein from purified EVs from three CSSC cell lines (C1, C2, C3) and from HEK293T
cells (HEK). Antibodies to calnexin (CNX) and CD63 were used on the same samples.
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(Fig. 1C) indicating that CSSC EVs display a subset of typical EV
surface proteins. Immunoblotting of the EV proteins demon-
strated CD63 but not calnexin, a protein present in microvesicles
but not in exosomes (Fig. 1D) [37, 38], suggesting that most of
the isolated CSSC EVs were products of the endosomal sorting
complexes required for transport (ESCRT) endosomal path-
way [39].

Corneal Stromal Stem Cell-Derived EVs Prevent Corneal
Scarring In Vivo

Corneas with debridement wounds were treated with CSSC or
with CSSC-derived purified EVs in fibrin gel. Visual assessment
2 weeks after wounding found a nearly complete prevention
of scarring for both treatments (Fig. 2A, Supporting Informa-
tion Fig. S3). In a separate experiment, scarring after applica-
tion of EVs from HEK293T and CSSC were compared. As shown
in Figure 2B, the HEK-derived EVs failed to prevent scarring.
qPCR was used to analyze expression of RNA for the fibrotic
marker collagen 3 (Col3a1) and for myofibroblast marker smooth
muscle actin (Acta2), both of which are markedly upregulated
2 weeks after wounding [10, 12]. Both CSSC and CSSC-derived
EVs showed a significant inhibition of the upregulation of these
genes compared with control wounds (Fig. 2C, 2D).

Histologic Analysis Shows EVs Treatment Preserves
Normal Corneal Morphology

Corneal wounds treated with fibrin gel only continued to dem-
onstrate a pathological tissue morphology for at least a month
after wounding. As shown in Figure 3B, vascularization, acellu-
lar fibrotic deposits, a reduced number of cuboidal cells in the

basal epithelium, infiltration by leukocytes and areas devoid of
keratocytes were evident. Corneas treated with EVs, on the
other hand (Fig. 3C) were thinner, showed none of these patho-
logical signs, and were indistinguishable from naïve, unwounded
corneas (Fig. 3A).

CSSC EVs Reduce Early Corneal Infiltration by
Neutrophils After Wounding

Our previous studies demonstrated a reduction of corneal infil-
tration by neutrophil granulocytes resulting from treatment
with CSSC after wounding. We assessed neutrophil infiltration
at 24 hours after wounding by measurement of corneal
myeloperoxidase, an enzyme highly expressed by neutrophils
[33]. Based on MPO expression, we found that treatment with
CSSC EVs significantly reduced on neutrophil infiltration 24 hours
after wounding (Fig. 4A). EVs from HEK293T cells, in contrast,
showed no inhibition of neutrophil infiltration (Fig. 4B).

EVs from CSSC Fuse with Human Corneal Cells and
Transfer miRNA

The transfer of miRNA has been suggested as an important
functional role for EVs. Analysis of RNA from CSSC EVs using a
Nanostring Array showed detectable levels of >200 miRNAs in
preparations of EV from CSSC from four different donors
(Supporting Information Table S1). To assess the ability of EVs
to fuse with corneal cells, cultured human corneal fibroblasts
and HCLEs were incubated with fluorescently labeled EV. As
shown in Figure 5, within 4 hours, EV had entered both cell
types and had assumed a perinuclear localization. Transfer of
miRNA was detected by loading the EVs with a synthetic

Figure 2. EV treatment prevents scar formation after corneal wounding. (A): Corneas were wounded by surface debridement and imme-
diately treated with corneal stromal stem cells (CSSC) or with extracellular vesicles (EVs) from CSSC (EVs) in a fibrin gel as described in
the “Materials and Methods” section. Two weeks after wounding, scar area was assessed by image analysis of the corneas as described
in the “Materials and Methods” section. Each point represents scar area of one cornea. (B): In a separate experiment, the therapeutic
effect of EVs from CSSC and HEK293T cells was compared by measuring scar area. (C): Expression of mRNA for collagen 3a1 was com-
pared in corneas from experiment in (A) using qPCR as described in the “Materials and Methods” section. (D): Expression of mRNA for
smooth muscle actin (SMA, Acta2) was compared using qPCR. Error bars represent standard deviation. In (C) and (D), n = 3. In (A) and
(B), n = 8 (*, p < .05; ***, p < .001) using t test.
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miRNA, ath-miR159a, a molecule not present in mammalian
cells. A time course of incubation of these loaded EVs with
HCLE cells (Fig. 5G), revealed a rapid transfer of this miRNA to
the cells, with peak concentration at 4 hours of incubation.

miRNA Packaging into EVs Requires Alix Protein

The role of EV miRNA in corneal regeneration was explored by
producing EVs with reduced miRNA content. Alix protein (also
known as PDCD6IP) was shown previously to be involved in
packaging miRNA into EVs during their synthesis in multi-
vesicular endosomes [40]. We found that Alix protein was
effectively reduced by small interfering RNA (siRNA) transfection
of CSSC (Fig. 6A). Quantification of Alix-protein knockdown dem-
onstrated a reduction of 90% compared with scrambled siRNA
transfected cells (Fig. 6B).

In cells with Alix knocked down, levels of four miRNAs
were not significantly different than those in the control cells
(Fig. 6C). However, in EVs secreted by the CSSC with knock-
down of Alix, miRNAs were reduced by approximately 85%
compared with EVs from control cells (Fig. 6C).

Alix Knockdown Eliminates Regenerative Functions of
CSSC and CSSC EVs

CSSC with Alix knockdown produced EVs with particle number
and protein content similar to CSSC treated with scrambled
control siRNA. When healing of corneal wounds was compared
after treatment with EVs from control and Alix-KD CSSC, scar-
ring assessed after 14 days revealed a reduced ability to pre-
vent scarring in the EVs containing reduced amounts of miRNA
(Fig. 7A). qPCR analysis of the healing corneas found that the
upregulation of Col3a1 and Acta2 genes in the wounded cor-
neas was not suppressed by EVs with reduced miRNA, whereas
EV from control cells completely suppressed upregulation of

these mRNAs. Interestingly, treatment of healing wounds with
live CSSC cells exhibited a very similar pattern to that of the
EVs. Alix knockdown reduced the ability of the cells to prevent
scarring and prevented suppression of fibrotic marker genes.

In addition to the expression of fibrotic genes 2 weeks
after wounding, expression of early inflammatory genes was
suppressed by EVs at 3 days after wounding (Supporting Infor-
mation Fig. S4). Chi3l1 [41] and Lcn2 [42] are both highly
expressed in neutrophils. Adgre (F4/80) is considered a mon-
ocyte/macrophage marker [43] as is CD80 (B7-1) [44]. uPAR is
a protein localized on surface of platelets [45] and Cxcl-7 (PBP)
is a platelet chemokine protein that attracts neutrophils [46].
Cxcl-5 is a chemokine expressed by corneal epithelial cells that
also attract neutrophils [47]. Expression of each of these genes is
markedly upregulated 1–3 days after wounding but is suppressed
by EV treatment at the time of wounding. EVs with reduced
miRNA content, however, did not suppress the upregulation
(Supporting Information Fig. S4).

Figure 3. Histology of corneal wounds after 1 month. (A): H&E
staining of a nonwounded (naïve) mouse cornea. (B): Cornea with
a debridement wound after 4 weeks of healing stained by hema-
toxylin and eosin shows typical pathology: V, vascularization; f,
acellular fibrotic deposits; e, lack of cuboidal cells in epithelial
basal layer; i, infiltrate of immune cells; k, areas devoid of ker-
atocytes. (C): Typical cornea wounded as in (B) but treated with
CSSC EVs shows none of the pathological features associated with
scarring. The wounded area in (B) and (C) extends across the full
width of tissue shown. Scalebar = 200 μm.

Figure 4. EVs suppress neutrophil infiltration. Corneas were
wounded by debridement and treated with extracellular vesicles
(EVs) or with CSSC. After 24 hours, individual corneas were
excised, extracted, and the level of myeloperoxidase (MPO) was
measured as described in the “Materials and Methods” section.
(A): EVs (green) and CSSC (purple) both suppressed MPO activity
compared with untreated wounds (red; **, p < .01). (B): In a sepa-
rate experiment, EVs from CSSC cells (CSSC-EVs, green) were com-
pared with EVs from HEK273T cells (HEK-Es, gray). Only CSSC-Exo
significantly suppressed MPO (*, p < .05).
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DISCUSSION

In the current study, we observed that the regenerative prop-
erties of CSSC could be replicated by EVs from those cells. This
includes the suppression of visible scars after corneal
wounding, suppression of expression of fibrotic genes in
wounded corneas, suppression of neutrophil infiltration based
on indirect measurement by MPO activity and suppression of
expression of inflammatory mRNA 3 days after wounding. His-
tologic evaluation of the corneas 1 month after corneal
wounding showed a normal morphology in EV-treated corneas,
whereas untreated wounds demonstrated severe and long-
lasting pathologic changes in tissue morphology. Controls with
EVs isolated from HEK293T cells showed none of the regenera-
tive properties of CSSC-derived EVs, implicating the unique
nature of EVs isolated from CSSC. Flow cytometric comparison
of cell surface markers demonstrated few qualitative differ-
ences compared with HEK293T cells, but the CSSC EVs lacked
some cell surface proteins described as markers for bone mar-
row and adipose derived MSCs, including CD73, suggesting
that surface markers of EV may be dependent on the tissue

source of the stem cells. Whether any of these markers influ-
ence the regenerative properties of EVs will need to be inves-
tigated in further studies.

Biologically, EVs from cultured cells arise from different
pathways. Microvesicles are formed by budding of the plasma
membrane and exhibit a large range of sizes, whereas
exosomes form in intraluminal vesicles inside multivesicular
endosomes (MVEs). By fusion of these MVEs with the plasma
membrane, these vesicles are released to the extracellular
space and thereby known as exosomes. Exosomes are

Figure 5. Extracellular vesicles (EVs) from CSSC fuse with and
transfer microRNA into corneal cells. (A–F): EVs, labeled with fluo-
rescent dye carboxyfluorescein succinimidyl ester (CFSE) as
described in the “Materials and Methods” section, were transferred
to cultures of corneal fibroblasts (A–C) and human corneal epithelial
cells (HCLE), (D–F) for 4 hours. The cells were photographed with
phase contrast optics (A, D), and fluorescence (B, E). The two images
are overlayed in (C) and (F). The scale bar in (F) shows 20 μm. (G):
CFSE labeled EVs loaded with microRNA ath-miR-159a, as described
in the “Materials and Methods” section, were transferred to cultures
of HCLE cells for the times shown. Cells were rinsed, trypsin-treated
to remove extracellular miRNA, and then cellular RNA was assayed
for the abundance of ath-miR-159a using qPCR as described in the
“Materials and Methods” section.

Figure 6. Knockdown of Alix protein blocks packaging of miRNA
in extracellular vesicles (EVs). CSSC were transfected with siRNA
targeting miRNA for Alix protein (knockdown) or with a scrambled
control siRNA (Ctrl). (A): After 2 days of culture to collect media
for EV, cell lysates were subjected to Western blotting for Alix pro-
tein (green) and cyclophilin (red) on the same blot. (B): Alix
expression was quantified using Fiji software. Error bars represent
SD of triplicate analyses of Alix protein normalized to cyclophilin
in three different lanes. Expression difference was significant
(p < .05, t test). (C): Four miRNA species were quantified using
qPCR in small RNA from CSSC cells transfected with scrambled
siRNA (cells-Ctrl) and with Alix siRNA (cells-AlixKD). Technical tripli-
cate analyses found no significant differences in concentration of
the four miRNAs comparing each in cells with or without Alix
knockdown. The same miRNAs were quantified in EVs isolated
from the transfected cells, EV-Ctrl, and EV-AlixKD. The abundance
of miRNAs in EVs from AlixKD, was 10%–15% of amount present
in EV’s from control cells (n = 3; p < .05).
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generated in a stepwise fashion controlled by the ESCRT
machinery acting as a driver of membrane shaping and
scission in the late endosomal membrane. One particular
ESCRT-protein, Alix, has been shown to be required for miRNA
transfer into exosomal EVs [40]. The knockdown of Alix in
CSSC in our experiment resulted in an 85% reduction of miRNA
content in EVs without reducing the number of particles or EV
protein content significantly (Fig. 6). The ability to generate
EVs lacking miRNA allowed us to test the role of the miRNA in
the regenerative function of these vesicles.

In vitro, CSSC-derived EVs rapidly fused with corneal fibro-
blasts and corneal epithelial cells and delivered miRNA to
these cells. Moreover, when miRNA abundance in the CSSC
EVs was reduced by Alix knockdown, the regenerative function
of the EVs was eliminated. Wounded corneas treated with EVs
lacking miRNA developed visible scarring and expressed genes
associated with fibrosis and inflammatory cell infiltration, com-
pared with wounds treated with control CSSC-derived EVs. These
results suggest a role for miRNA in the anti-inflammatory/
regenerative function displayed by the CSSC EVs. Such a

function is consistent with a number of recent studies that
have linked miRNA delivery by EVs to regenerative,
antifibrotic, and immune suppressive properties of the vesi-
cles [48–57]. Some authors have suggested that the small
amount of miRNA in EVs makes it more likely that a protein
cargo is involved in their biological properties [58]. Others
have suggested the low level of miRNA might be
counteracted by selective delivery of miRNA to targeted cell
populations such as macrophages or that nonstochiometric
action of miRNAs may occur via binding of the RNA to cell
receptors [59]. Our calculations, based on RNA content and
the observation that miRNAs make up to 7% of the RNA con-
tent of the EV nucleic acid (Supporting Information Fig. S5)
suggest that each mouse cornea received 100–200 fmole of
miRNA. The more abundant miRNAs (shown in Supporting
Information Table S1) would therefore have been delivered
in low fmole levels. Whether this amount represents enough
of any one species of miRNA to effect the biological function
we observed will need to be tested in further experiments
using synthetic individual miRNAs.

Figure 7. Alix knockdown eliminates the regenerative functions of extracellular vesicles (EVs) and CSSC cells. Scarring was assessed
14 days after wounding according to visual scoring of the wounded eyes (A, D) and using qPCR to assess mRNA expression of fibrotic
genes collagen 3a1 (B, E) smooth muscle actin (C, F) in nonwounded corneas (naïve, blue), wounded corneas (wound, purple) and
wounds treated with CSSC EVs (A–C, green) or EVs isolated from CSSC treated with siRNA against Alix (A–C, red). The effectiveness of
CSSC (D–F, orange) and CSSC treated with Alix siRNA (D–F, red) was also compared. Scar score (A, D) was based on n = 8. PCR was based
on n = 3. p values were determined using t test (*, p < .05; **, p < .01; ***, p < .001).
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Corneal scarring is the cause of blindness for millions of
individuals, especially in developing countries [60, 61]. The cur-
rent standard of care is corneal transplantation to replace the
scarred corneal tissue. This procedure has good results, but
requires ongoing medical care. Typically a graft has a half-life
of only 10 years. More importantly, it is estimated that only
one individual in 70 with corneal visual impairment has access
to donated tissue for a transplant [62]. Clinical trials using
CSSC (NCT02948023) to treat corneal scarring were recently
completed in Hyderabad, India and are expected to be
approved for clinical use. This approach can circumvent the
requirement for donated corneal tissue and a full thickness
graft for many individuals with corneal scarring. The cell-based
therapy links treatment to a large medical center that can pro-
vide fresh preparations of CSSC stem cells for each procedure.
Our work predicts that the use of CSSC EVs or of a reagent
capable of delivering the miRNA component of those EVs
could provide a reagent that is more stable, transportable, and
cheaper than live cells. Development of such a reagent might
encounter reduced regulatory hurdles compared with live cells
and could open the prospect of improved vision for a greatly
increased number of affected individuals. Our current study
provides new information as to the mechanism by which MSCs
induce tissue regeneration and at the same time points the
way toward a potentially highly effective form of new therapy.

Understanding the properties of EVs required for clinical
efficacy including the role of miRNA and protein content will
provide an avenue for an EV-based therapy for corneal scar-
ring and potentially serve as a model for use of EVs in other
clinical applications.

CONCLUSION

MSCs isolated from cornea restore transparency to scarred
corneas and are currently in clinical trials to regress existing
human cornea scars. As with other MSC, CSSC isolated from
different donors vary in their regenerative potency. Under-
standing of the molecular mechanism of this process can lead
to improved consistency and potency of cellular reagents as
well as the development of manufactured reagents that do

not rely on use of living cells, thus improving efficacy, safety,
and cost of the therapy. Our finding that EVs can accomplish
cornea regeneration without the need for live cells represents
significant progress toward these goals.
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