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Abstract

reinnervation of visual targets 120 days after crush.

Mesenchymal stem cells

Background: Optic-nerve injury results in impaired transmission of visual signals to central targets and leads to the
death of retinal ganglion cells (RGCs) and irreversible vision loss. Therapies with mesenchymal stem cells (MSCs)
from different sources have been used experimentally to increase survival and regeneration of RGCs.

Methods: We investigated the efficacy of human umbilical Wharton's jelly-derived MSCs (hWJ-MSCs) and their
extracellular vesicles (EVs) in a rat model of optic nerve crush.

Results: hWJ-MSCs had a sustained neuroprotective effect on RGCs for 14, 60, and 120 days after optic nerve crush.
The same effect was obtained using serum-deprived hWJ-MSCs, whereas transplantation of EVs obtained from
those cells was ineffective. Treatment with hWJ-MSCs also promoted axonal regeneration along the optic nerve and

Conclusions: The observations showed that this treatment with human-derived MSCs promoted sustained
neuroprotection and regeneration of RGCs after optic nerve injury. These findings highlight the possibility to use
cell therapy to preserve neurons and to promote axon regeneration, using a reliable source of human MSCs.
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Background

Optic nerve injuries resulting from optic neuropathies,
traumas, or tumors are characterized by optic nerve de-
generation, resulting in partial to complete loss of vision
[1]. These injuries specifically affect the RGCs, whose
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axons form the optic nerve, and their cell bodies degen-
erate as a consequence of the injury [2]. For instance,
glaucoma, the leading cause of RGC degeneration, af-
fects more than 70 million people worldwide, 8 million
of whom suffer irreversible bilateral blindness [3]. No
clinical treatment is available to sustain RGC survival
and promote their regeneration.

The ongoing search for therapies that promote RGC sur-
vival and axonal regeneration has impelled many in vitro and
in vivo studies [4]. Intraorbital optic nerve crush is a well-
established model that leads to progressive degeneration of
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RGCs, mostly by apoptosis [5-12]. Although RGCs enter a
regenerative state after axonal lesion, by upregulating
growth-associated protein 43 (GAP43) and activating tran-
scription factor 3, among other factors [13-15], they do not
successfully extend their axons beyond the lesion site [16].
Non-neuronal factors such as glial cells and matrix molecules
[17-19] and intrinsic neuronal factors contribute to this re-
generative failure [20-22]. Furthermore, optic nerve injury
interrupts the connection with axonal targets such as the
dorsal lateral geniculate nucleus (dLGN) and the superior
colliculus (SC), which results in failure in shuttling trophic
factors [3, 23, 24].

Several efforts have been made to enhance the regenera-
tive potential of RGCs. For example, deletion of the phos-
phatase and tensin homolog (PTEN) and the suppressor
of cytokine signaling 3 (Socs3) genes, individually or sim-
ultaneously [11, 25], significantly increased the regenera-
tive capacity of RGCs after optic nerve lesion [26]. Axonal
regeneration is further increased when PTEN deletion is
combined with an inflammatory stimulus, inducing RGC
regeneration up to the LGN, the suprachiasmatic nucleus
and the SC, resulting in partial recovery of visual re-
sponses [10, 27]. However, most of these approaches are
based on Cre-recombinase techniques, which are not yet
suitable for use as clinical therapies.

Cell therapies have emerged as a more viable alterna-
tive clinical approach in recent years. Transplanted cells
can respond to signals from the lesion environment, ac-
tivate neuroprotective and pro-regenerative pathways,
and even overcome deleterious effects of inflammation
[28, 29]. Previous studies from our group have shown
that cell therapy with adult bone marrow-derived mono-
nuclear cells (BMMC) increases RGC survival in an
optic nerve crush model for a short time period, and
some axons can reach and establish synapses in the SC
[8, 30]. Alternatively, our group has shown that mesen-
chymal stem cells (MSCs) remain in the rat vitreous
body for at least 18 weeks, providing prolonged neuro-
protection to RGCs [6] and inducing strong axonal re-
generation up to their brain targets [31]. Also, MSCs
have been shown to protect RGCs in models of ische-
mia/reperfusion [32] and ocular hypertension [33-35],
among others.

Compared to other stem cells, MSCs have several ad-
vantages, including a low risk of rejection, and simple
isolation and culture [36, 37]. It has been suggested that
MSCs act through paracrine mechanisms, either by re-
leasing factors directly or from extracellular vesicles
(EVs), membrane-covered structures that include micro-
vesicles and exosomes [38-40]. EVs can transfer pro-
teins, bioactive lipids, RNAs, and microRNAs, which can
modulate entire signaling pathways [38, 39].

For future clinical studies, it is important to investigate
the effects of human MSCs on RGCs after optic nerve
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injury. MSCs from human Wharton’s jelly (hWJ-MSCs)
have been suggested as a potential source for cell therap-
ies because they are easily obtained and multiplied
in vitro [36] and, as recently shown by our group, pro-
mote RGC survival in vitro by paracrine mechanisms
[41]. In the present study, we found that a single intra-
vitreal injection of hWJ]-MSCs, cultured in the presence
or absence of serum, was neuroprotective, but their EVs
were not in the dose used here. Moreover, the neuropro-
tective effect was sustained for the long term after the
crush injury, concomitant with axon regeneration up to
dLGN and SC, as well as synaptic reconnection at the
SC.

Material and methods

Ethical considerations

All procedures involving human-derived materials were
approved by and followed the guidelines of the Institu-
tional Human Ethical and Research Committee of the
Clementino Fraga Filho Hospital of the Federal Univer-
sity of Rio de Janeiro. Umbilical cords were donated
after the mothers signed informed consent forms, as de-
scribed in previous studies [41-44]. Experiments with
animals followed the US National Institutes of Health
guidelines and were approved and monitored by the In-
stitutional Animal Care and Use Committee of the
Federal University of Rio de Janeiro.

hWJ-MSC isolation and cultures

Umbilical cords were collected in 200 mL of phosphate-
buffered saline (PBS) with 1% antibiotics and fungizone
(100 U/mL penicillin, 100 pg/mL streptomycin, ampho-
tericin B, 250 g/mL; Life Technologies) at 4°C. hWJ-
MSC were isolated as previously described [42, 43].
Small pieces of isolated Wharton’s jelly were cut and
digested for 16 h with collagenase type II (200 U/mL;
Gibco, CA, USA) diluted in 100 mL Dulbecco’s modified
Eagle’s medium F-12 (DMEM F-12; Gibco) with 1% anti-
biotics at 37 °C, under slow agitation. The digested ma-
terial was washed in PBS, and the cell pellet was
resuspended and plated in 75-cm? plastic culture flasks
in DMEM-F12 medium supplemented with 15% fetal
bovine serum (FBS; Gibco) and 1% of both penicillin/
streptomycin (Gibco). Cells were maintained with 5%
CO, in atmospheric air at 37 °C. After 3—5 passages, the
cultures were highly enriched in hWJ-MSCs and were
characterized by the expression of surface markers and
differentiation potential as adipogenic or chondrogenic
lineages [43].

To evaluate if serum deprivation (SD-) affects the
therapeutic potential of hWJ-MSCs, the medium was
withdrawn, the culture flasks were washed three times
with PBS, and hWJ-MSCs were incubated with serum-
free DMEM-F12 and antibiotics for 24 h. For therapy,
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cells in both conditions were detached at 80-90% con-
fluence, using trypsin-EDTA solution (0.25% trypsin and
1 mM EDTA, Gibco). The trypsin was inactivated with
DMEM-F12 medium containing 15% FBS, and the
contents were washed three times with PBS by centri-
fuging for 5min at 300xg, and the last time with Pul-
mozyme (recombinant human DNase I; 0.6 uL/mL;
Roche). Cell viability was assessed by trypan blue
staining. A total of 5x10° hWJ-MSC or SD-hWJ-
MSC was resuspended in 5 pL of sterile PBS contain-
ing Pulmozyme for intravitreal injection.

Isolation of hWJ-MSCs-derived EVs

EVs secreted by hWJ-MSCs after 24h in culture in
serum-free medium were isolated as described previ-
ously [43, 45]. The medium was collected and sequen-
tially centrifuged at 2000xg for 20 min and 100,000xg
for 2h at 4°C (Optima L-90 K ultracentrifuge; Beckman
Coulter), and the pellet was resuspended in PBS. Our
group has previously found that hWJ]-MSCs-derived EVs
include microvesicles (100—1000 nm) expressing CD70,
CD90, and CD105, and not expressing CD46, HLA-DR,
and hematopoietic markers, and exosomes (30—-150 nm)
expressing CD63, CD9, and CD81 [43]. A quantity of
8.65 x 10° EVs in 5uL of PBS was aliquoted for injec-
tion, approximately equivalent to the quantity produced
by 5 x 10> hWJ-MSCs in 24 h [43].

Optic nerve crush and intravitreal injection

Lister hooded rats (3 to 5 months old), with a mean weight
of 200 g (females) and 300g (males), were used in this
study. Animals were housed with access to water and food
ad libitum in a 12-h light/dark cycle, with all the proce-
dures intended to minimize the number of animals used
and their suffering. Animals were anesthetized with keta-
mine (75 mg/kg) and xylazine (5 mg/kg) injected intraperi-
toneally, and lidocaine was applied topically in the surgical
region. Optic nerve crush was performed as previously de-
scribed [8], briefly, at 1 mm behind the optic disc of the
left eye with a forceps pressed on the optic nerve for 15s,
avoiding the ophthalmic artery and vein. Immediately after
crush, a 5-uL suspension of 5 x 10° hWJ-MSCs or SD-
hWJ-MSCs, 8.65 x 10° EVs, or vehicle (PBS + DNase) was
injected into the vitreous body using a 5-uL. Hamilton syr-
inge at the limbus, avoiding injury to the lens. Before the
injection, the same volume (5 pL) was aspired in order to
avoid an increase in the intraocular pressure. After
surgery, the skin was sutured and lidocaine ointment was
applied. Animals were kept warm and under supervision
until they recovered from the anesthesia. Animals with
damage to the lens or blood vessels were excluded from
the analysis.
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RGC survival analysis

To evaluate RGC survival after optic nerve crush, whole-
mounted retinas were immunostained with Tujl anti-
body, which identifies BIII tubulin in retinal neurons and
is widely used as an RGC marker [6, 11, 25, 46]. Animals
were perfused through the heart with ice-cold saline,
followed by 4% paraformaldehyde in 0.1-M phosphate
buffer. Eyes were removed; retinas were dissected and
washed 3 times with PBS with 0.5% Triton X-100
(Sigma; PBST-0.5%), followed by a 30-min incubation
with 5% normal goat serum diluted in PBS. Retinas were
then incubated with anti-p-III-tubulin antibody (Tujl
mouse, Covance, 1:250) in 250 pL. of PBST-2% for 18 h
at 4°C, washed with PBST-0.5%, and incubated with
Alexad88-conjugated anti-mouse IgG produced in goat
and ToPro-3 (both 1:1000, Life Technologies), in 250 pL
of PBST-2% for 2h at room temperature. Retinas were
washed 3 times with PBS and then flat-mounted with
10% p-Phenylenediamine (PPD; 1 mg/mL in PBS) diluted
in 90% glycerol. All washes and incubations were per-
formed using a slow orbital shaker.

For quantification, 20 confocal images (each 0.05 mm®
in area) of Tujl-stained retinas were obtained using a
confocal microscope (one optical section 2.5 pm thick; x
40/0.8 Plan-NEOFLUAR oil-immersion objective; Zeiss
LSM 510 Meta). Were generated images from 10 fields
at 1mm and 10 fields at 3.5 mm from the optic disc.
The number of Tujl" cells was counted manually by a
masked observer using Image J 5.2i (NIH, imagej.nih.
gov, USA) and normalized by the number of RGCs in
the contralateral retina. Statistical analysis was per-
formed using a ¢ test to compare two groups, or one-
way ANOVA with Tukey’s multiple comparison test for
more groups, in GraphPad Prism 6 (GraphPad Software
Inc., San Diego, CA, USA).

Axon staining and quantification

After perfusion, optic nerves and brains were dissected,
cryopreserved in a sucrose gradient (10, 20 and 30%) in
0.1 M phosphate buffer (pH 7.4), and embedded in opti-
mal cutting temperature medium (OCT, Tissue-Tek,
Sakura, Japan). Optic nerves and brains were sectioned
longitudinally and coronally on a cryostat (Leica,
Wetzlar, Germany) at 14 and 20 pm thickness, respect-
ively. Brain sections were collected from the optic chi-
asm to the posterior portion of the SC on gelatin-coated
slides and stored at —20°C until immunostaining. For
short-term analysis (14 days after crush), axons were la-
beled by immunostaining for GAP43 (1:50; Santa Cruz
Biotechnology) for 18 h followed by a secondary Cy3-
conjugated antibody (1:1000; Jackson ImmunoResearch)
in 0.1% PBST. For long-term analysis (120 days after
crush), axons were anterograde-labeled with Alexa 555-
conjugated cholera toxin beta subunit (CTB; Life
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Technologies, 3 pL, 1:1 in sterile PBS) injected into the
vitreous body 2 days before perfusion, according to pro-
tocols previously described [47].

Axons extending beyond the lesion site were counted at
different distances from the injury site by a masked obser-
ver using a x40/0.75 Plan-Neofluar objective (Axiovert
200 M microscope, Zeiss, Oberkochen, Germany). The
total number of axons was estimated by the formula de-
scribed by Leon and coworkers [48]. At least 3 sections
were quantified for each animal. Statistical analysis was
performed using two-way ANOVA for axonal extension
analysis, in GraphPad Prism 6.

Light deprivation and stimulation for NGFI-A
quantification
To investigate whether the regenerated axons observed
in the hWJ-MSCs-treated animals established synapses
with SC neurons, we analyzed the expression of nerve
growth factor-induced gene A (NGFI-A), a transcription
factor expressed in SC neurons after visual stimulation
[49]. To eliminate responses induced by the intact eye,
the right optic nerve was transected 7 days before this
experiment. The animals were anesthetized as described
above, and the right optic nerve was cut with scissors.
To assess NGFI-A expression in the SC, the animals
were light-deprived for 24 h, followed by 2h of light
stimulation before perfusion with paraformaldehyde.
Tissue was prepared as described above. Brain sections
were washed with PBST-0.1 blocked with normal goat
serum and incubated overnight with a specific antibody
against NGFI-A (anti-Egrl, 1:400, rabbit, Santa Cruz Bio-
technology), followed by incubation with Alexa 488-
conjugated goat anti-rabbit IgG antibody (1:1000) and
ToPro-3 (1:1000; Life Technologies) and mounted with
PPD. Images were acquired using a confocal microscope
(Zeiss LSM 510 Meta), using a x20/0.5 Plan-
NEOFLUAR objective. Three brain sections on the
rostro-caudal axis were chosen per animal, to obtain
three images each of 0.135 mm® from medial to lateral,
covering the superficial layers of the SC. The number of
NGFI-A" cells was counted manually by a masked obser-
ver, normalized by the image area, and the data were
separated into ipsilateral and contralateral sides of SC.
Statistical analysis was performed using an unpaired
parametric ¢ test in GraphPad Prism 6 (GraphPad Soft-
ware Inc., San Diego, CA, USA).

Results

hWJ-MSC treatment protects RGCs after optic nerve crush
Rodent MSCs have been reported to protect RGCs after
optic nerve injuries [7]. However, validating the neuro-
protective potential of human-derived MSCs is necessary
before proceeding to clinical trials. Here, we found that
14 days after optic nerve crush and vehicle injection, the
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number of Tujl" retinal neurons was dramatically re-
duced to 15.39% of the number in the control retina
(1142 +49.46 Tujl* cells/mm?> in control retinas;
117.8+22.34 Tujl* cells/mm?> in the vehicle group;
Fig. 1A, B, F), consistent with previous studies [5, 6, 8,
31, 50]. Treatment with hWJ-MSCs significantly in-
creased RGC survival to 37.62% of the number in the
control retina (429 + 33.01 Tujl* cells/mm? in the hWJ-
MSC group; Fig. 1C, F). Since clinical protocols require
that cell therapy be performed in xeno-free conditions
[51], we evaluated if serum deprivation affects the neu-
roprotective potential of hWJ-MSCs. We found that
there was no statistically significant effect of the pres-
ence or absence of serum on the neuroprotective effect,
although the mean number of surviving RGCs treated
with hWJ-MSCs cultured in the presence of serum was
higher compared to SD-hWJ-MSCs (338.5 + 25.00 Tuj1*
cells/mm? Fig. 1D, F). For consistency, we used cells
cultured in the presence of serum in the remaining ex-
periments. In addition, we tested if the therapeutic effect
of hWJ-MSCs could be reproduced by injecting only the
EVs derived from these cells. The number of surviving
RGCs 14 days after crush and treatment with EVs
(188.4+27.11 Tujl* cells/mm?® was similar to the
vehicle-treated group, suggesting that EVs alone did not
reproduce the neuroprotective effects of hWJ-MSCs, at
least in the dose used in this study (Fig. 1E, F).

Treatment with hWJ-MSCs provided sustained RGC
neuroprotection

To best assess the therapeutic potential, we investigated
if the neuroprotective effect of hWJ-MSCs was sustained
for periods longer than 14 days. At 60 and 120 days after
crush, the number of Tujl" cells decreased to 10% and
5% of the control, respectively, in the vehicle-treated
group (117.3 +28.94 Tujl* cells/mm? and 49.15 + 12.68
Tujl* cells/mm? Fig. 2A-E). Notably, treatment with
hWJ-MSCs led to a significant ~ 2-fold increase in the
percentage of surviving RGCs at both time points
(242.2 + 42.16 Tujl* cells/mm? or 22.63% survival at 60
days; and 107.6 + 15.59 Tujl* cells/mm® or 10.36% sur-
vival 120 days after crush; Fig. 2A-E).

Treatment with hWJ-MSCs protects different
subpopulations of RGCs

RGCs can differ according to their morphology, gene ex-
pression profile and electrophysiological properties [52].
Previous studies from our group showed that 10% of the
total Tujl" cell population in rat retinas have large cell
bodies (more than 150 um?® of the soma size), cytoplasm
densely labeled with Tujl and extensively arborized den-
drites, and express osteopontin [31], which is consistent
with the mouse aRGC subtype that has been reported to
be more resilient to injury [53, 54]. We investigated
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Fig. 1 Survival of RGCs 14 days after crush and hWJ-MSC-based treatments. a—e Confocal images of an optical slice of whole-mounted retinas labeled
for Tuj1, 14 days after crush and injection of vehicle, hWJ-MSCs, SD-hWJ-MSCs (after 24 h of fetal bovine serum deprivation), or EVs. Inset in the lower
left corner of each image shows higher magnification of the dashed square. f Graph representing the number of RGCs of each experimental group
normalized by control retinas. Mean + SEM. One-way ANOVA with Tukey post-test, *P < 0.5, **P < 0.1, ***P < 0.001, ***P < 0.0001. Scale bars 50 um for

whether treatment with hWJ]-MSCs preferentially pro-
tected large RGCs at 60 and 120 days after optic nerve
crush.

At 60 days after crush, we observed a very small popu-
lation of Tuj1* cells with soma size larger than 150 um?>
in the vehicle group (141.6 +26.5 Tujl" cells/retina, or
2.35% of the surviving RGCs). However, treatment with

hWJ-MSCs protected significantly more large Tuj1™ cells
(1266 + 386.8 Tujl" cells/retina, or 11.02% of the surviv-
ing Tujl" cells) than in the vehicle group (P <0.05). At
120 days after crush, we still found a significant differ-
ence in the number of large Tujl™ cells after treatment
with hWJ-MSCs (1648.65 + 395 Tujl* cells/retina, or
24.05% of surviving Tujl" cells) in comparison to the
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vehicle group (394.8+139.1 Tujl" cells/retina, or
14.14% of surviving Tujl* cells). The number of Tujl"
cells smaller than 150 um? did not differ significantly be-
tween the vehicle and hWJ-MSCs, either 60 or 120 days
after crush. Moreover, the number of smaller Tuj1" cells
decreased between 60 and 120 days in both groups, sug-
gesting that they continued to degenerate. Interestingly,
between 60 and 120 days after crush, in the hWJ-MSC-
treated group, there was no significant decrease in RGCs
larger than 150 um? suggesting that the cell therapy
preferentially sustained the survival of large Tujl" cells,
including the aRGCs. In addition to being more resistant
to injury, aRGCs are known to extend axons after crush,
mainly after mTOR pathway activation, and to re-grow
axonal projections up to the SC [53].

Treatment with hWJ-MSCs promotes RGC axonal
regeneration to brain targets

Because hWJ-MSCs provided a long-term neuroprotec-
tive effect, favoring survival of large RGCs, we investi-
gated if the hWJ-MSC treatment promoted axonal
outgrowth beyond the lesion site. For short-term ana-
lysis (14 days after crush), axonal regeneration was

Page 7 of 14

evaluated using the expression of GAP43, a protein
expressed only by neurons during the axon growth
process [15] (Fig. 3). Optic nerve crush led to GAP43 ex-
pression as observed in the vehicle group, yet we found
only a few axons crossing the lesion site (Fig. 3A, C).
Notably, the hWJ-MSC treatment increased the number
of GAP43" axons traveling over longer distances beyond
the lesion site (Fig. 3B, C).

For long-term analysis, axons were anterogradely
traced by intraocular injection of CTB. In the vehicle
group, only a few axons were found up to 2 mm beyond
the lesion site at 120 days after the crush (Fig. 4A, C).
Treatment with hWJ-MSCs dramatically increased the
number of labeled axons extending beyond the injury
site at all time points compared to the vehicle, and 5 of
11 animals showed axons extending to the optic chiasm
(approximately 6.5 mm from the lesion site, Fig. 4B, C).

We also investigated whether these extending axons
were able to reach the visual targets in the brain, by
evaluation of coronal sections of the dLGN and SC
(Fig. 5). Notably, we found regenerated RGC axons la-
beled with CTB in the dLGN (2 of 11 animals) and in
the SC (4 of 11) at 120 days after optic nerve crush in
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Fig. 4 hWJ-MSC treatment promotes long-term axonal regeneration. Photomontage of optic nerve sections labeled with CTB-Alexa555 120 days

after lesion and treatment with vehicle (@) or hWJ-MSCs (b). b', b" Insets of b with arrow indicating individual axons. ¢ Graph representing the
mean + SEM of axons at respective distances from crush site in the vehicle- or hWJ-MSC-treated groups. Two-way ANOVA, ***P < 0.001. Scale bars
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J

Fig. 5 hWJ-MSC treatment promotes axonal regeneration up to the central nuclei. Representative photomontages of x 20 z-stack confocal
images of coronal sections of the SC (a) and dLGN (b and b’) 120 days after optic nerve crush and injection of hWJ-MSCs. CTB labeling of the
axonal terminals (red) and ToPro-3 nuclei (blue). Scale bars 200 um (A); 25 um (a—b"); 100 um (b)
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animals treated with hWJ-MSCs (Fig. 5), suggesting that
some axons could reach central targets. No CTB staining
was found in brain sections of the vehicle group (N =6),
indicating absence of target reconnection in these ani-
mals. Therefore, treatment with hWJ-MSCs induced a
marked RGC axon regrowth up to central targets.

Treatment with hWJ-MSCs increases synaptic connection
in the SC

To investigate if RGC axon regeneration and reinnerva-
tion led to formation of new synapses within brain tar-
gets, we analyzed the expression of light-induced NGFI-
A in the SC. NGFI-A is an immediate early gene corre-
lated with plasticity processes during development or
after lesions [49, 55, 56]. NGFI-A expression is almost
completely abolished in the SC after dark adaptation,
and is upregulated after light exposure, in a mechanism
dependent on glutamate released by retinal terminals
binding to NMDA receptors in collicular neurons [49].
To investigate whether the regenerating axons recon-
nected to SC neurons, we quantified the number of cells
expressing NGFI-A after dark adaptation and light
stimulation. In the vehicle group, only a few NGFI-A ex-
pressing cells were found in both ipsi- and contralateral
SC (44.35+6.15 and 93 +16.23 NGFI-A" cells/mm?, re-
spectively; Fig. 6A, B, E). Since the right optic nerve was
sectioned, and no axons were found beyond the lesion
site in the left nerve, the NGFI-A expression in SC of the
vehicle group was likely due to a basal expression of this
factor. Treatment with hWJ-MSCs significantly in-
creased the number of NFGI-A-positive cells both in the
contralateral and ipsilateral SC, compared to the vehicle
(77.52 £ 11.96 and 186.9 + 14.34 NGEI-A* cells/mm?, re-
spectively; Fig. 6C, D, E), consistent with target reinner-
vation and synapse formation. This result suggests that,
in addition to the neuroprotective and pro-regenerative
stimulation of RGC axons up to the central targets in
the brain, hWJ-MSCs transplantation promoted axon-
target reconnection through glutamatergic synapses.
However, despite this long-distance axonal regeneration
up to visual targets (the dLGN and SC) and synapse re-
connection, we have not observed functional recovery of
visual behaviors (optokinetic or looming reflexes and
dark/light preference test, data not shown).

Discussion

Loss of RGCs is irreversible and can lead to partial or
complete blindness. To date, no clinical therapy is avail-
able to protect RGCs and/or promote their axonal re-
growth and target reconnection in the visual pathway.
We investigated the neuroprotective and regenerative ef-
fects of intravitreal transplantation of hWJ-MSCs after
optic nerve crush, which is a traumatic axonal injury
leading to severe loss of RGCs [6, 8, 30, 50]. Treatment
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with hWJ-MSCs resulted in sustained survival of RGCs,
marked long-distance axonal regeneration up to central
targets, and partial recovery of the synaptic function.

MSCs can be obtained from several sources, including
the human umbilical cord. This source is of particular
interest because it is feasible to obtain and has advanta-
geous biological properties. For instance, since the um-
bilical cord is obtained from newborns, it should have
fewer epigenetic alterations than adult tissues [36], pro-
viding more consistent results when used for therapeutic
purposes. Furthermore, the umbilical cord is a tissue ne-
cessarily collected at childbirth that is usually discarded
and therefore does not require invasive procedures [36].
Compared to MSCs from other sources, for instance
bone marrow, hWJ-MSCs can provide major trophic
support and produce cytokines, including IL6, ILS,
BDNF, LIF, NT-3, TGFB2, and FGF2 [37, 57]. Import-
antly, MSCs from multiple sources do not show poten-
tial to generate tumors and teratoma, and compared to
MSCs derived from human umbilical cord blood
(hUCB-MSC), hWJ-MSCs express a wider range of
tumor suppressor factors [37].

MSCs can be delivery through several routes. Here, we
used the intravitreal approach, which has been shown to
be neuroprotective for RGCs in several pre-clinical stud-
ies [1-6]. However, a few clinical studies using the route
reported adverse effects [7, 8]. On the other hand, a
combination of intravitreal, retrobulbar, subtenon, and
intravenous injection of BMMSCs has been used in
other studies with good safety and efficacy results [9—
14]. Therefore, it is important to explore and/or com-
bine other delivery routes to optimize cell therapies for
retinal and optic nerve injuries. Both subtenon and
retrobulbar injections are periocular routes that can be
used to deliver molecules to the posterior segment of
the eye and avoid the adverse effects of intravitreal injec-
tion [15]. Recently, a phase-3 clinical trial showed that a
subtenon injection of hWJ-MSCs results in good out-
comes for patients with retinitis pigmentosa [16]. This
approach should be investigated in the optic nerve injury
model and compared with other routes. In addition, a
more direct approach such as a direct injection into the
optic nerve should also be explored as recently described
by Mesentier-Louro and colleges [17, 31]. In summary,
safety and efficacy of different routes can be assessed in
pre-clinical models in order to subsidize better clinical
studies.

The effects of MSCs have been attributed to paracrine
mechanisms rather than to differentiation into neural
cells or integration into the retina [58]. Both direct re-
lease and/or delivery of EVs carrying molecules that act
to promote survival or growth of the target cell have
been suggested [39, 59]. In our experiments, we found
that injection of hWJ-MSC-derived EVs did not protect
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Fig. 6 RGC terminals activate SC neurons. Images of x 20 z-stack confocal images. NGFI-A immunolabeling to identify activation of SC cells after
light exposure in coronal section of ipsi- and contralateral SC 120 days after optic nerve crush and treatment with vehicle (a, b) or hWJ-MSCs
(c, d). Inset in d shows higher magnification of the dashed square. e Quantification of the number of cells expressing NGFI-A per mm? in each
group + SEM. Unpaired parametric t test, *P < 0.05, **P < 0.01. Scale bars 50 um for images a—d; 23 um for inset
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RGCs. We injected a single dose of EVs released by the
hWJ-MSCs over a period of 24 h in vitro, which could
explain the negative results. MSCs survive in the vitre-
ous body for several weeks and continuously release
EVs. In addition, MSCs change the content of EVs re-
leased according to changes in the host tissue. All these
factors could explain the absence of effects of EVs in our
experiments and the positive results in other studies
[60]. At this point, it is not possible to exclude the possi-
bility that the beneficial effects of hWJ-MSC therapies
are mediated by VE release. We also found that hWJ-
MSCs exert neuroprotective effects independently of the
presence of serum in the medium. Indeed, although
MSC gene expression was altered after serum

deprivation, this was not sufficient to interfere with their
surface antigen expression, multipotentiality, and im-
munosuppressive potential [61]. These results support a
neuroprotective effect of hWJ-MSCs cultured in xeno-
free conditions, which has important implications for
their safe clinical use.

Further, we found that treatment with hW]J-MSCs
preferentially increased the survival of large-sized RGCs.
While smaller RGCs continued to decay after crush, the
number of larger RGCs was sustained over time in the
hWJ-MSC-treated group compared to the vehicle-
treated group. It has been estimated that more than 46
different subtypes of RGCs are found in the rodent ret-
ina, differing in their morphology, localization, gene
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expression, and physiological properties [54]. As Tujl"
cells with more than 150 um? area comprise mostly the
aRGCs [31], and this RGC type is known to project
axons to the SC [62], it is possible that the treatment se-
lectively targeted aRGCs. Indeed, it has been shown that
aRGCs regenerate their axons after activation of the
mTOR pathway and are among the most resistant RGC
subtypes after optic nerve lesion [53, 54, 62].

In addition to the survival of RGCs, we also found
marked axonal regeneration in animals treated with
hWJ-MSCs. While none of the animals in the vehicle
group had axons regenerating farther than 2 mm from
the lesion site, we observed staining for CTB in the optic
chiasm of 5 out of 11 animals, and in the SC of 4 out of
11 animals in the hWJ-MSC-treated group, at 120 days
after crush, showing that the treatment promoted the re-
generation of RGC axons to these targets. Notably, we
demonstrated evidence of the reconnection of RGCs
with the SC through the re-establishment of active gluta-
matergic synapses, as shown by increased NGFI-A ex-
pression. The small number of NGFI-A expressing cells
in SC of both the ipsi- and contralateral sides in the ve-
hicle group was likely a result of a basal expression of
NGFI-A, and all animals were subjected to transection of
the non-crushed nerve 7 days before the light-
stimulation experiment to eliminate a light-response
from the uncrushed visual pathway. In addition, some
evidence indicates that the absence of vision induces
plasticity in subcortical visual areas, which can receive
stimulus from areas related to hearing [63].

As well as the allogenic therapy with bone marrow-
derived MSCs (BM-MSCs) [6, 31], treatment with hW]-
MSCs provided a long-term effect capable of delaying
the death of RGCs and promote axonal outgrowth for
long distances in the optic nerve, leading to target re-
connection in nearly half of the animals that were
treated. Although several studies have described thera-
peutic effects of human MSCs after optic nerve lesion
[47, 58, 64, 65], none has investigated their long-term ef-
fect or demonstrated target reconnection. For example,
our results differ from those of other studies using
hUCB-MSCs and hW]J-MSCs, which found a loss of the
neuroprotective effect after 28 days [66, 67]. The sus-
tained neuroprotective and pro-regenerative effects that
we observed could be explained by the dose used here,
which was 25 times higher than that used by Milldn-Riv-
ero [67], revealing the importance of dose studies in the
pre-clinical setting.

To the best of our knowledge, only a few approaches
have been able to promote axonal regeneration to brain
targets after optic nerve injury. Our group previously
demonstrated that RGC axons can regenerate to the SC
after therapy with BMMCs in an optic nerve crush
model [8]. Umbilical cord-derived MSCs have been
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shown to promote axonal regeneration and protect
RGCs in an optic tract lesion model [68]. It has also
been shown that in mice subjected to optic-nerve lesion,
the induction of inflammation combined with cAMP in-
jection and deletion of PTEN induces axons to regener-
ate to central targets [27]. It has been reported that
activation of the mTOR pathway together with visual
simulation to the injured eye leads to a striking regener-
ation, with axons extending to the suprachiasmatic nu-
cleus, dLGN, pretectal nucleus, medial terminal nucleus,
and SC [62]. This visual stimulation could be used in
combination with the treatment with hWJ-MSCs de-
scribed here to amplify the outgrowth capability of
RGCs.

Axonal regeneration to visual targets is a challenge for
optic nerve treatments, and many efforts have been
made to develop regenerative strategies. The present
study is the first to demonstrate a sustained protective
and regenerative effect on rat adult axons after therapy
with human-derived MSCs in an optic nerve lesion
model. These findings highlight the effectiveness of the
cell therapy using an easily obtained source of human
MSC:s for future clinical studies. However, many preclin-
ical studies are still needed before translational studies
can be performed.

Conclusions

This study presents evidence of positive effects of cell
therapy using hWJ-MSCs for optic nerve injury. We
have shown the potential of allogenic transplantation of
MSCs to protect and promote RGC axon outgrowth in
the animal model used here and for the first time have
shown a long-term effect of human-derived MSCs. Even
120 days after injury, the hWJ-MSC-treated group pre-
sents a higher number of RGCs and their axons reached
and make synapses with the SC. This finding is useful
for the development of therapeutic strategies, since the
umbilical cord is a reliable source of MSCs, insofar as it
is a highly available tissue that is usually discarded and
can be collected without invasive procedures. Although
the results are promising, additional data about cell ther-
apy with hWJ-MSCs are needed to understand the neu-
roprotective and regenerative effects. Further steps
should be taken to understand the cellular and molecu-
lar mechanisms by which hWJ-MSCs exert their effect
and to develop combined approaches to enhance the
therapeutic effect.
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