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Abstract

Visual deficits are a common concern among subjects with head trauma. Stem cell therapies

have gained recent attention in treating visual deficits following head trauma. Previously, we have
shown that adipose-derived stem cell (ASC) concentrated conditioned medium (ASC-CCM), when
delivered via an intravitreal route, yielded a significant improvement in vision accompanied by

a decrease in retinal neuroinflammation in a focal cranial blast model that indirectly injures the
retina. The purpose of the current study is to extend our previous studies to a direct ocular blast
injury model to further establish the preclinical efficacy of ASC-CCM. Adult C57BL/6J mice
were subjected to repetitive ocular blast injury (rOBI) of 25 psi to the left eye, followed by
intravitreal delivery of ASC-CCM (~200 ng protein/2 pl) or saline within 2-3 h. Visual function
and histological changes were measured 4 weeks after injury and treatment. /n vitro, Muller cells
were used to evaluate the antioxidant effect of ASC-CCM. Visual acuity, contrast sensitivity, and
b-wave amplitudes in rOBI mice receiving saline were significantly decreased compared with
age-matched sham blast mice. Immunohistological analyses demonstrated a significant increase in
glial fibrillary acidic protein (a retinal injury marker) in Mdiller cell processes, DNA/RNA damage,
and nitrotyrosine (indicative of oxidative stress) in the retina, while qPCR analysis revealed a
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>2-fold increase in pro-inflammatory cytokines (TNF-a., ICAM1, and Ccl2) in the retina, as

well as markers for microglia/macrophage activation (IL-1p and CD86). Remarkably, rOBI mice
that received ASC-CCM demonstrated a significant improvement in visual function compared to
saline-treated rOBI mice, with visual acuity, contrast sensitivity, and b-wave amplitudes that were
not different from those in sham mice. This improvement in visual function also was associated
with a significant reduction in retinal GFAP, neuroinflammation markers, and oxidative stress
compared to saline-treated rOBI mice. /n vitro, Mller cells exposed to oxidative stress via
increasing doses of hydrogen peroxide demonstrated decreased viability, increased GFAP mRNA
expression, and reduced activity for the antioxidant catalase. On the other hand, oxidatively
stressed Mdller cells pre-incubated with ASC-CCM showed normalized GFAP, viability, and
catalase activity. In conclusion, our study demonstrates that a single intravitreal injection of
ASC-CCM in the rOBI can significantly rescue retinal injury and provide significant restoration of
visual function. Our /n vitro studies suggest that the antioxidant catalase may play a major role in
the protective effects of ASC-CCM, uncovering yet another aspect of the multifaceted benefits of
ASC secretome therapies in neurotrauma.
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1. Introduction

Visual deficits are a common concern among subjects with head trauma yielding traumatic
brain injury (TBI) (Sen, 2017). While brain injuries resulting from blast, impact, or the
rapid acceleration and deceleration of the brain within the skull stemming from the bodily
displacement caused by the blast, and associated visual deficits have been extensively
reported (Dutca et al., 2014; Guley et al., 2016; Harper et al., 2019; Mammadova et al.,
2017), direct primary ocular blast injuries i.e. those arising as a consequence of exposure
of the eye to the blast wave alone (Allen et al., 2018; Bricker-Anthony et al., 2016; Vest et
al., 2019) and their associated molecular mechanisms leading to retinal neurodegeneration
have only recently been gaining attention (Rasiah et al., 2021). Blast injury caused by
explosive munitions resulting in loss of vision is most prevalent in war-related injuries,
with about 78.1% of total injuries worldwide representing ocular blast injuries (McMaster
and Clare, 2020). Additionally, ocular injuries have been reported in fire and explosions in
the civilian population, with a frequency of 2.13-28% in mass-casualty incidents (Carley
and Mackway-Jones, 1997; Jiang et al., 2019; Liu et al., 2020; Odhiambo et al., 2002;
Prevention, 2001; Yonekawa et al., 2014). Although open-globe injuries caused by the
blast are readily diagnosed and the course of treatment clearcut, closed-globe injury from
a blast wave is harder to recognize immediately following the blast, and therefore possibly
overlooked for treatment in the field, often resulting in devastating disabilities that could
potentially be prevented. An ocular blast itself can result in immediate retinal disruption
and cell death; however, the surviving cells continue to experience the ripple effects of
self-propagating cellular damage arising from increased cellular oxidative stress (among
other possible phenomena), which can considerably worsen the outcome (Nidhi et al.,
2018). Additionally, repetitive TBI or exposure to repeated blast injuries results in additive
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or synergistic influences that are likely to further worsen the immediate outcome and the
long-term worsening (Bailes et al., 2014; Engel et al., 2019).

Although many approaches have been tested in animal models and human clinical trials
(Rasiah et al., 2021; Xiong et al., 2013), effective therapies for mitigating neurotrauma
effects have not been developed. Stem cell therapies have gained recent attention in treating
TBI and the associated visual deficits, some of which arise from indirect ocular injury

from head trauma (Das et al., 2019a, 2019b). Much of our research has focused on
therapeutic applications of adult mesenchymal stem cells (MSC) derived from the stromal
fraction of human adipose tissue (ASC, adipose-derived stem/stromal cells) to accelerate
the development of regenerative and neuroprotective therapies that treat retinal neuro-
vascular pathology. Our recent work in a focal cranial blast model of TBI that results in
indirect ocular injury has demonstrated that ASC concentrated conditioned medium (ASC-
CCM), when delivered via the intravitreal route, yielded a significant restoration in vision
accompanied by a decrease in retinal neuroinflammation in blast-injured TBI mice (Jha et
al., 2018, 2019, 2021). The purpose of the current study is to extend our previous work to a
closed-globe repetitive direct ocular blast model of retinal trauma to establish the preclinical
efficacy of ASC-CCM. Identification of the molecular processes exacerbating retinal

injury, such as increased cellular oxidative stress and neuroinflammation, in repetitive blast-
associated neurotrauma can uncover specific pathogenic mechanisms to target for treatment
and provide a platform for efficient testing of targeted stem cell-based therapeutics. We
hypothesized that ASC-CCM delivered via the intravitreal route in a repetitive ocular blast
injury model (rOBI) would decrease neuroinflammation and cellular oxidative stress in
retina and restore vision following blast. We have found that a single intravitreal delivery

of ASC-CCM decreased the levels of neuroinflammatory markers, reduced retinal injury

as evidenced by normalized GFAP in Muller cells, decreased oxidative stress as evidenced
by reduced DNA/RNA damage marker immunolabeling in the rOBI model, while also
restoring b-wave amplitudes and visual acuity. In addition, using Muller cells /n vitro, we
demonstrate that the protective effects of ASC-CCM may be mediated (at least in part) via
the antioxidant, catalase, uncovering yet another aspect of the multifaceted benefits of MSC
secretome therapies in neurotrauma.

Methods

2.1. Animal care and procedures

Male 12-week old C57BL/6J mice were procured from The Jackson Laboratory (Bar
Harbor, ME) and kept under 12 h light/12 h dark cycle at a temperature between 21 °C

and 23 °C and allowed free access to food and water. Animal procedures were performed
with the approval of the Institutional Animal Care and Use Committee, UTHSC, Memphis,
and USAMRMC Animal Care and Use Review Office, and followed the guidelines of the
Association for Research in Vision and Ophthalmology Statement on the Use of Animals
in Ophthalmic and Vision Research and the guidelines of the Association for Assessment
and Accreditation of Laboratory Animal Care. About 24 h before blast injury, animals
received 32 mg/ml Acetaminophen (Infant’s Tylenol, Cherry flavor, Walgreens Pharmacy)
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provided in their drinking water, yielding a dose of 300 mg/kg/day. This continued until 72 h
post-blast injury when normal water was provided.

Mice were anesthetized subcutaneously with ketamine (50 mg/kg) and dexmedetomidine
(0.25 mg/kg) cocktail. Repetitive ocular blast injury model (rOBI) was performed as
described previously (Bernardo-Colén et al., 2019; Hines-Beard et al., 2012; Vest et al.,
2019), except that mouse received five repetitive ocular blasts (25 psi) with a 1-min interval
between the blasts (Fig. 1A). The blast device that was used to produce a primary blast to
the mouse eye was the same as previously described for use in the focal cranial blast (Guley
etal., 2016, 2019; Honig et al., 2019), with a slight modification to the mouse holder only
to expose the left eye. In brief, the anesthetized mice were secured to a cushioned sling, and
the sling was inserted into polyvinyl chloride (PVC) pipe (25 mm inner diameter, 33 mm
outer diameter), with the left side of the mouse head apposed to an 11 mm opening in the
midpoint of one wall of the tube. This “inner” tube was slid into a 42 mm outer-diameter
wide clear PVC pipe (34 mm inner diameter) with a 6.0 mm hole bored into the midpoint
of its wall. The inner PVC tube was rotated in the outer PVVC tube so that the left eye was
positioned in the center of the 6.0 mm hole in the outer tube. The outer tube was mounted
perpendicular to the blast cannon using two Plexiglas holders mounted on an x-y table, as
described previously (Guley et al., 2016). The outer tube opening was then aligned with the
gun barrel opening, using the x-y controls, so the mouse eye was about 8 mm from the blast
cannon barrel tip. Thus, only the left eye was exposed to blast, and the rest of the body

was shielded from the blast, as well as cushioned in the sling to minimize blast-induced
movement (Guley et al., 2016). Mice that received a sham (0-psi) blast were handled in

an identical way, but with a metal plate inserted between the barrel of the paintball gun

and the mouse holder. About 2-3 h post-blast, rOBI animals either received an intravitreal
injection of ASC-CCM (2ul/eye, ~200 ng of protein; rOBI-ASC-CCM) into both eyes or an
equal volume of saline (rOBI-Sal). Animals that underwent a similar procedure excepting
the blast exposure served as sham controls and received an equal volume of saline in

both eyes (Sham-Sal). Animal anesthesia was reversed using Atipamezole Hydrochloride
(0.25 mg/kg). Pilot studies that had been conducted with a lower dose of ASC-CCM

than used here (1ul/eye, ~100 ng of protein) resulted in the minimal rescue of visual
deficits (data not shown). Therefore, a higher dose was used as reported in this study.

The rOBI of five repetitive blasts at 25-psi pressure with an interval of 1 min between
blasts followed by intravitreal injection of either saline or ASC-CCM was well tolerated
throughout the experimental period of 4 weeks. The retinal health was monitored by OCT
imaging at 2 weeks after injury and treatment, with no major anomalies noted across groups
(Supplemental Fig. 1). One animal in the rOBI group, however, developed a corneal haze
and could not be imaged by OCT, and therefore was excluded from the analysis.

2.2. Electroretinography

To assess retinal function four weeks post rOBI, mice underwent ERG recording as
described by us previously (Jha et al., 2019). Briefly, mice were dark-adapted overnight and
were anesthetized with ketamine and dexmedetomidine. Corneas were topically anesthetized
with proparacaine hydrochloride ophthalmic solution (Bausch & Lomb), and dilation was
achieved with tropicamide ophthalmic solution (Bausch & Lomb). Retinal responses were
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measured by electrodes placed on the corneal surface of each eye using the Celeris
Electrodiagnostics (Diagnosys LLC) device and Touch/Touch protocol with the opposite
eye serving as a reference. ERG stimuli consisted of three steps of Ganzfeld (0.01-1 cd
s.m?). Amplitudes were recorded for both a-wave and b-wave.

2.3. Optokinetic measurements

To assess retinal function four weeks post rOBI, visual acuity and contrast sensitivity

were tested using an optokinetic device (OptoMotry unit; Cerebral Mechanics Inc., Alberta,
Canada), as described by us previously (Jha et al., 2019). Visual acuity was assessed at
100% contrast by varying the spatial frequency. Contrast sensitivity was assessed in mice by
varying the contrast at 0.042 cycles per degree (c/d) of spatial frequency.

2.4. Immunohistology and imaging

Four weeks post rOBI, animals were euthanized, eyes were enucleated and fixed with 4%
paraformaldehyde in 0.1 phosphate buffer overnight at 4 °C. Eyes were then cryopreserved
with 10-30% sucrose, embedded in optimal cutting temperature (OCT) embedding media
(Tissue-Tek, Torrance, CA, USA), cut into 12 pum thick sections using a Microm™ HM550
Cryostat (GMI, Ramsey, MN, USA), and collected on Superfrost®/Plus microscope slides,
as we previously described (Jha et al., 2018, 2021). Air-dried cryosections were briefly
washed with PBS and blocked with 5% immunoglobulin-free BSA and 5% filtered goat
serum in 0.3% Triton X-100 containing PBS for 30 min. Tissue sections were incubated
overnight at 4 °C with the following primary antibodies: anti-nitrotyrosine antibody
[HM.11] (Abcam, ab7048); Anti-DNA/RNA Damage antibody [15A3] (Abcam, ab62623);
or anti-glial fibrillary acidic protein antibody (CiteAb, Z0334). Sections were washed and
incubated with the appropriate Alexa Fluor (488 or 594) conjugated secondary antibodies
(Invitrogen, Grand Island, NY, USA; at a 1: 200 dilution). Immunostained sections were
photographed using a Zeiss LSM 710 laser scanning confocal microscope. Z-stack images
were captured, followed by post-processing as maximum intensity projections. The resulting
total pixel intensities in the regions of interest were quantified by ImageJ software. The
relative fluorescence was expressed as mean intensity per 100,000 pm? of the retina.

2.5. rMC-1 cell culture and WST-1 assay

Immortalized retinal Mller cell line rMC-1 (Cat#ENWO0O01, Kerafast) were maintained in
Dulbecco’s Modified Eagle Medium (DMEM) containing L-glutamine and supplemented
with 10% of HI-FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin in a humidified 5%
CO, incubator at 37 °C. About 1 x 10* cells were pre-incubated with ~2 g of ASC-CCM
for ~6 h, and then exposed to increasing doses (0, 100, 200, and 400 uM) of H,0, for 24

h in serum-free media. Cell viability was assessed using WST-1 Cell Proliferation Assay
System (Takara Bio Inc; Cat #MK400) according to the manufacturer’s protocol.

2.6. Oxidative stress/catalase activity assay

About 1 x 10° rMC-1 cells were pre-incubated with ~2 pg of ASC-CCM for ~6 h. To inhibit
catalase activity, 3-Amino-1,2,4-triazole (3-AT), a known inhibitor of catalase, was used at
0.5 mM concentration 2 h before the addition of ASC-CCM. After 6 h, cells were exposed
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to 200 uM of H,05, for 4 h in serum-free media. At the conclusion of the study, cell lysates
were harvested with RIPA buffer, and we proceeded with a catalase enzymatic activity
assay, using the Colorimetric Activity Kit (Arbor Assays, Ann Arbor, MI. Cat# K033-H1)
following the manufacturer’s instructions.

2.7. Gene expression analysis

Total RNA was isolated from individual retinas and from /n vitro cultured cells using
NucleoSpin® RNA Plus kit (Macherey-Nagel GmbH) as per the manufacturer’s protocol.
After reverse transcription with the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems), cDNA was used for gPCR with Tagman probes (Table 1). The
MRNA expression was normalized to the expression of 18s rRNA as the internal control as
described by us previously (Jha et al., 2021).

2.8. Statistical analysis

Results are presented as mean + standard error of the mean (SEM) for each group and
groups compared to one another for the /n vivo studies. /n vitro experiments were performed
in duplicates and repeated two-three times independently. A one-way parametric analysis

of variance, followed by a post hoc Bonferroni test, was performed to evaluate the data

for statistical significance, followed by a Student #test for individual group comparisons.
Analyses were carried out using SPSS 17 (IBM Inc., USA) or GraphPad Prism 6.0. A
p-value less than 0.05 was considered significant.

3. Results

3.1. ASC-CCM ameliorates decreased visual acuity and increased contrast sensitivity in
repetitive ocular blast injury (rOBI) mice

To better understand the therapeutic efficacy of ASC-CCM in direct ocular blast-induced
visual deficits, optokinetic measurements were performed 4 weeks after treatment in all
groups. Visual acuity (spatial frequency threshold) at high contrast (100% contrast) and
contrast sensitivity thresholds at a low spatial frequency [0.042 cycles per degree (c/d), i.e.,
wide stripes] were measured (Fig. 1B). The visual acuity in rOBI mice that received saline
was significantly decreased when compared with age-matched sham mice receiving saline
in the blast eye (rOBI-Sal, 0.286 + 0.004 c/d; Sham-Sal, 0.400 £ 0.002 c/d, p< 0.001).
Remarkably, rOBI mice that received ASC-CCM demonstrated significantly greater acuity
in the blast eye than in rOBI-Sal mice (rOBI-ASC-CCM, 0.338 £+ 0.005 c/d, p< 0.001),
but nonetheless still less than in sham. As in the case of visual acuity, rOBI mice showed
a contrast sensitivity deficit, in this case, an increase in the contrast needed to detect 0.042
c/d in the blast eye (rOBI-Sal, 98.45% + 0.469; Sham-Sal, 7.45% + 1.36, p< 0.001) (i.e.
an increased threshold), but the deficit was significantly lessened in rOBI mice receiving
ASC-CCM (rOBI-ASC-CCM, 80.40% = 1.86, p < 0.001), although a substantial deficit
compared to sham remained.

3.2. ASC-CCM ameliorates decreased b-wave and a-wave amplitudes in rOBI mice

Dark-adapted scotopic ERG responses were recorded from the left eyes of mice in all
experimental groups 4 weeks post injury and treatments. With increasing light intensities,
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the expected increase in b-wave amplitudes could be discerned in all groups, but with a
significant reduction noted in the rOBI mice as compared to sham mice across all light
intensities (Fig. 2A). While the b-wave amplitude measured at 1 cd s.m? light intensity

in the Sham-Sal group of animals was 498.8 £+ 13.69 pV, in rOBI mice that received

saling, it was significantly decreased to 420.04 + 12.39 uV (p < 0.001). On the other

hand, intravitreal injection of ASC-CCM resulted in significant improvement in the b-wave
amplitude compared to the rOBI mice at 1 cd s.m? (rOBI-ASC-CCM, 459.31 + 11.94

uV; p<0.05). Similar to the b-wave, the a-wave amplitudes were decreased for rOBI-Sal
mice, though only at the two higher light intensities. In particular, while the mean a-wave
amplitude at 1 cd s.m? intensity in Sham-Sal group of animals was —270.58 + 8.33 V, it
was significantly decreased to —234.4 + 6.15 pV in rOBI mice that received saline (p <
0.001, Fig. 2B). By contrast, intravitreal injection of ASC-CCM resulted in restoration in
the a-wave amplitude, reaching significance at 1 cd s.m2, when compared to rOBI mice that
received saline (rOBI-ASC-CCM, —-262.5 + 7.9 uV,; p< 0.01).

3.3. ASC-CCM ameliorates increased glial fibrillary acidic protein (GFAP) in rOBI mice
correlated with Muller cells in vitro

GFAP immunoreactivity in Muller glial cells serves as a tool to assess retinal injury
(Grosche et al., 1995; Jha et al., 2019). We determined whether rOBI itself increases GFAP
in Miller cells, and whether treatment with ASC-CCM in mice subjected to rOBI attenuated
any such Muller glial cell activation (Fig. 3). In the sham group, expression of GFAP was
only observed in the nerve fiber layer, NFL (Fig. 3A), while in the rOBI group treated

with saline, GFAP expression was observed in Muller glial processes that extended into the
inner retina through the inner plexiform layer, IPL (Fig. 3B). In contrast, the rOBI group
that received ASC-CCM demonstrated lower levels of GFAP immunolabeling than rOBI-Sal
mice (Fig. 3C). The mean total pixel intensity of GFAP expression measured from NFL to
the retinal pigment epithelium in the normal Sham-Sal group retina was 10.1 + 2.9, while
in the rOBI-Sal group, it was increased to 22.65 + 5.22 (mean intensity/100,000 pm? area;
p<0.01, Fig. 3D). On the other hand, the rOBI-ASC-CCM group showed reduced GFAP
expression compared to rOBI-Sal mice (14.58 + 2.85 mean intensity/100,000 um? area; p
< 0.01). The increased GFAP immunoreactivity in the rOBI-Sal mice was confirmed at the
mRNA level by a >2-fold retinal increase in the rOBI-Sal group (2.33 + 0.46, p < 0.003)
compared to Sham-Sal group retina, as detected by gPCR. Similarly, the rOBI group that
received ASC-CCM demonstrated significantly lower levels of retinal GFAP mRNA (0.82
+0.09, p< 0.003; Fig. 3E) than rOBI-Sal mice. Interestingly, increased GFAP expression
in vivo following rOBI could be demonstrated /n7 vitro using rat rMC-1 Miiller glial cells
challenged with oxidative stress (Fig. 3F). With an increasing dose of hydrogen peroxide
(H20,) to produce the stress, a 1.5-2.0-fold increase in GFAP mRNA expression was noted.
On the other hand, those cells challenged with H,0, but pre-incubated with ASC-CCM
exhibited GFAP mRNA expression levels similar to non-challenged cells (p < 0.001; Fig.
3G).

3.4. ASC-CCM ameliorates increased neuroinflammation markers in rOBI mice

Previous studies using a focal cranial blast model of TBI (Guley et al., 2019; Honig et
al., 2019; Jha et al., 2018, 2019) or ocular blast trauma (Bernardo-Coldn et al., 2018)
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have demonstrated increased inflammation in the visual system associated with loss of
visual function. Therefore, to further examine the inflammatory response in this model of
primary blast exposure to the eye, we assayed inflammatory cytokine levels in the whole
retina following rOBI. We examined the mMRNA expression of pro-inflammatory cytokines
and cell adhesion molecules, namely, TNF-a, ICAML1, and CCL2, along with markers for
microglia/macrophage activation (IL-1p and CD86) 4 weeks post injury and treatment in all
groups (Fig. 4). Retinal extracts from rOBI mice receiving saline showed increased levels
of TNF-a (2.24 + 0.34, p<0.003); CCL2 (2.27 + 0.20, p< 0.001); and ICAML1 (1.40

+ 0.13, p< 0.06) compared to sham, with a significant reduction for these in rOBI mice
receiving ASC-CCM [TNF-a (0.64 £ 0.16, p< 0.003); CCL2 (0.88 £ 0.16, p< 0.001);
ICAML1 (0.80 £ 0.11, p< 0.06)] compared to rOBI-Sal mice, suggesting that ASC-CCM
attenuates pro-inflammatory gene expression after rOBI. In accordance with our previous
observation that microglial activation/polarization towards the M1 phenotype as evidenced
by increased expression of CD86 and IL-1p occurs in TBI retina (Jha et al., 2018), rOBI
mice demonstrated a significant increase in IL-1p (1.57 £ 0.16, p< 0.02) and CD86 (1.88
0.36, p < 0.04) gene transcripts compared to Sham-Sal mice, with a significant reduction in
rOBI mice receiving ASC-CCM [IL-1B (0.80 £ 0.09, p< 0.02) and CD86 (0.62 £ 0.09, p<
0.04)] compared to rOBI-Sal mice.

3.5. ASC-CCM ameliorates increased oxidative stress in rOBI mice

Because oxidative DNA/RNA damage and protein nitration can lead to defects in gene
expression and protein synthesis (Honda et al., 2005), with important implications in
neurodegenerative disorders (Nunomura et al., 2006), we assessed if rOBI mice show
increased retinal oxidative stress. The occurrence of oxidative base modification to DNA
and RNA in the retina was evaluated by an antibody that detects oxidized base modification
in DNA: Ox0-8-dG (8-Oxo-7,8-dihydro-2’-deoxyguanosine), and 8-hydroxyguanine, (7,8-
Dihydro-8-oxoguanine), and in RNA: Oxo-8-G (8-0x0-7,8-dihydroguanosine); while protein
nitration was evaluated by an antibody against nitrotyrosine in the retina. Whereas Sham-Sal
retina showed minimal immunostaining with the DNA/RNA damage marker antibody (Fig.
5A), increased immunostaining was observed in rOBI mice receiving saline in the ganglion
cell layer, (GCL), as well as in the inner nuclear layer (INL) (Fig. 5B). Interestingly,
intravitreal treatment with ASC-CCM in rOBI mice demonstrated decreased labeling of the
DNA/RNA damage marker immunostaining compared to saline-injected rOBI mice (Fig.
5C, Supplemental Fig. 2). The mean total pixel intensity of the immunolabeling for the
DNA/RNA damage marker measured from NFL to retinal pigment epithelium in the normal
Sham-Sal group retina was 3.97 £ 1.09, while in the rOBI group with saline, it was 16.68

+ 5.36 (mean intensity/100, 000 pm? area; p < 0.001, Fig. 5D). On the other hand, rOBI
mice with ASC-CCM showed reduced DNA/RNA marker immunolabeling compared to
saline-injected rOBI mice (6.26 + 1.28 mean intensity/100, 000 um? area; p < 0.001).

The retinal stress stemming from nitric oxide (NO)-mediated nitrosylation of redox-sensitive
proteins was analyzed using an antibody to nitrotyrosine. While the Sham-Sal mice retinas
showed minimal immunostaining for the anti-nitrotyrosine antibody (Fig. 5E), increased
immunostaining was observed in the cytoplasm of ganglion cells of rOBI mice receiving
saline (Fig. 5F). Retinal sections incubated without the primary antibody revealed the
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specificity of immunostaining (Supplemental Fig. 3). Interestingly, intravitreal treatment
with ASC-CCM in rOBI mice yielded decreased expression of immunostaining compared
to rOBI-Sal mice, suggesting a decreased nitrosative stress (Fig. 5G). The mean total

pixel intensity of anti-nitrotyrosine measured from NFL to the retinal pigment epithelium
in normal Sham-Sal group retinas was 24.67 £ 1.17 while for the rOBI group treated

with saline, it was 46.81 + 3.11 (mean intensity/100,000 um? area; p < 0.001, Fig. 5H).
On the other hand, rOBI mice treated with ASC-CCM showed reduced anti-nitrotyrosine
levels compared to rOBI-Sal mice (20.92 + 2.3 mean intensity/100,000 pm? area; p <
0.001). Taken together with the results for the DNA/RNA damage marker, the reduction in
anti-nitrotyrosine signal supports the claim that ASC-CCM treatment ameliorates increased
oxidative stress in rOBI mice.

3.6. ASC-CCM ameliorates increased oxidative stress and decreased activity of the
antioxidant catalase in Muller cells in vitro

To evaluate the beneficial antioxidant influence of ASC-CCM on Miller cells, we next
assessed HoO»-induced damage in Miiller cells with and without ASC-CCM in vitro. To
this end, first, we assessed the viability of rMC-1 cells exposed to H,O5 in the presence

or absence of ASC-CCM. As expected, with increasing doses of H,O,, a decrease in the
cleavage of the tetrazolium salt to formazan by cellular mitochondrial dehydrogenase was
observed (indicative of decreased viability), with the highest H,O, dose showing the most
significant decrease in cell viability. On the other hand, rMC-1 cells that were pre-incubated
with ASC-CCM and challenged with H,O, demonstrated better cell viability at 100 and

200 puM but not 400 uM H,0, than those not pre-incubated with ASC-CCM (Fig. 51 &
Supplemental Fig. 4). Previously we have shown that ASC-CCM contains abundant levels of
antioxidant proteins such as IDO-1 and SOD2/3 (Jha et al., 2018). Since catalase (another
antioxidant enzyme) is prominently involved in the breakdown of H,0, into the water and
molecular oxygen, thus curtailing oxidative damage and is also known to be found in the
secreted extracellular vesicles (EVs) of mesenchymal stem cells (MSCs) such as our ASC
(Bodart-Santos et al., 2019), we assessed the catalase activity in our rMC-1 cells exposed

to H,O, with and without ASC-CCM (Fig. 5K). While untreated control rMC-1 cells had
51.4 + 0.5 U of catalase activity in the cell lysates, cells exposed to a 200 uM H,0,
demonstrated 43.0 + 0.7 U, a significant reduction in catalase activity compared to untreated
cells (p< 0.001; Fig. 5K). Thus, oxidative stress via H,O, appears to reduce catalase activity
and thereby potentially worsen oxidative stress. On the other hand, cells pre-incubated

with ASC-CCM and exposed to H,O, demonstrated 49.5 + 1.2 U, significantly greater (p

< 0.001; Fig. 5K) catalase activity than cells exposed to H,O, without ASC-CCM, and
were not different from control cells. Finally, preincubation of ASC-CCM with the catalase
inhibitor 3-AT reduced catalase activity in the cell lysates to 41.3 = 0.3 U, which did not
differ from that in cells untreated with ASC-CCM and exposed to H,O, (p> 0.05; Fig. 5K).

4. Discussion

This study indicates that repetitive ocular blast can result in retinal injury and severe
impairment in visual function. Our studies suggest that increased oxidative stress and
ongoing neuroinflammation may likely worsen the injury processes and the outcome after
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ocular trauma. Interestingly, we found that a single intravitreal injection of ASC-CCM
significantly reduces signs of oxidative and neuroinflammatory injury processes, and
reduces the retinal injury and dysfunction associated with repeat ocular blast injury. In
addition, using Muller cells in vitro, we demonstrate that the protective effects of ASC-CCM
are potentially associated with a particular role of the antioxidant catalase. Our previous
studies have shown the preclinical efficacy of ASC-CCM in ameliorating the visual deficits
after a focal cranial blast that indirectly injures the retina (Jha et al., 2018, 2019, 2021), and
our current results demonstrate the efficacy of ASC-CCM in the direct ocular blast model

as well, suggesting that ASC-CCM is a potent neuroprotective agent against the adverse
consequences of diverse types of ocular trauma.

Oxidative damage to nucleic acids is a common event observed in postmortem brains and
serum of TBI subjects (Lorente et al., 2020). The association of DNA and RNA oxidative
damage with mortality in TBI patients suggests a critical role of oxidative stress related
damage in the pathophysiology of TBI (Lorente et al., 2020). Oxidative stress results in
oxidative base modifications to both DNA and RNA, which can compromise neuronal
function and cause progressive neurodegeneration (Nunomura et al., 2006). While Oxo-8-dG
and 8-hydroxyguanine serve as excellent markers for DNA damage produced by oxidants,
Ox0-8-G is associated with oxidative RNA damage that typically leads to defects in protein
synthesis (Honda et al., 2005; Nunomura et al., 2006). Using a validated anti-DNA/RNA
oxidative damage antibody, we show that rOBI results in extensive oxidative stress in

the GCL that extends into the INL of the retina as compared to sham injury mice. Our
functional data suggests that these oxidative changes are detrimental to ocular function.

In support of an adverse effect of the oxidative base modification to DNA and RNA of

cells in the GCL, such oxidative changes have also been shown in other OBI studies

and other retinal neurodegenerative models, including the repeated ocular blast model
(Bernardo-Colén et al., 2018), retinal I/R injury model (Chen and Tang, 2011), subretinal
lipid induced age-related macular degeneration model (Kim et al., 2021), and light-induced
damage models of injury (Giacci et al., 2014). Notably, retinal ganglion cell injury in the
ocular blast model is indicated by optic nerve axon loss (Bernardo-Col6n et al., 2018).
Interestingly, immunolabeling experiments in the light-induced damage model demonstrated
Ox0-8-dG immunostaining is predominately associated with GFAP positive Miller cells
(Giacci et al., 2014), suggesting Muller cells are important target cells of the oxidative
nucleic acid injury. Since the immunolabeling of Oxo-8-dG in our studies demonstrated
prominent cytoplasmic staining, it is possible that the DNA damage was associated with
mitochondrial DNA. The increased accumulation of Ox0-8-dG in mitochondrial DNA needs
further exploration, as the mitochondrion is both a major source of reactive oxygen species
(ROS) production and a primary target of oxidative damage in the cell (Murphy, 2009).
While the specific mechanism through which increased DNA/RNA damage occurs in rOBI
mice is unknown, a single intravitreal delivery of ASC-CCM significantly prevented such
an increase in DNA/RNA damage, however, it is not completely mitigated. Recently, MSCs
have been shown to transfer mitochondria to target tissues through a phenomenon known as
mitoception to impart their benefits (Court et al., 2020). Whether such a mechanism may be
operative in their benefit in rOBI needs further exploration.
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Nitrotyrosine represents an additional marker of oxidative stress, in this case, associated
with protein dysfunction, that is increased in the retina of rOBI mice, with a significant
reversal to sham levels in rOBI mice receiving ASC-CCM. Chemical oxidation of tyrosine
with peroxynitrite (ONOO™) or via the enzymatic action of peroxidases with nitrite and
hydrogen peroxide leads to the generation of nitrotyrosine (Pacher et al., 2007). A variety

of animal models of neurodegenerative diseases, including a subretinal lipid-induced age-
related macular degeneration model (Kim et al., 2021), diabetic retinopathy (Abouhish et al.,
2020), fetal hypoxia-reoxygenation injury (Vasquez-Vivar et al., 2020), and retinal I/R injury
models (Shimouchi et al., 2016), have shown similarly increased nitrotyrosine. Increased
nitrotyrosine levels have also been shown to be correlated with dysfunctional proteins,
specifically with antioxidant enzymes such as catalase, suggesting amplified oxidative stress
and inflammatory milieu under such conditions (Ghosh et al., 2006).

The retina contains a variety of oxidative stress defense mechanisms, of which antioxidant
enzymes such as superoxide dismutase, glutathione peroxidase (GPx) and, catalase are
known to play a vital role (Alvarez-Barrios et al., 2021). Catalase and GPx are key
enzymatic catalysts involved in the conversion of highly reactive H,0O,, either via
decomposition to water and O, by catalase, often associated with peroxisomal compartment,
or via oxidation of GSH by GPx, using H,0,, to form the disulfide GSSH and water (Chen
et al., 2009). In the retina, catalase is highly expressed in the photoreceptor inner segments
and retinal pigment epithelium (Atalla et al., 1987), whose augmentation by gene therapy
or cell-penetrating catalase derivatives has been shown to be protective against the retinal
oxidative stress (Giordano et al., 2015; Rex et al., 2004). Interestingly, Miller cells exposed
to H,O5 in our study demonstrated a significant reduction in catalase activity. It is not
known if this reduction in catalase activity is due to altered catalase gene expression and/or
degradation of the enzyme. Although the potential mechanism underlying the reduction in
catalase activity is unclear, the reduction is likely to be harmful, given that other studies
have shown that reduction in catalase activity make cells susceptible for oxidative stress
(Scott et al., 1993). Recently, EVs derived from MSCs were found to transfer active
catalase enzyme into hippocampal neurons to protect them from oxidative stress induced by
soluble oligomers of the amyloid-p peptide (Bodart-Santos et al., 2019). Since ASC-CCM
comprises EVs, it is possible that such a transfer of catalase from the ASC-CCM may be
operative in the retinal rescue by ASC-CCM, particularly for Maller cells, as shown by

our /n vitro studies. Our pilot proteomic analysis indeed confirmed the presence of catalase
in the EVs in MSC (data not shown). It is conceivable that EVs isolated by the standard
procedures of ultracentrifugation (Potter et al., 2018) or a commercial size-exclusion
column-based EV purification method (Liangsupree et al., 2021) could be used to isolate
such EVs from ASC-CCM to test the hypothesis that EV-derived catalase in ASC-CCM
indeed serves to transfer active catalase enzyme to Miller cells 7n vitro. In support of our
hypothesis, studies using 3-AT, a known catalase inhibitor, suggests that catalase activity in
ASC-CCM is potentially involved in the rescue effect observed in Miller cells in vitro. In
line with our data, a recent clinical study conducted in the minimally conscious subjects
treated with bone marrow-derived MSC suggests that MSCs modulate oxidative stress via
catalase activity (Jezierska-Wozniak et al., 2020).
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Increased oxidative stress and increased inflammation reflected in the upregulation of pro-
inflammatory cytokines have been reported in the retina following ocular blast trauma,

but it is uncertain if oxidative stress causes inflammation or vice versa (Bernardo-Coldn

et al., 2018). Similarly, we found upregulation in the retina of pro-inflammatory (TNF-a,
CCL2, and ICAM-1) and microglia/macrophage (CD86 and IL-1B) gene transcripts in rOBI
mice. Note that oxidative stress has been suggested to be a driver of neuroinflammation

by other investigators (He et al., 2021), and so it could be the case that the increased

retinal oxidative stress seen in our rOBI-Sal mice could have been the driver of the
neuroinflammation marker increases we saw by qPCR. Interestingly, this increase in
pro-inflammatory cytokines occurred in conjunction with increased GFAP mRNA and
protein in the rOBI mice, suggesting retinal injury by either or both oxidative stress and
neuroinflammation. This increase in GFAP in rOBI mice could be mimicked /in vitro

in rMC-1 cells acutely exposed to HoO,-mediated oxidative stress. However, it must be
stressed that the artificially high levels of H,O, exposure /n vitro likely provide a different
signaling environment to that in the neural retina after blast exposure. Previously we have
shown that rMC-1 Miiller cells /n vitro respond to exogenous glutamate by altering their
expression of GFAP with a compensatory decrease in glutamine synthetase and glutamate
transporter (GLAST), suggesting that the rMC-1 cell line is a suitable line to test the
biopotency of therapeutics (Jha et al., 2021). In this regard, we show that pretreatment of
rMC-1 cells with ASC-CCM alleviated H,O5-induced increases in GFAP and improved their
cell viability. Although this beneficial effect of ASC-CCM in vitroin isolated Miller cells is
intriguing, it is unclear if Mller cells are the target of ASC-CCM /n vivo. Therefore, future
studies deciphering the cellular targets of ASC-CCM and/or the components of ASC-CCM
are necessary to establish the basis of the therapeutic effects of ASC-CCM in rOBI mice.

One compelling feature of our study is that intravitreal delivery of ASC-CCM into the

rOBI mice resulted in the significant rescue of visual function. Optokinetic measurements
performed 4-weeks post-rOBI in saline-injected mice revealed a significant decrease in

the visual acuity in the injured eye and a comparable increase in the contrast sensitivity
threshold (meaning reduced contrast sensitivity). Intravitreal delivery of ASC-CCM into
the injured eye significantly rescued the visual acuity and contrast sensitivity deficits. A
similar pattern of the deficit with rOBI and rescue with ASC-CCM was seen for the
scotopic ERG b-wave amplitudes (predominantly elicited from bipolar and Miiller cells) and
a-wave-amplitudes (elicited from rod photoreceptors), further confirming retinal injury with
rOBI and a neuroprotective effect of ASC-CCM in the rOBI mice. It is worth noting that
while b-wave amplitudes were lower in rOBI mice than sham-treated eyes at all three light
intensities, the amplitude of the a-wave post-rOBI was significantly different from that of
sham-treated eyes only at 1 cd s.m2. Interestingly, in those rOBI mice receiving ASC-CCM,
a-wave amplitudes were indistinguishable from those in sham mice and, more importantly,
significantly improved at 1 cd s.m2 compared to rOBI mice receiving saline.

We readily recognize some limitations of this study. Firstly, a possibility that ASC-CCM
acts through an antioxidant defense mechanism and mainly via catalase activity is
descriptive with no causal link established. Future studies are needed to either knock down
catalase in Muller cells or overexpress catalase in MSCs to further establish the role of
catalase in the observed benefits. Secondly, the rescue of visual function was incomplete in
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the case of acuity and contrast sensitivity, being only 20-30% with ASC-CCM. This may be
due to an inadequate amount of ASC-CCM proteins (2ul/eye, ~200 ng of protein) delivered,
as 1ul/eye demonstrated even lesser recovery for contrast sensitivity (data not shown). This
highlights the potential shortcomings of acute, single-dose, intravitreal therapy and suggests
either repeated dosing or a sustained delivery mechanism would be beneficial. Thirdly,

our studies in rOBI mice did not examine well-established other deficits or pathologies
observed in rOBI models, including reduced visually evoked potentials or degenerative
axons in the optic nerve (Bricker-Anthony et al., 2016; Vest et al., 2019) to discern

the effects of ASC-CCM on other visual endpoints. Fourthly, traumatic ocular injuries

can occur in low-resource settings where immediate intervention is inaccessible (e.g. war
zones), resulting in worse cognitive and visual outcomes or increasing the time needed

for rehabilitation. While immediate injection following blast exposure is modeled in the
current study, we have not assessed the potential therapeutic window for ASC-CCM by
evaluating later treatment time point(s) following blast exposure. To this end, the recent
guidelines initiated by Brain Trauma Blueprint, recommends testing the optimal timing of
a potential therapeutic be assessed prior to clinical translation (Smith et al., 2021). Fifthly,
our studies in rOBI mice did not address the cellular and mechanistic source(s) of ROS

in the retina after blast exposure. As part of normal physiology, the retina produces low
levels of ROS that include H,O, and superoxide radicals to support cellular adaptation

to a changing environment and stress (Sies and Jones, 2020). However, when the redox
system is off-balance, increased ROS accumulation occurs, which is strongly linked to
neurodegeneration (Naguib et al., 2021). A number of possible mechanisms, including

but not limited to mitochondrial dysfunction, increase in NADPH oxidase (NOX), and/or
increased NOX enzyme activity, might be in play in the observed increase in ROS (Sies and
Jones, 2020). Another alternate source of oxidative stress comes from excessive intracellular
iron, which through a non-enzymatic Fenton or Haber-Weiss reaction (Mehlhase et al.,
2006) can generate hydroxyl radicals, the most reactive form of ROS in TBI (Nisenbaum et
al., 2013). Regardless of the source of ROS, it is interesting to note that intravitreal delivery
of ASC-CCM significantly alleviated the increase in oxidative stress in rOBI mice. Finally,
our studies did not attempt to study overt cell death in the retina following rOBI following
the oxidative stress damage. Future studies using Caspase-1/3 or TUNEL staining might be
useful to develop causal connection of increased oxidative stress to neurodegeneration in the
model.

In conclusion, our study demonstrates that a single intravitreal injection of ASC-CCM
following repetitive direct ocular blast can result in a significant rescue in retinal injury and
significant restoration of visual function. Taken together with our previous studies involving
mild TBI models, the current study establishes the value of a stem cell-based approach to
treat neurotrauma. Future studies should incorporate this knowledge to develop effective
regenerative therapies to restore visual system damage after TBI.
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Glossary
TBI Traumatic brain injury
MSC Mesenchymal stem cell
ASC-CCM Adiposederived stem/stromal cell concentrated conditioned medium
rOBI Repetitive ocular blast injury
ERG Electroretinography
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Fig. 1. ASC-CCM improves visual acuity and contrast sensitivity in rOBI mice.
(A): Timeline of rOBI mouse studies, intravitreal injection of ASC-CCM, and endpoint

analyses. (B): Visual acuity and contrast sensitivity measurements in all groups of mice.
Data represent combined Mean + SEM from n = 7-11 animals/group. *, p < 0.05; ***, p<
0.001; #, p>0.05.
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Fig. 2. ASC-CCM improves b-wave and a-wave amplitudes in rOBI mice.
(A): b-wave amplitude measurement in mice at various flash intensities in the injured eye.

(B) a-wave amplitudes from the injured eye. (C) Representative electroretinogram tracings
from each of the groups. Data represent combined Mean + SEM from n = 7-11 animals/
group. *, p< 0.05; **, p<0.01; ***, p<0.001.
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Fig. 3. ASC-CCM normalizes retinal GFAP expression in rOBI mice and in oxidative-stressed
Muiller cells in vitro.

Confocal microscope images of retinal tissue immunolabeled for GFAP in (A): Sham

mice receiving saline, (B): rOBI mice receiving saline, and (C): rOBI mice receiving
ASC-CCM. Scale bars for A-C =50 um. (D): Image J quantification of GFAP intensity

in immunolabeled retinas. (E): mRNA quantification of mean retinal GFAP expression for
all groups normalized to internal control (18s rRNA). Data in (D-E) represent Mean + SEM
from n = 4-6 animals/group. *, p< 0.05; **, p< 0.01. (F): Schematic representation

of pretreatment of ASC-CCM and various doses of H,O, exposure in rMC-1. (G):

GFAP mRNA expression by TagMan gPCR in rMC-1 cells and expressed as fold change
normalized to internal control (GAPDH) in the experimental groups. Data represent Mean +
SEM from replicate measurements repeated independently.
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Fig. 4. ASC-CCM ameliorates pro-inflammatory (TNF-a, CCL2, and ICAM-1), and microglia/
macrophage (CD86 and IL-1B) gene transcripts in rOBI mice.

Assessment of gene expression by TagMan qPCR. Changes in target gene transcripts
expressed as fold change normalized to internal control (18s rRNA) in the study groups.
Data represent Mean + SEM from n= 3-5 animals/group. *, p< 0.05; **, p< 0.01; ***, p<
0.001; #, p>0.05.
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Fig. 5. ASC-CCM ameliorates increased oxidative stress in rOBI mice and decreased catalase
activity in oxidatively stressed Muller cells in vitro.

Immunohistological analysis of retinal tissue for DNA/RNA damage marker antibody
followed by confocal microscopy in (A): Sham mice recieveing saline (B): rOBI mice
receiving saline, (C): rOBI mice receiving ASC-CCM, and (D): Image J quantification of
DNA/RNA damage marker intensity for all groups. Immunohistological analysis of retinal
tissue for anti-nitrotyrosine antibody followed by confocal microscopy in (E): Sham mice
receiving saline (F): rOBI mice receiving saline, (G): rOBI mice receiving ASC-CCM, and
(H): Image J quantification of anti-nitrotyrosine immunostaining intensity for all groups.
Data in (D&H) represent Mean + SEM from n = 4-6 animals/group. ***, p< 0.001. (I):
Cell proliferation/viability was assessed with WST-1 Cell Proliferation Assay System in
rMC-1 cells. (J): Schematic representation of pretreatment of ASC-CCM with 3-AT (0.5
mM of 3-Amino-1,2,4-triazole) and H,0, exposure in rMC-1 for catalase activity assay.
(K): Biochemical measurement of catalase activity in cell lysates from rMC-1 cells. Data
represent Mean £ SEM from replicate measurements repeated independently. **, p< 0.01;
*** p<0.001; #, p>0.05.
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Table 1
List of Tagman assay 1D’s for gPCR.

Gene Assay ID Reference
18S ribosomal RNA (18S) MmO04277571 NR_003278.3
Tumor necrosis factor (7NVFa) Mm00443258_m1 NM_013693.3
Chemokine (C-C motif) ligand 2 (CCL2) Mm00441242 NM_011333.3
Intercellular cell adhesion molecule 1 (/CAM-1) Mm00516023_m1 NM_010493.2
Interleukin 1 B (/L1P) MmO00434228_m1 NM_008361.3
Cluster of Differentiation 86 (CD86) Mm00444543_m1 NM_019388.3
Glial fibric acid protein (GFAP) MmO01253033_m1 NM_001131020.1
Glyceraldehydes 3-phosphate dehydrogenase (GAPDH)  Rn01462662_gl NM_017008.4
Glial fibric acid protein (Rat GFAP) Rn01253033_m1 NM_017009.2
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